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BYNOPS IS

This report is concerned with_properties of 20A and 20B aggregates and
bituminouslmixturés 4.09 and 4.11 used on state ana county Secoﬁdaiy road
projects. Thé maip;purpose of the study was to find factors in gravel mixes
Which influence theif gervice behavior and outline a method of measurement to
compare the aggregates from different sources in various coﬁnties.

Gravel and send samples were gathered from 29 counties in Michigan. From
tﬁgse} 14 pits from 14 counties were investigated. The testing program was
Vconducted'in two s@eps:

(l) Compérison of aggregates and mixes by the meésurement of con-
ventional propertieé; namely, bulk specifie gravity, water
absorption, asphalt absorption, and selected tests using the
Marshall method; &and |

(2) comparison of aggregales using a recently developed method in
which so;called "packing volume" {rather than size) of aggre-
gate_parﬁicleé ig congidered.

The conventional tests did th indicate much difference between the ag-
gregates, while the "packing volume' measurements showed large practical dif-
ferences between the 14 gravels tested. This appears to éxpléin the reasons
for obgerved differences of mix behaviof on the roads of variocus céunties in
Michigan. A simple test procedure for "packing volume" measuréﬁent was devel-

cped and can be used for measurements with other aggregates.
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TNTROMICTION

For secondary rcad construction the aggregates used in bituminous mix-
tures are usually obtained from local sources in each of the #3 counties in
Michigan. Figld obgservations show cases where the'perforﬁaﬁce of such mix-
tures (4.09 and L.11) using 20A and 20B aggregate grading have been léss than
saﬁisfactory. The practical problems appear to be.in %he chooging of proper
asphalt content from a given gravel mix so that it can be éompacted properly
and would not exhibift instébility (washboarding) or deterioration under
traffic.

At present, several methods can be used for estimating the opbimum as-
phalt content. Theée include the Centrifuge Keréséne'Equivalent method, the
Marshali method,_énd field performance data. These methods are helpful, but
in a number of cases are not sensitive enough or are toc time-consuming for
practical use. Théy 2lso do not measure or explalin the factors which aflfect
the optimam asphalf contgnt.

In view of the above difficulties, it was felt that a study of measurable
physical factors of the aggregates which affecf the perfofmance of a wmix is
timely and needed. If a simple and logical method could be found by which
practical differences between the various sands and gravels in different coun-
ties could be eétablished, a significant step towards designing & mix ratio-

nally and explaining its behavior would be achieved.




PURPOSE AND SCOPE

The purpose of this investigation was:

(l)"To study iﬁ the laboratory the physical characteristics of

gravels and sands from various sources which would reflect
the asphalt requireménts in mixture.design;

(2) to come ﬁb.with.a simple and rapid measuring technique for

aggrégate characterization; and

(5)' to compare the 1aborato£y findings with known field behavior

" of mixes, where ﬁossible.

The experimental work was done using gravel and sand from 1k different
counties distribubed éﬁer ail of Michigan. This was the maximum number of
samples that could be included in the program. The geographic distribution
and code numbérs for the counties gelected are ghown in Figufe h.

The aggregates from each source were fractioned by sieving and four one-
gize fractions Weré used for the basgic data gathering. For edch fraction, 6
bagic tests were performed withla total of 336 tests. Alnumber of tests on

graded aggregates and bituminous mixes were also performed.
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THEORETICAL CONSIDERATIONS

The present design methods for bituminous mixtures are mostly based on
trial-and-error procedures, or on empirical indices {(Marshall method, Hubbard-

- 1
Field method, Hveem method, and others (1) ). For these reasons, the predic-

tion of the behavior of wixes under field service cbnditicns, or the explaining

of failure cases, must be based on pagt experience or through extensive
"trial—and—errorh type testing.

The main reason for this 1g the lack of-proper physical quantitative
paraméters which would corrélate the physical properties of the mix components
(asphalt and rbck particlés) with the behavicr and perform&ncé of the com-
pacted bitumincus @ix in the laboratory aﬁd on the road.

VSincé the irregularity of the rock particles creates a major difficulty
in achieving a hnified physical concept for mix design and prediction, it was
felt that a physicél conceﬁt for a unique definition of the aggregéte proper-
ties (aggregate factors) mist be the initial basis for d proper mix design.
Therefore, the firet concern and emphasis was to find physical, quantitative,
and measurable parameters which will characterize and unify the properties of
rock particles df various types of aggregates and sizesﬁ.and which will make
more predictable.the bulk behavior of a granular system with or without the

agphalt binder.

To start with, it was shown by Tons, et al. {2,3) that the volume which a

Lijumbers in parentheses refer to List of References.




rock particle occupies in a mass of other particles largely determines the
density and the voids in buLl.q, and bhererore Lhiis volume is important insotar
as the resistance of the mix to various forces is concérneﬂ.

Since the particles usually touch one another #t the peaks of the surface‘
roughness, the volume which a particle occupies in & mass of Qﬁher pafticles
encompasses not only the volume of the solids and internal voids, but also the
volume of the dips'ahd valleys of the particle surface (surface irregularities
or voids).

Based on the abéVe considerations, the "volume which & particle occupies
iﬁ a maés of Imnf”oicles.’l was defined by Tons and Goetz (2) as the "packing

volume" of the particle. This can be deseribed by a simple egquation:

= V. + +
v Ty YVt Vg (1)

where
Vp = packing voiume of a rock piece
vV . = volume of solids of the particle
Vi = volgme of internal volids inside the rock
V = volume of surface roughness voids.

The packing volume of a particle can be related to "volume enclosed by a

"ag 1illus-

dimensionless membrane stretched along the surface of the particle,’
trated in Figure 1.
In practice the packing volume has been originally measured by immersing

the rock in asphalt, removing the excess asphalt down to the peak of the sur-

face, and weighing the piece in air and water.
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The packing volume of a particle was also approximated by fitting to it

an ellipsoid as a geomeiric form and measuring the long, medium, and short

dimengions {4, m, s, respectively). In this case, the packing volume of a

particle was defined as:
V= Z fms. | (2)

- The notiop of the packing volume wag assuﬁed (and also proven experimen-
tally) to serve és a basgis for a physical definition of cother aggregatg fac~
tors which may provide a unified concept for evaluatién of aggregale proper-
ties."The bac%iné volume concept was stated ag follows:

Different types of moncvolume (Vb) aggregatese will be compacted
to the game volume of the bulk (ng) when they possess identical

total packing volumes (ZV?) under identical compaction procedure.

That is, when EV? ig fixed, any type of monovolume particles will be compacted

to the same volume of the bulk (possessing the same packing porosityi) under
identical compaction energy inputb.

If-ZVp of different aggregates is constant, the ratios of the packing

gpecific gravities (Gp)u of different types of monovolume aggregates will be

proportional to the ratios of their dry weights, tThus the above concept can

be formulated now uniquely in one equation:

2Tons, et al, (2,3) considered monovolume aggregates as particles with
the coefficient of variation ir packing volume restricted ‘to be less than 15.

JThe packing porosity wag defined as regular porogity bub with the
packing volume ag the total volume of the golids.

”The packing specific gravity of a particle (GP) nas been defined as the
dry welight of the particle divided by its packing volume. Gp can be consid-
ered as the lowest possible gpecific gravity that a particle can have.



zwi YW YW s .. YW = G .G : G R (%)

where

ZWi = the weight of all monovolume (one-size) particles which
oceupy the same volume in the bulk.

It can be geen that the packing wvolume membrane concept enables a unique
partition of the voids of monovolume dry aggregates into two components:
(1) the interparticle voids which have been defined as the packing porosity;

and (2) inner-membrane voids which characterize the roughness of the particles

(Vsr)'
While the packing porosity serves as a property of the bulk, the inner-

membrane voids serve as a property of the particle and a basis for other

unigque physical definitions for the surface roughness (rugosity) of dry aggre-

gates:
v 3 |
cm
S | | ()
where
Rs = Surface rugosity (roughness)
VSr = yolume of surface irregﬁlarity voldg under the packing
volume membrane
A = gurface area of the particle.

8

Another way to characterize the surface roughness can be by "specific
rugosity™ (S, in percent):
v’

Vsr
= 100 — 5
Srv. _ Vp ) : (5)
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where

Vp = packing volume of a partiecle (othér terms as above).

In the same manier the paéking volume membrane partitions the total
amount of asphalt in the mix into two components: -(L) the rugosity as?halt
(asphalt loss in the inner-membrane voids); and (2) the effective asphalt
(binding or flow asphalt) (see Figure 2).

The‘knowledgé of the rugosity asphalt is essential since it determines
the amount of the effective asphalt (for a given asphalt content), which was -
found to be a factor that affects bhe flow (strength-—stress——strain'relation-

-ship).characteriétics of the compacted mixture (3).

The amcunt oflthe rugosity asphalt again can be defiﬁed in two ways.

(1) 'The original and basic definition (Reference 3) of the asphalt lost
below the packing volume membrane ig represented by R or rugosity:

v
Jo) cmj

RO - ®

S ZCm

R =

=
Il

b the volume of asphalt in the permeable voids and surface
crevices of the particle (up to the packing volume membrane)

A

5 surface area of the particle.

i

The term '"rugosity" can be interpreted physically as the average thickness of

the asgphalt film below the packing wvolume membrane.

(2) The second way to characterize rugosity is by "asphalt lost by

rugesity" (Brw):-

o W (7)

|
|



where

Brw = agphalt lost by rugosity, percent by weight
W’W = the weight of rugosity asphalt
T
wa; = the dry weight of the aggregate particles.
N3 4

Since the packing volume is physically and fundamentslly defined, it
should provide a basis for the desired unified concept to a physical‘ané
unique definition of the aggregate factors in bituminous mixture design.

The packing volume, and its related rugosity termg, are expected to over?
come the difficulties caused by.tﬁe variety of definitions for aggregate prop-
erfies Which are presently used (bulk specific gravity, apparent specific

gravity, effective specific gravity, asphalt lost by absofption, ete. ).
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UXPERIMENTAL APPROACH

Based on the above theoreticsal considerations{ and according to the main
goal of this iﬁvestigation, an experimental approach was adopted based on the
followﬁgg proce&ures:

(l) Trial evaluation and comparison of graded aggregates and

mixes b& using conVentional testing methods (bﬁlk specific
grafities, water absorptioﬁ, Marshall parameters, etc.);
‘7(2) evalﬁation of packing volume parameters for different types
and Siées of aggregates; and
- (3) evaluation of bulk volume parameters for the same types and
éizes §f aggregates.
In orderrto check the sengitivity of the present testing methods and to
evaluate and distinguish between aggregate biends of a similar nature, a
series of preliminary tests were performed on selected aggregates by using an
average design gradation which fits both reguirements of aggregates BQA and
20B (see Figure 3).
The tests performed were as follows:
(a) Bulk specific gravity and water absorption for the Ffine ag-
gregates (passing sieve No. 4);

{b) bulk specific gravity and water absorption for the coarse
aggregates (paséing 3/4 in. sieve and retaining on No. 4
sieve);

(¢) Marshall tests for graded blends (three blends were used); and

LIBRARY
michigan department of
state highways |
SJANSING - o )




() Marshall Lests [or washed, graded blends (three blends were
tried).

The major emﬁhasis in this investigabion was given to the evaluation and
analysis of the packing volume parameters as the bagic aggregate factors.

The gfaded sjstem for each of the aggregate55 was represented by four
one-size fractions.

The one-size fractions were defined as aggregates which passed top siéve
and were retained on bottom sieve differing in opening by a factor of « 2.
This setup served as a practical modification for the "monovolume" aggregates
teéted béfore (é,B), since it was found experimentally that the packing volume
concept is still validrfor the one-size gravel fractions and they can be con-
sidered as monpvolumg aggregates. Under thig procedure the average packing
volumes of different types of éggregates from a given omne-size fraction may
vary, but the coefficient of variation of particle weights7 was not allowed to
exceed 5. An example for the coefficients of variation for a given one-size
fraction (#8-#10) can be seen in Table 1.

Each gize (fraction) for a given aggregate represented an “experimental
treatment." For each treatment.three basic experiments were run:

(a) Determination of average particle weight;

(b) determination of packing specific gravity; and

Dhggregates from 14 sources were tested.

OThe one-size fractions chosen were 1/2 in.-5/8 in., #5-#4, #8-#10, and
#20-430.
78ince each type of aggregabe possesses particles with different packing

specific gravity, the coefficient of wvariation of the packing volumes will be
less than that of particles weight.

10
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(¢} determination of maximum theoretical specific grévity of the
particleé mixed with asphalt.
Since the important part in this stage was the determination of the
packing volume of particles, three different methods of testing were tried.
The packing volume was first evaluated by geometric énalysis. Based on

particle dimensions measurement, the packing volume was calculated by dsing

Equation (2).

A special wax coating method was used as the gecond procedure for packing

volume determinatiohs. Particles were dipped in hot wax, codled, and then
"gsceraped or'wipéd @own to the packing volume membrane., The packing specific
éraVit& wag thén evaluated by welghing partidles in air aﬁd water.

The third methéd (which was found later to be the best one) was the
"pouring method." Fractions of aggregates were poured through cone-shaped
bing from a givén neight into a constant volume contsiner. By the sam€ proce-
dure, one-gize smooth glags spheres were poured into the'éame container. The

packing specific gravity of the fractions was calculabed on the bagis of the

packing volume Fquation (3):

ZWX
G = ==
- =3 G g (8)
where
G o G s packing specific gravities of the uhknown and the stan-
P P dard (glass beads) fractions, respectively
ZWX, W, = weights of the unknown and standard fractiong which

cccupy same bulk volumes.

The maximum theoretical gpecific gravity of the mixtures was determined

11




by the Michigan Solvent Immersion method (L}.

The evaluation of -the packing specific gravity an@ the theoretical maxi-
mum spe;ific gravity, together with the known specific gravity of the asphalt,
enabled the physical determination of the rugosity termsg. For practical rea-
sons, it was decided to evaluate and analyze only the specific_rugosity‘(srv)

and asphalt lost by rugosity (Brw) as parameters for the rugosity terms.

Based on Eguation (5)) the specific rugosity can be calculated:

where
Gap = the apparent specific gravity of the p&rticles.B

Baged on Equation (7}, the asphalt lost by rugosity can be evaluated:

B, = lg;g?w w - 100 ;—19- + 100 —219— (10)
mn p
where
w = asphalt content in the mix (¢ of total mixture by weight)
Gb = specific gravity of the asphalt
-Gmm = theoretical maximum specific gravity of the mixture.

The main objective for evaluating the bulk volume parameter for the var-
ious aggregates and gizes was to provide a basgis for comparison between the
new concept and the standard methods for evaluating aggregate and mixes prop-

erties.

BThe apparent wvolume gives the best practical estimate for the outside
volume of the solids. Ggp Will be evaluated from the bulk volume parameters
which will be measured separately.

iz




The bulk specific gravity and water absorplion were evaluated by the bulk

specific gravity tests..

The knowledge of the bulk specific gravity, together with the theoretical

maximum specific-gravity, were used te evaluate the agphali lost by absorption.

Similar to Equation {10) one gets:

B
1
}

4

: _ G G .
e < B (o0t gt w
where
Bag = percent.of agsphalt lost by absorption
‘qag ='bulk Speéific‘gravity of the aggregates
i w =

asphalt content in the mix (4 of total mixture by weight)

Gb = specific gravity of the agphalt

A
4
g

G = thecretical maximum specific gravity of the mixture.
— .

T For mogt experimental treatments, two replicates for each test were per-

formed in order to eliminate rough experimental errors. .

iaic

Data have_been analyzed sgtatistically and graphically to provide reliable

physical correlations.

R
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CHCCSING OF MATERIALS

Originally, 86 samplés of aggregate blends were collected from 29.coun—
ties in the state. .From thig collection, ih blends of gravel type 20A or 20B,
from different pits (counties), were selected to represent the various locali-
tieg of thelstate.

The above gelection was based on the following considerationg:

(1) Pit distfibgtion in the state;

(25 natural gradation;

(3) size of sample available; and

(4) problems in service performance.

The geographical distribution of counties selected can be geen in Figurel.

Aggregate (65-7)9 was chosen for pilot and trial tests.

Iach blend was sieved inﬁo nine regular fractions. The fractions were
stored in paper bags for future testing.

In the first sfage of the investigation, an average design gradation was
selected for all éggregates. The selection was based on the average natural
gradation of the aggregates as well ag on the standard gradation limits speci-
fied for gravel type 20A and 20B (see Figure 3).

At the same time three blends were selected for Marshall testing (81—21;
2-3h, 63-7).

The asphalt used in all stages of the investigation was of the same

9Bach blend is designated by the county number and pit number, respec-
tively. ' ‘

14




N grade as used frequéntly in actual construction , nameiy; 120-15%0 peﬁetration

(see Table 2).
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LARORATORY WORK

PRELTMINARY TREPARATIONS

After collectibn énd selection of the-lh aggregates, they were sleved:
through rectangular large mesh‘sieves (23 in. x 15 in.) by vibratory sieve
shaker., Nine sleves were used to form nine fractions from each blend, The
sieves were %/L in.; %/8 in., #4, #8, #16, #30, #50, #100, and #200. The frac-

tions were stored in closed paper bags.

BULK SPECIFIC CRAVITIES OF AGGREGATES

The Eulk specific gravity and‘water absorption were evaluated separately
For fine (- #4) and coarse (B/M in.-#4) fractions. Samples were prepared by
combining the sieved fractions according to the desigp gradation. Tests were
performed according to ASTM Cl27 and 0128, Sample sizes were 5000 grams and
1000 grams for the cbarse and the fine aggregates, respectively. Results are

given in Table 3 and in Figures 5 and 6.

MARSHALL TESTING

A series of Marshall tests were performed on three nggregates. Tests
inolﬁded graded aggregates combined from natural fractions and washed frac-
tions.

For the unwashed fractions, two asphalt contents were used (L.5% and 5.5%).
Only one asphalt content (4.5%) was used for the washed fractions.

For each asphalt content, three identical standard specimens were prepared

for the same mix, Mixing temperature was 300°F. After mixing by mechanical

16
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mixer for 2 minu£és, nixes were divided into three parts and stored in sealed
cans. The mixes were reheated to 275°%. just before the compaction. The com-
paction was accomplished by a mechanical Marshall compactor, applying 50 blows
on each side of the specimen. Samples were cured, weighed, and tested éccdrdf
ing to the standard procedure of the Marshall test (1). A summary of test

results is given in Teble 4 and Figure 7 and will be discussed later.

MEASURING PACKING AND BULK VOLUME PARAMETERS

Two experimental factors were usged in degigning the basic experiment for
evalugtion of the packing volume parameters. The factors weré agegregate type
(14 levels, see list in Figure.H) and monovolume fraction sizes (4 levels -
1/2 in.-5/8 in., #3-#U4, #8-#10, and #20-#30). Eaéh'size from each type reﬁre-
sented the bagic experimental treatment. Since tests have been performed by
Blocking the sizé féctors and randomly choosing group of tyfes within the
blocks, the bagic design can be considered as similar to a 14 X 4 split plot
factorial experiment.

Fér each one of the 56 Greatments, the following tests and operations
were performed:

(1) Subsieving the regular fraction to the desired.one—size frac-

tion;

(2) washing.and drying;

(3) measuring mean particle welght

(4} measuring particle dimensions for geometrical anslysis;

(5) measuring packing specific gravity by the pouring test;

17
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(6)
{(7)
(8)

{9

(10)

measuring bulk specitic gravity and water absorption;
mixing with asphalt;
neasuring maximum theoreticel specific gravity;

evaluating asphalt content by extraction; and

‘measuring packing spécific gravity by wax coating.

Since each treatment involved a large number of tests and operations, a

special time scheduie_was designed for parallel work. ?igure 8 represents.the

flow chart which describe order of operations.lo This order was repeated for

each fraction size. A special program was written for data analysis by a

computer.

The

The

was made

diameter

The

above operations and tests were performad as follows:

subsleving was performed both by manual and sleve shaker. An attempt
to follow the same procedure for all types and sizes gsing 8 in.
sieves.

one-size fractions were washed for 10 minutes by hot water on a sieve,

then dried in oven for overnight (120°C).

The

mean particle weight was measured by counting 1000 particles (chosen

randomly by quartering) and weighing on analytical bélance.

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

samples of about 50 particles. Measurements were performed by a caliper.

The

pouring test was run by using a special device which was originally

10

Since the pouring test was adopted after completion all tests for

#8-#10 and 1/2 in,-5/8 in. sizes, speclal timing was assigned for testing
those gizes in the pouring devices.

18
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deglgned for this‘investigation. For each size, particles were stored in a
cone~shaped bin fo have a constant drop height. The particles were then
poured intc a calibrated constant‘volume container centered below until

it overflowed._”Thé top of the aggfegate pile was leveled by a ruler down

to the-edge of t@e mold and the aggregate from the container was weighed con a
balance. Each pouring‘test wag repeated four times for the same sample. The

diameter of bin épgning, diameter of bin cylinder, and diameter of the cali-

. brated containers varied with size of each fraction. 1 By the same procedure,'

glass beads were tested using 6 wmm size for comparing 1/2 in.-5/8 in. and

#3-# fractions, while 3 wm beads were used for #8-#10 and #20-#30. An approx-

~imate time for each measurement in the pouring device was 2 minutes. For

further details see the Appendix.

The bulk specific gravities and water absorption were measured according
to ABTM standards. .Fractidns 1/2 in.-5/8 in. and #3544 ﬁere tested according
to Cl27, frachtion #20-#30 according to ¢128. Fraction #8-#10 was surface
dried according to Cl27, but the volumetric measurements were done according
to Cl128.

The bituminous mixes_for the maximum theoretical specific gravity test
were prepared by’ﬁsing 120-150 penetration asphalt—-mixed at 300°F, mixing
time 2 minutes. Becausé of the uniform nature of the particles the mixes were
remixed every 5 minutes during cooling to avoid the settling of the asphalt

at the bottom of the bowl. This operation was stopped when uniform coating

liLarger particles require larger containers for free flow and packing.

19




ﬁas observed.

The maximum thgofetical specific gravities were evaluated according to
the Michigan Department of State Highways standards for the "solvgnt immersion
best™ (4). |

Froﬁ the solvent immérsion flaéks, mixtures were placed in centrifuge
extractors for aspﬁalf content determination.

The wax coatiﬁg method for packing specific gravitj ﬁas found to be ade-
quate oniy for coarse particles. Therefore, it was used only for #8-#10,
#3544, and 1/erin.-5/8 in. fractions. Basicaily, particles were dipped in hot
wax; takén out and scraped or wiped down to the assumed packing &olume met=
brane. The particles were then weighed in alr and wﬁter for packing specific
gravity determination. Particles from fraction 1/2 in.-5/8 in. were scraped
individually by a straightedge spatula, while from particles of finer fractions
the excess wax wasrremoved by wiping and rolling the coated particles on a
gof't rag.

Test results weré computbed and analyzed by computer for each size., The
general analyses have been performed after the end 0f the general testing
program.

Test results, daté, and analyses are presented in Tables 5 through 12 and

Figures 5 through 27.

20




s
'

ol

P

!
&

Yosiad

[
Elnasting!

Yl St

RESULTS AND DISCUSSION

BULK SPECTFIC GRAVITY FOR GRADED AGGREGATES

Values of'ﬁulk specific gravities and water absorption'for finé and coarse
graded fractlonsg are shown in Tsble 5. The relgticnships Between water absorp-
tion and bulk specific gravity were plotted separately for fine and coérse in
Figures 5 and 6; |

Excent fof aggregate 63-54 which represents in both cases high specific
gravity ané low absorption, and aggregate 49-16 which represents high specific
graviﬁy with infermediate absorption, it is difficult to find consistent‘trends
for the individual gravels. Therefore, it is almost impossible to usé the
sbove data ag a gignificant criteria for physical evaluation and rating for

the 1L apggregates.

MARSHALL TESTS

In order to cobtain an idea on strength—void'éharacteristics of the mixes,
three batches of aggregates (81-21, €3-7, and 2-34) were mixed with asphalt
and compacted. Aggregate 81-21 was expected to glve a relatively low stability
in the Marshall test, while 63-7 had no known deficiency. Also, aggregate
2-3h was expected ﬁo behave unconventionally.

The optimumrésphalt confent for all three mixesg was aésumed to be around
4.54 and specimens were also prepared at 5.5% asphalt content. Table 4 and
Figure 7 givé fhe summary of thege trial tests, Although the stability of the

mixture with €3-7 aggregate is somewhat higher (statistically different) than

21
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that for the other two mixes, génerally spgaking all are similar from a prac-
tical viewpoint. The gradation used, however, produced low voids and low VMA
valueg for all mixes. This ig not deéiraﬁlé, since traffic on the road could
feduce'the volds Sﬁill furthef and may convert the stable mixes into unstable.

Since the‘gradation_of the aggregates used appeared to be reassonable, the
cauge of the low vqi@s wag suspected to be with the aggregates. Tt was
observed that the-grévél and sand particles of the three mixes had coatings of
fine particles {dust) on their surfaces (see Figﬁré g). -

- The threg aggrégétes were subsequently washed and the Marshall properties
were again measured using L.5% ssphalt content. The stabilities for the mixes
did not change substantially} but the velds went up to 3.3, 3.3, and 2.1%,
regpectively, for mixes 63-7, 2~5H,-and-81—21. The main'cpnclusions from this
brief mix study indicate that initial stability of mixtures 4.09 and 4.11
appears to be adequaﬁe, but that void contents may be low, especially it fines
(filler) present in the aggregates are pot accounted for.:.The resqlts also

indicate that the Mafshall method may not be very sensitive.
PACKING AND BULK VOLUME FACTORS

GenerallPresentation of Results

Tables 5 throqgh 8 reﬁresents data_of the geometric angiyseslfor all four
one-size fractions. (1/2 in.-5/8 in., #35-#4, #8-#10, and #_20-#50_).

The equivaienﬁ sphere diaméter d wag taken as the diameter of a sphere

which possesses the same volume as the measured rock particle, that 1s:

a = Ylms : B (12)
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where

£, my and s are long, medium, and short dimensions of a
particle. '

The sphericity factor ¥ [as originally presented by Wadel {5-7)] is

defined as follows:
- a | 1
v =S | . ) (13)

where
d and { are as defined for Equation (12).
. The surface area of the particle {area of the packing volume membrané)

wazs calcoulated using gimplified egquation of a prolate spheroid:

1 1 -1
. = PR i :
A S b (t . sin k) (l&)
where

A = surface area of the particle
t o= (m+s)/e

Ji2 - 2
k =‘__£______E__‘

J/

The specific surface area (U) was defined as follows:

o
U = %(g——) 7 - (15)

where
W = average particle weight as determined for the 50
particles measured -
A = sgurface area of the particle.
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The packing volume of the particle (Vp) was determined by Equation (é),
and the packing speéific gravity'was calculated from: |
G = v | 16
p v, ‘ | (16)
Tableg 9 through 12 represent data of the experimental measureménts for
211 one-size fractions.. The data represents a suﬁﬁary of the bulk volume
parameters and the:packing volume parameters obtained by wax.coating as well
a8 by the pouring methéd 

The packing volume of particle was determined by the aid of Fquation (16},

but with the use of the average particle weight as determined for 1000 parti-

cles.

Asphalt lost by absorption (Bag) and asphalt lost by rugosity (Brw) were
determined by Equations (11) and (10), respectively.
The specifie rugosity (Srv) was caleculated using Equation (9).

Figure 11 represents relationships between the packing volume of the

particles and thelr sphericity as determined by the geometric analysis,

Relationships‘between'the packing volume and asphalt lost by rugosity, as
determined by the second method of wax.coatingQ are glven in Figure 12, The
game measurements using the pouring teét are shown in Figurg 13. Figure lh_
relates the packing volume to the packing specific gravity as determined by
the pouring test. All ébove relationships represent the general plcture for

all types of aggregates and all sizes. A general rating of aggregates by

means of average amount of asphalt lost by rugosity (for all gizes) is given ﬂjr

in Figure 1%, ‘ _ jﬁw
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Relationships between asphalt lest by rugosity and packing specific

gravity as obtained by pouring for each fraction (size) are given in Figures

16 through 19. - Similar presentatioh for specific rugosity va. packing specific

gravity are shown in Figures 20 through 23. 7The above relationships have

been compared wilith the bulk volume parameters by the asphalt lost by absorption

vs. the bulk specific gravity,.as shown in Figures 24 through 27.

General Thysical Trends

Based on the above data and analyses, the following géneral phygical

(1)

(2)

(1)

(5)

(6)

~ _trends for ‘all aggregates of all sizes can be cbserved:

Gravels (and sands) from different sources héve different
characteristics.

Particles tend to be more spherical with decrgasing of their
size {see Figure 11).

The éﬁount of aephalt lost by rugosity and tﬁe value of spe-
cific rugosity tends to decrease with particle size (both in
wax éhdlpouring-tests, see Figures 12 and 13},

The packing specific gravity tends to increase with particle
size (wax and pouring) {see Figure 19 and Tables 9 ﬁhrough
12). |

No similar consistent trends have been observed for asphalt
losgt by.absorption and bulk specific gravity.

Basged 'on pouring test fesults (which will_be_édépted as‘the

basic test for packing volume parsmeters evaluation), blends




63-5Y4, 81-21, and 2-3L possess the lowest amount of surface
roughness and asphalt lost by rugosity while blends 49-16 and
48-6 pogsess the highest amount. Other blends fall between

ag shown by Figures 1% and 15 and Tebles 9 through 12,

Testing Method Evaluation
Based on aggregate proﬁerties which hage been measured by the different
testing methods, the-followihg has been found:
Between tests: -
(1) There is no cofrélation between the packing specific gravities
-obtainedfby poﬁring and fhe'bulk'spécific'gravitiés for all
sizes (r < 0,50 and.F < h.75).12
(2) There is no correlation between asphalt lost by rugosity
{ pouring) and asphalt lost by absorption for two sizes -
1/2 in.-5/8 in., #5—#& (r < 0.23, F < u,75) and poor correla-
tion for sizesl#B-#lo, #20-4#350 (0.67 < r < 0.73, 1.0 < F <
17.0).
(%) There is no’cprrélation between packing épecifig gravity (wax)
and bulk specific gravity for size 1/2 in,-5/8 in. (r = 0.30,
F = l.l)._ Only poor correlation exists for sizeg #35-#i and

#8410 (0.64 < r < 0.7h, 13.0 < F < 14.0)-

12pased on the physical nature of the phenomena, a linear regression has
been fitted where r ig the correlation coefficient. ¥ > 4,75 represents a
tegt statistic valuve réquiréd for'abcepting the bypothesis that a meaningful
correlation exists.
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(5)

(6)

There is no cdfrelation between asphalt lost by rugosity {wax)
and asphalt lost by absorption fof size 1/2 in."%/a in,

(r = 0.05, F = 0,04). Only poor correlaticn exisfs For #3-#h
and #8-#10 (0.55 < r < 0.82, 5.0 < F < 29.0).

There is.no correlation between packing specific gravity-
(pouring) and paéking specific gravity (wax) for all sizes
(r < 0.40, # < 4, 75).

There'ié no correlation between packing specific gravity

(pduring) and packing specific gravity (geometric) for size

1/2 in.~5/8 in. (r = 0.17, F = 0.37). Only poor correlation

exists for sizes #35-#h, #8-#10 (0.68 < r < 0.71, 10,0 < F <

13.0).

Within tests:

(1)

(3)

Only poor correlation exists between asphalt lost by absorp-
tién and bulk specific gravity (-0.7h < r < ~O.67,.9.7 <F <
1&;6) for all sizes (see also Figures 2L tarough 27).

Only poor correlation exists between asphalt lost by rugosity
(Wa#).and packing specific gravity (wax) for.all sizes

(-d.72 <lr < -0.69, 10.9 < F < 12.9).

A good correlation exists between asphalt lost by rugosity
(pouring) and packing specific gravity (pouring) for sizé

1/2 in.-5/8 in. (r :‘—0.85, F = 31.6). Very good correlation
exists for sizes #3-#h, #8-#10, and #20-#30 (-0.986 < r <

0,958, 135.4 < T < 1420.9) (see also Figures 16 through 19).
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(4) A good correlation exists between specific rugosity (pOuring)

and paeking:sﬁeci?iu pravity (pouring) for 1/7 in.=5/8 in,

(r = -0.85, F = 30.4). Very good correlation exists for sizes
#5—#&, #8-#10,_ #20-#30 (-0.991 < r <-o.962', _1l+9.8 < F < 71L.6)
( see also Figures 20 through 23).

It can be éeen that poor correlations or none at all were found betwgen
different test methods for measuring similar physical guantities. OCnly one
method—the pouring mefhod for measuring the packing speciflc gravity of
particlés——was Found té give good and very good correlations between the phys-
ica? pa?ameters which éharacterize the:aggregate factors,

The wax coating method and the geometric method for measuring packing
volume parameters were'fqund t§ be quite tedicus and very time consuming.
Theée methods are appiicable only for coarse particles. On the other hand,
the pouring method was found to be simple, fast and reliable, and resulted in
unigue and repeatable meééurements. Therefore, 1t was decided to adopt this
method asg the basic method for packing volume parameters measurément.

All further analyses in this report will be baged on the packing

volume ag measured by the pouring test.

Specific Rugosity and Asphalt Lost by Rugosity

ffigures 20 through 2% show the relationships between the gpecific rugosity
(Srv)’ 8 physical measureﬁent which characterizes the surface roughness of
particleg, and packing specifice gravity‘(Gp).

These relaticnships possess high degrees of correlation as obtained for
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each size {-0.99 < r < -0.84, 50.# < F < 711.0). .

The correlation coefficiént {r) is a numerical-measure of how well data
fellows a glven curve and it hag meaning only if there is a sound basis for
assuming that fhere-is a relationship between two variables, In our case a
physical relatioﬁship has been aésumed and adopted by physical consideration
prior to testing. Therefore, it can be concluded that the above results
represent a unique physical characterigtic for the surface roughness of the
aggregate used. The above characteristic of the surface rbughness is a prop-
erﬁ& of the agggegate alone.

Based-on regiession analyses, unique equations can be obtained to describe
the ph&sical relationship between specific rugosity and the packing specific
gravityrfor each individual size { see detailed equations in Figures éo through
2%).

Furthermofe, a combined felationship for all four sizes has also been

tried. Tt came cut that the unique relationship for all sizes possesses a

yery high degree of correlation (r = -0.925, ¥ = 319.6) and this can be con-

sidered ag a general physical function to déscribe the aggregate factor (see
Figure 28).
This combined relationship can be described in the following equation

(for all aggregates tésted):
5., = ,92.88 - 33.50L Gp - {17}

This unique behavior can be explained physically: By looking at Equation
(9), which represents the physical phenomena, it can be seen that two factors

| LIBRARY -
29 michigan department of
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influence the specific rugosity (8 (l) The specific gravity of the

rv):
gollid [which is approximated by the apparent specific gravity (Gap)], and

Since all the above aggregates possess

(2} the packing specific gravity (Gp).

similar solid propérties; G varied cnly slightly, and most of the variability

ap
of the speéifig rug@sity (Srv) can be expléined by the sgurface characteristics
“which ig expressed by Gp, Statistically it can be said that about 83%13 of

the variébility of 'Sy l | .

v

can. be explained by the variation in Gp.

S8ince the determination of G

o by the pouring test is so fast and simple,

a prediction Qf gpecific rugosity can be made by a single and fast test in the
poﬁring aevice, and withoﬁt'any cther teste. It must be mentioned here that
such predictions will only hold for aggregates which possess similar types of
solids (Michiganwtype gravel), gince any careless extrapolation can lead-to
false conclusions.. (Fquations can be derived, however, to éoﬁpensate for
differences in apparent specific gravities.)

Similar considerations and conclusions are valid also for the amcunt of
asphalt lést by rugosity {Bpy) -

Unique relationships between B, and Gp also had a high degree of correla-
tion for each size (-0.99 < r < -0.85, 31.6 < T < 420.9). The combined rela-
tionship for all sizes is also highly correlated (r = -0.959, F = Lg2.2) (see

Figure 29) and thig represents a physical unique function for the loss of

asphalt, This function ig expressed in the following eguation:

B, = 495 ~ 16.696 G | | (18)

rw

15p2 = 0,924 = 0.85.
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In comparison with the specific rugosity, the above felationships are
only valid for—tﬁe gpecific type of asphalt and wmixing temperature total
(asphalt cement 120-150 at 300°F) because different asphalt viscosities at

mixing will generate different guantities of Brw' Thus, the asphalt loet by !

rugosity is not a property of the aggregate alone bul is a combined property -‘;
of the mix,

§imilar to the specific rugosity, the amount of asphalt lost inside the.
surface of the gggregate can be estimated (for the given type of asﬁhalt) by
a sgingle determination of Gp in the pouring.device.

'The asphalt lost by rugosity, as defined here, i=s é property of the one-
size fraction. If several fractions are combined into a graded blend, the

total amount of asphalt lost by rugosity for the blend can be calculated as

follows:
. n
B, (total) = —= L X B (19)
where |
n = number of one-size fractions in the graded blend
Xi = percentage by weight of the 1 th fraction in the !
blend ‘
Biwt = asphalt lost by rugosity of the 180 fraction.

By similar physical considerations, the total packing specific gravity

of the graded blend can be found:

: 1
G, (total) = =00 (20)

I~ 5
b
'—J.

pi
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where

Gpy = packipg‘specific gravity of the i*! fraction.

At this stage one might ask: "How can it be that a graded mixture pbs—
sesses so much rugosity asphalt which is just a portion of the total aséhalt
content?” As seen in Figure 1%, mix L8-6 possesses 7.6% rugosity asphalt
(about 7.0% of total mix weight), while the same mix may require only 4,
total asphalt content under a practical construction coﬁditions. |

To answer this question the phenomena of "fines lost by rugosity” must be
introduced.

Similar o therasphalt? fine particles can be "trapped" inside the packing
volume membrane ofrcoarse particles; that is, fine particles can overlap the
roughness of coarse onés. This phenomens has been discussed before in this
report and was defined qualitabively as adhering fine particle coatings (zee
Figures 9 and 10).

When asphalt is ?resent, the leogs of fines will deérease the amount §f
the rugosity asphalt, since the fine particles occupy volume which was filled
with asphalt when only one-size particles were involvéd.

By careful inspection it was found that finé particles can be lost in
coarse ones 1f the ratio of tﬁeir dlameters is greater than five; that is,
ﬁarticles from.#20~#50 fraction can already be partially lost in the cavities
of #3-#t size particle surfaces, etc.

It is suggested here to define the "fines lost by rugosity" (F,.) as the
ratio between the packing volume.of‘the fines which were logt and the paéking

volume of the coarse particles iInvolved; that 1s:
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'Vp fines
F = e 100 2
r ~ V coarse : ( 1}

8ince no fine particles will be able to penetrate into the surface pores

any more than asphalt, it is natural to conclude that:

F <B_ <8 i ' (22)
T rv rv
where
Bpy = asphalt logt by rugosity (volume basis)
Spy = specific rugosity.

'Based on intultive physical congiderations, three major factors are.
agsumed to influence the F, in bituminous mixes:

(l) Surface roughness of particles.

(2) Amount of potential finee.

(3} The total asphalt content.

Since no p%evious theory on experimental dats are available on this sub-
Ject, & fulluscalélresearch program is needed for evaluation of the fines losﬁ
by rugesity in bituminous mixes.

The knéwledge-of the relationships between F. and some of the aggregate

and asphalt factors will enable the correction of the total asphalt lost by

rugosity as expressed in Equation (19).

The corrected Torm of Equation (19) is as follows:

h G
1 b .
100 igjixi Brwi B Gpi coargse ri (25)

B total =
oy L 2obal)
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whetre

G = gpecific gravity of the asphalt

b
Gpi = packing specific gravity of the ith fraction
Fri = fines lost by rugosity of the 1th fraction

B, and X, are as defined by Equation (19).

An estimation of the total asphalt content of the mixture is now possible.
The total asphalt content consists of the total asphalt lost by rugosity, as
corrected for Fp (quation (23)), plus the effective asphalt needed for the
flow of the mixture. The effective asphalt .content will be determined mainly
by étrength-flow consideration.

It is assumed here that this estimation will provide a good correlation
with the optimum asphalt content needed for stable mixes under field and

gervice conditions.

Aggregate Types and Sizes

As discussed before, the packing volume parameters, which were based on
the.pouring device measurements, providgd unique and.physical measurements to
characterize the aggregate factorg affecting bituminous mixes. These para-
meters were algo found to provide & gensitive measurement for distinction and
rating of aggregates from a similar origin. _This sensitivity was not found
by applying the presently used parameters and tests.

Figures 1%, 14, and 15 represent é general_picture for characteriziﬁg the
different aggregates used.

Aggregates can be rated on the basis of their average surface
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characteristigs‘for all gizes. .From Figures 1L and 15 it can be seen‘that
blends 65;5M, 81421, and 2-34 possess high packing specific gravities, and,
therefore, have low surface roughness and low amounts of asphalt lost by
rugosity. On the other hand, blends L48-6 snd L9-16 possess a high degree of
surface roughnesé and asphalt lost by rugosity. -

A further and'finer.distinction can be made on the basis of the sizes
considered (see Figures 1% and 1), Blend 2-3k possesses a fairly constant,
low degree of foﬁghness for all sizes, while blends 81-2] andr65-5h possess a
low degree of roughness for the coarser sizes (#8-#10, #B—#h, and 1/2 in.-5/8
in.); but shift to a muach higher degree of.roﬁghness for the finest fraction
(#20-#30).

It must be noted that the variability of aggregate propertieg with frac-
tion sizes is significant and must be considefed in any future mix design.
This variability'may be explained by a different surface resistance to natural
crushing and ébrésion which characterized different sizes,

Based oh thé above variability a regional tendency may. also be noted,
since blends 81-21, 63-54, and LL-45 are from the same geographic region; the

same can be said for blends L49-16 and 48-6 (see also Figure 4).
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CONCLUSIONS

From literature study, laboratory work, and limited fleld data, the fol-

lowing coneclusions are apparent:

(1)

()

(6)

Although all 1h aggregates were natural gravels and sands from
Michigan, measurements show that sizeable practical differences
in reguired optimum asphalt content can be expected in the
field when uging natural aggregates from différent pits;

the main differences between the aggregates tested were found
in the surface roughness (rugosity) of the particles. . The
present measurements show that aggregates 48~6 and L9-16 had
the highegt surface roughnegs in the serieg and aggregates
81-21 and 6%-54 had the lowest. The highest rugosity (aggre-

_gate UB-6) was about 1.7 times higher than the lowest rugosity

(aggregate 65-54) ;"

a gimple ard fast method has been evolved for measuring the
rugogity of various aggregates. 1t is based on packing volume
theory for irregular particles and is acccmplished by pouring
particleg in calibrated containers and measuring their bulk
velumes; .

in addition to rugosity, the amount of fine particle coatings
affect mix properiies; ‘ '

practical application of the results of this study can be made
with a small amount of additional empirical testing. If the
opbimum asphalt content is established for the high and low
rugosity mixes, and maybe one in between, optimum asphalt pre-
diction for other aggregates with rugosities between the high
and low could be predicted. A completely analytical method for
design needs a measurement for fines lest by rugosity; and

according to field observations, aggregate 81-21 should have
low rugesity. This igs shown in Figure 15.
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SUGGESTIONS

It is suggested:

(1) To adbpt the packing volume parameters as unigue and Physical
measurements of the aggregate factors;

(2) to adopt the pouring test as the basic method for aggregate
factors evaluation and as a simple, efficient, and reliable
test for prediction of properties and quality control; and

(3) to dedicate fubure research for:'
() evaluation of the physical factors which influence.
- the fines lost by rugosity (F.); and
(b) - extension of the packing volume concept to graded
‘ aggregate systems and graded bituminous mixtures.

37




LIST OF REFERENCES

The Agphalt Instltute, "Mix Design Methods for Asphalt Concrete,” Manual
Series No. 2 (M3-2), 1969.

Tons, E. and Goetz, W. H., "Packing Volume Concept for Aggregates," High-
way Research Record No. 236, pp. 76-96, 1968.

Tong, E., Goetz, W. H., and Anderson, V. L., "Flow in Aggregate—Binder
Mixes," Proceedings of the Association of Asphalt Paving Technologists,:

1970.

Serafin, P. H., "Meagurement of Maximum Theoretical_Specific Gravity of =
Bituminous Mixture by Solvent Immergion," Proceedings of the Association
of Asphalt Paving Technologists, pp. 480-501, 1954.

. Wadell, Hakon, "Volume, Shape, and Roundness of Rock Particles," Journal

of Geology, Vol. 40, pp. W43-451, 1932,

Wadell, H., "Sphericity and Roundness of Rock Particles,” Journal of Geol-
ogy, Vol. 41, pp. 310-331, 1933.

Dallavalle, J. M., "Micromeritics—The Technology of Fine Particles,” 2nd
%d., Pitmen Pub. Co., 194B.

Rex, H. M. and Peck, R. A., "A Laboratory Test to Evaluate the Shape and

Surface Texture of Fine Aggregate Particles,"” Public Roads, Vol. 29, No. 5,
pp. 118-120, 19%6.

58




TABLE 1

COEFFICIENT OF VARIATION FOR WEIGHTS
IN ONE-SIZE FRACTION (#8-#10)

Aggregate Coefficient of
Blend Variation, percent

2~-3h 2%.9%
21-58 24,56
30-58 29,16
LL-h5 ' 30, 97
Lg- 6 30. 86
ho-16 29.95
59-65 . 31.69
62-54 27.16
63=5L 19.05
65-L6 2Lk, 50
T1- 6 27.7%

C79=TT - 22.6%
80-L5 29.35
81=-21 23,98

Average 26.68

A
'..‘J
e
A
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TABLE 2

'PROPERTIES OF ASPHALT USED

STATE OF MICHIGAN g
DEPARTMENT OF STATE HIGHWAYS | Project

TESTING AND RESEARCH DIVISION

Genaral

TESTING LABORATORY SECTION

‘UNIVERSITY OF MICHIGAN

Laboratory No._70B=3031

ANN-ARBOR
| : Date August 19, 1970
REPORT OF TESY i :
Report on sample of ASPHALT CEMENT _
Dete sampled August 6, 1970 Date received August' 7, 1970
Seurce of material Leonard Refineries, Incorporated, Alma, Michigan
Sampled from Not stated Cluantity represented—. 10 gaillons _
Submitted by P.J. .Serafin, Testing Laboratory Sectiom ‘
Intended use : U of M Research Pxoje;t .Speciﬁcuiion 120-150, 1970 .Std Specs
| TEST RESULTS -
l.aboratory Number :
Specific Gravity @ 25/25 C . 1,022
Panetration @ €5 C, 100 g, 5 sec, dnm 133
Pensiration @ 46,1 C, 50 g, 5 sec, dmm
Panstration @ 0 C, 200 g, 11 min, _dmm
Flash Point, Cleveland Open Cup, C 288
“Softening Point, Ring and Ball, C ‘
Ductility @ 25 C, S em/min, cm 1004
Buctility @ 15.6C, 5 em/min, cm__
Solubility in CCly, per cerit by weight 99.88
Oliensis Spot Test Neg,
THIN FILM OVEN TEST, ¥ inch, 163 C, 5 hr
fLoss on Heating, per cent by weight 0.20
Panetration of Residve, per cent of original 60 _
Ductility of Residue @ 25 C, 5 cm/min, cm 100+
STANDARD LOSS ON HEATING @ 163 C, 5 hr, 50 ¢
Loss on Heating, per cent by weight -
Panetration of Residue, per cent of original
Bitumen, per cent by weigh
Viscoslty, SEXSERIRGEEF I EX Kinematic, 135C c.5, 1291
HEAT STABILITY TEST @ 500 F, 2 hr
Penstration of Residve @ 85 C, 100 g, 5 sac, dmm
Viscosity of Residue, Saybolt Furol @ 275 F, sec
Seal No.

Lo

!“




A . TABLE 3

BULK SPECIFIC GRAVITY AND WATER ABSORPTION
FOR GRADED AGGREGATE BLENDS

o Coarse Fractions ' Fine Fractions
Aggregate . _

Blend Buik Specific Percent Bulk Specific Percent
~3 ' : : Gravity . Water Absorption Gravity Water Abgorption
e 2.3 2V575 1.95 2.600 1.50

21-58 S 2.621 1.99 . 2.58% 1.90

30-58 2.646 1.67 2. 547 2.33%

Wy=ly5 2,603 1.90 2.5%1 2,50

hg--6 . 2,615 2.15 2.588 1.67

Lg-16 ©2.65% 1.91 2.61h 1.6%

59-65 2.566 2.19 2.567 -1.54
- H2-54 2.613% 2.33 2,572 1.81
: 63- 7 L 2.659 1.3% 2.571 1.87
' 6%-5lt 2.640 _ 1.4k 2.610 1.1%

65-~46 2.643 1.50 2.615 1.61
: 71- 6 - 2.620 1.68 2.588 1.69
T 79-T7 2+ 520 2.35 2.562 1.73
N 80-45 2. 587 2.67 2. 5k7 1.85
4 81-21 2.591 1.87 2.555 2.0k

41



TABLE L

MARSHALL DATA FOR BITUMINOUS MIXTURES USING AGGREGATES 81-21, £3-7, AND 2-34

Mixture — 83-21 63-7 2-3L

Percent \ - _ —
ssghelt Content — 4.5 5.5 L5 5.5 k.5 5.5
Unwasghed Washed Unwashed Unwashed Waghed Unwasned ~Unwashed Wasnel Unwashed
Sp. gravity ' 2.453 2.424 2.L1% 2.470 2.427 2.45% . 2.45%0 2.4k 2.4%0
Stability—1b ‘ 1801 1703 902 2303 1830 1322 1828 2085 1171
Flow——l/lOO in. 16 11 Bl 1z 8 22 1z - 11 14
Percent air voids 0.82 2.02 0.93% COL.AT 3.25 0.68 1.66 3.26 0.70
Percent VMA 3.70 1C.55 12.20 10.50 12.20 12.20 10.10 11.71 11.80
Percent voids filled  91.40 81.61 92.40 87.10 7%.01 9, 60 83,90 72.21 .10

4=
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TABLE 5

GEOMETRIC ANALYSIS OF 1/2 in.-5/8 in. FRACTIONS

c

& o
Q ali} My

L ‘E) -~ -5: o C\\T\ g '
I 5 B S v B 2o B 0 - T~

o] [ R VR o Q O I = %y
@ - = £ £ E T & R @~ - g P
[T s 13} (3] 3 — U = [ H~o® [ S IS B R e LN
B o . N - Z = £ GEST B BT L£EBLD sos EAES
< /A i = (5] = 2 2 El v 8~ W~ W o~ 2 < — A B e N
2-34 2.16  1.51.  0.99 0.70 0o.4& 0.65 1.478 0.68  7.4155 1.710  1.69048 2. 56E
1= 2.26 1.5 0.9 0.9 0.4z 0.62 1.503% 0.67  T7.7766 1.819 1.77718 2. L0868
30-58 2.11 1.hL7  1.00 0.70 0.47 C.68 1.k58 0.69 T7.1726 | 1.859 1.62411 2.37%3
Lh-L5 2.15 1.5 1.06 0.72 0.49  0.69 1.52% 0.71  7.7639 1.81% 1.85010 2.315
48- 6 2.19 1.5 1.02 0.71 0.L7T 0.65 1.515 0.69  T7.7687 1.850 1.82093 2,274
Lg-16 2.13 1.5%% 1.08 0.72 ©0.31 0.71 1.523 0.72  7.72L0 1.861 1.565019 2.2L%
59-65 2.21 1.54%  1.0%  0.70 0.L7  0.67 1.516 0.69 7.7782 1.809 1.82%% 2.255
62-54 2.22 1.52 1l.00 0.68 C.45 0.66 1.502 0.68 T7.67%0 1.791 1.7745% 2.41%
£3-35k4 2.13 1.53% 0.99 0.72 0.6 0.65 1,478 0.69 7.4059 1.8432 1.69107 2.37E
65-L6 2.17 1.5L 1.03 0.70 0.L7 0.68 1.h98 0.69  7.5599 1.755 1.75875 2.446
71- 6 2.01  1l.4%  1.0%  0.72  0.51 0.7L 1.439 0.72  6.8923 1.754 1.56119 2.517
79=77 2.12 1.5 1.03% 0.7Th 0.49 0.66 - 1.502 .71 7.5881 1.816 1.77592 2.352
80-45 2.17 1.56 1.01 0.72 0.b7 0.65 1.506 C.69 7.6878 1.846 1.78991 2. 326
81-21 2,03 1.46 1.11  0.72 0.35 0.76 1.451 0.73% 7.3152 1.707 L.73535 2. 485

v

(S8
)

[

Average 2.15 1.%2 1.02 0.71 0.k8 0.67 1.495 0.69 7.6091 1.80%  1.75181




fif

TABLE &

GEOMETRIC ANALYSIS OF #3-#4 FRACTIONS

1.1935

b= =
L O e} My
[3] g - -f; Q c\\?" g
- Q it o = [& = [}
@ ] O (@] o O WO =T N T R S -
a4l @ O 2 o O o0 a o = oW
v g g = g >N w g & -~ H @ =~ — B e
] [} (] [ — U g Q oo [ SRR Y] X0 -~ - S
8 - - - g = £ 88T 8% 3T LE2Y5 Fo¥ §aE8
< =2 =] w =) ) ) H o 8~ -~ [ 2 U o< Oy = [SVII /5 B & RN
2-34 0.84% '0.59 C.h4z  0.71  0.5L 0.73 0.599 0.71L  1.1920 L. 506 0.1125k 2.351

21-58 0.89 0.61 0.3 0.69 0.k 0.64 0.600 0.67 1.2312 4,563 0.11%3% 2,361
30-58 0.92 0.6 .37 0.66 0.4 0.61 0.591 0.65%  1.2141 4.812 0.10801 2,336
Lh-15 0.83 0.60 0.39 0.72 0.47 0.65 0.578 .70 1.1302 . 4,687 0.10114 2. 354
L8~ 6 1.01  0.% 0.38 0.58 0.37 0.63 0.608 0.60  1.3080 5.096 0.11787 2,206
419-16 0.95 0.58 0.37 0.61 0.39 0.65 0. 589 0.62 1.2108 L.9357 0.,10712 . 2.29C
59-65 0.86 0.5 0.38 0.69 0.L5 0.66 0.578 0.68 1.1387 L. 5L6 0.10129 2,472
62-54 0.87 0.62 0.40 C.71 0.4  0.65 0.399 0.69  1.2196 k. 599 0.11279 2,351
63-54  0.86 0.61 0.4l  0.71L 0.7  0.67 0.601 0.70 1.2173 b 239 0.1135% 2.529
65-46 0.9%  0.60 0.%5 0.65 0.38 0.59 0. 584 0.63%  1.202L 4,986 0.10435 2.311
7L- 6  0.88 0.59 0.38 0.67 0.4h  0.66 0.582 0.67 1.158k4 4,900  0.10336 2.287
79-77 0.87 0.57 0.40 0.66 0.47 0.71 0.587 0.67 1.1639 L. 4500 0.10590 2. 470
80-L45 0.86 0.60 0.40 0.71 0.47 0.66 0.591 0.69 1.1826 4,555 0.10819 2. 4oo
81-21 0.86 0.38 0.79 0.68 0.4 0.68 0. 580 0.68 - 1.1L00 4. L65 0.10225 2.497

| Average 0:89 0.60 - 0.39 0;67 O.44  0.66 0. 590 0.67 k662 0.10798 2. 376
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TABLE 7

GEOMETRIC ANALYSIS OF #8-#10 FRACTIONS

= =~
[#] s3] My
© g -~ -5; oY) E\?\ g
2 h) = o = 9] = . o
@ — [} Q (G = ¢ Q JTH IS Bl e
| ='y] o 0 P -~ < Gt ) o W [l = e
| L g & 5 g 23 g 3 S o T8« X5~ L3075~
; % o - s s S % L SHET B3 3iT BIfT s3E gRES
< M = = © g ] @ Mo A~ 0~ 2 <G~ T UY S m?v i T2 15~
‘ ©2-3h 0.3k 0.25 0.18 0.7%  0.55 O.7L - 0.248  0.73 0.2045  10.972  0.00803  2.321
‘ 21 0.26  0.26 0.18 0.71 0.50 - 0.7L 0.256 C.71L  0.2194 11,234 0.00883 2.211
| 30-58 0.35 0.25 0.16 0.7L 0.47  0.66 0.242 -0.69  0.1980 11.870 0.007k42 2.2k7
| hh-li5 Oe3h '0.25 0.17 0.75 0.50 0.67 0. 2h4k 0.72 0.1995  12.5%9 0.0076% = 2.081
| 48- 6 0.40  0.27 0.15 0.69 -0.38 - 0.%6 0.253 0.6k  0.2270 13.776 0. 00852 1.935
| | 4g9-16 0.41  0.26 0.17 0.64 0.41 0.64 0.260 0.64  0.2%3%8 11.876 0.00918 2,146
| - 59-65 © C.35 0.26 .17 0.75 0.5 0.68 0.250 0.72 0.2086 11.425 0.00818 2.2%2
| o 62-54  0.36 0.26 0.18 0.73 0.49- 0.68  0.25 0.71 0.2196  12.040  0.00879 2.075
| ; 63-54 0.35 " 0.25 0.17 0.73 0.50 0.69 0.248 0.72  0.2062 11.061 0. 00803 2.3%22
} 65-46  0.36 0.2 0.16 0.72 0.45  0.63 0. 247 0.69 0.207h  11.990  0.00780 2. 202
71- 6  0.35 0.26 0.16 0.7 0.45 0.6 0.2k2 0.70 0.1999  11.807 - 0.00741 2.285
| 79-77 0.26  0.26 0.17 0.72 0.47 0.65 0. 254 0.70  0.2179 12.660 0.00856 2.010
| 80-45 0.34" 0.26 0.17 0.7 0.48 0.65 0.245 0.71 0.202k  11.678 0.00771 2.2h9
81-21 0.33% 0.25 0.16 0.75 0.49 0.66 0.239  0.72 0.1922  11.259 0. 00719 2. 376
- Average 0.36 . 0.26 0.17  0.72 0.47 0.66 0.249 0.70  0.2097  '11.872 0.00810 2,192




TABLE &

GEOMETRIC ANAIYSIS OF #20-#30 FRACTIONS

= [
&) fol) MO
QO E) - -5: [a VI E\?h (EJ
43 o} [ -~ =) o = ]
o r 0] [} o O vl DO &) =~ B0 - oy
=T o ¢ L - O =g c o = s
L g = £ = = P . T — @ = - = e B
Y (] o (&) R VS = [13] Gl (3 O 4. g . A5~ S .
8 o ~ N - g g £ SE3IT 8% BT 85ET gdf gEES
< M = = ] =] 12} ) Ewm A~ 0~ . 0 <~ U1 U <L Ao e (RPN
2-3l 0.10 0.08 0.07 0.81. 0.6k 0.8 0. 084 0.80 0.0226 37.342  0.00031 1.97L
L2158 0.11 0.09 0.06 0G.75 0.54% 0.72 0.085 0.74  0.0237 27,025 0.00032 2,008
%0=58 0.10 .08 0.06 0.79 0.62 0.78 0.079 .79 0.0201L 39.680 0. 00026 1.977
Lb-45 0.10  0.08 0.07 0.79 0.64 0.82 0.083 0.80 0.0222 39,8325 0. 00030 1.862
48 & 0.10 ©0.08 0.06 0.75 0.57 0.76 0.079 0.75  0.0205 37557 0.00026 2.111
L49-16 0.10. 0.08 0.06 0.8 0.57 0.72 0. 07% .77 0.0206 35,994 0.00026 2.192°
= 59-65 0.10 ©0.08 ©0.07 0.80 0.68 0.85 " .083 .82 0.0219 37.509 0. 00030 1.952
o 62-54 0.16 0.086 0.06 ©.82 0.66 ~0.80 0.080 0.81  0.0208 26.875 0.00027 2. 070
65-54 0.11 0.08 0.06 0.74 0.58 0.78 0.082 0.75 0.022L 37.375 0. 00029 2,029
65-46  0.10 0.08 0.06 0.82 0.65 0.78 0.079 0.80 0.0200 314,683 0.00025 2. 263
71- 6 0.10 0.08 ©0.06 0.80 0.62 0.78 0.080 0.79 . 0.0208 36.884 0. 00027 2.090 -
T9=-77 0.11 0.08 ©0.06 0.77 0.5 0.70 C.079 0.75  0.0207 35.089 0.00026 2.27h
.ao;us c.11 ©.08 0.06 0.79 0.60 0.76 0. 083 C.78 . 0.0223 37.475 - 0.00050 1.997
81l-21 0.10 0.08 0.06 0.78 0.60 0.77 0.079 0.78 0.0201 55,386 0.00025 2,225
Average ‘oflo-' 0.08 0.06 Q.78 0.61 Q.77 0.081 .78 0.0213 ‘37.065 0. 00028 2.073
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TABLE 9

EXPERIMENTAL MEASUREMENTS OF 1/2 in.-5/8 in. FRACTIONS

Wax Coating Method

Pouring Methed

) Sy o ) o o o
+2 - 42 42 ol -.—1 EL ) | —
: —~ G — e Gy G — e - Gy ]
o ] o e G w -l B . (o] o .o
-t [} Al L) Ema ] 9] 8] ) g0 [S 2N -
b g @ g o "% o= SR B "% B - 3 5
g 8 3_3 <3 3 w0 ) < g w2 o w2 o < M w o [S W'y
o (ST R R Nt 80 by IS FEES » B B By RN LR o B TS
o1t} [EaT) (=R T = e R o ) [SE ] o [ e i oo =i} o (= 8y +
I e~ [GIEE [@} o e e — = Q —~ D e~ e e o B 0] — [ o G
H S Mo o~ o O O 2 0 u g e~ MOF e~ O 42 OO 0O > MO~ R R Q 0 0 ¢ Bb
3% ZES b8 BERS 02 19D BES EBLSTES S bad E¥S £3
=34 2,570 2.0 1.7 2.435  1.89025- 3.91 10.37 2.377 1.93637 4,94 12.50 L.60276
21-58 2,623 1.98 1.63 2.534  1.7h0T2  3.00 8.41  2.34 1.884k23 6.32 15.39 L4.41099
30-58 2.669 1.32 0.99 2.478  1.74598 3.94  10.43 2.kl 1.78708  L.o2 12.49 L4,32653
LWh-L5 2,602 1.94 1.66 2.54 1,72262 2,56 7.16  2.391  1.83285 5.13 12.75 L4.38235
L48-6 2.652 1.72 1.00 2.486 1.66629 3.58 10.54 2,339 1.77101 6.16  15.83 4.1u4238
49-16  2.673 1.69 L.k 2.485 L.7M661  4.35  11.30 2,384 1.81914 6,05  1h.8L L.33684
59-65 2.57¢ 1.97 1.67 2,471 1.84728 3.%2 8.87 2.359 1.93k99 5.28 13.00 L4.56464L
62-54 2.630 2.02 1.55 2.461 1.82711  L.21 11.40  2.3h40 1.92159 6.36 15.75 L.Lo653
63-54 2.637 1.he 0.98 2,510 1.58118 2.9 8.38 2.440 1.62655 4,11 10.94 3.96877
£5-L6 2.662 1.27 0.80 2,402  1.76335  3.k2 9.55 2.390 1.83%860 5.17 13.25 kh.39L26
716 2.640 1,27 0.90 2,509 1.60909 2.92 8.15 2.390 1.68921 4.95 12.50 L,03722
79~77 2.552 2.27  1.65 2,445 - 1.73900 3.40 9,74 2,313 1.83824 5,79 14,62 L4,25185
8o-45 2,606 2.33 1.8k 2.488 1.715%5 3.70 10.3% 2.3%2 1.78420 5.35  13.79 4.26780
81-21 2.589 1.77 1.52 2.51% 1.7h971 2.69 7.35 2,440 1.80278 3.93 10.07 L4.34877
Average 1.79  1.38 - 2,489 1.73889 3.hp .43 2.380 1.81906 5.32 13.41  L.32726

2,620




TABLE 10

FXPERIMENTAL MEASUREMENTS OF #3-#L FRACTIONS

Viex Coatiﬁg Vethod ‘ Pouring Method
[ . ] QO ',>; S ]
5 g 52 g 5 25 g B
9] & © o o w o o & w o -
- @ . ) 9} = 0 o - & 0 O +
G 42 oy o MY & oud O Y N =T =] @ ol
o @ o w o jh =4 w0 Uy =y E w2 ay = %
_g g 3.2 < 'S 48] ¥ < 0 U)h w2 ) << PG C-Q:>> -
) % ¥R EEFR P EFe 2% 55 . 25 SR 22 E% oy
g ol o~ [OR [} [ T e~ = . —~—~ U W~ e e wl = © —~ O W~ i)
HOS Mo o~ 0 O OO oM e~ XD~ O 2 o=m LU0 B M e~ A3 e~ o+ = oo 0 > S
B ZES 5L 58S JES 9L FeL PR BES B3L B84 PR £
Pr 28D 22 £52F F8Y £2F R8E BEZ £8Y ££Z 38 £EF =22
2-3L 2.580 2,20 1.89 2.&59 c.108Lk 3,84 10.10 2.43  0.11002  L.46 11.42  0.26658
21-58 2.575 2,68 2,11 2,52 0.11157  L,07 11.27 2.388 0.11L56  5.19 13.59 0.27356
30-58 2.608 2,12 1.69 2,47 0.10495  3.80 10.35 2.340 0.11101 6.18 15.24 0.25976
E Lh-L5  2.578 2,22 1.95 2,459 - 0.10852 3.87 10.07 2.434 0.10963 k.30  10.99 0,26685
- L8-6 2.606 2,30 1.98 2.1 0,10%60 4,98 12,67 2.2k0  0.131197 8,39 19.20 0.25082
ho-16  2.612 2,62 | 2,26 2,489  0.10791  L.20 11.23  2.324  0.11557  7.11  17.11 0.26859
59=-65 2.525 . 2,83 2,36 2.0l 0.1084r kb2 11.63  2.384  0.10918 L.73 12.26  0.26029
62-54 2.577 2.67 2.5% 2,413 0,1098% 5,23  12.81  2.Lkok 0.11085 5,38 13.13 0.2650%
63-54 2.623 1,59 . 1.69 2,469  0.1098% 4,12 9.80 2.476  0.10952  L.01 g.54 ©.27116
65~ 46 2.597 1.97 1.7 2.478 0.10806 3,60 9. h6  2.352  0.11%385 5,80 14.07 0.26777
T1-6 2.58k 2,07 1.8L-  2.449 ©,10551 3.99 10.29 2,349 0,11000 5.77  13.96 0.25839
T9-T7 .52k 2,78 2.45 2.405  0,10395 4, b5 11,40 2.316  0.10794 6.09 14,68  0.25000
80-45 2.54h 3,12 - 2.8L 2,461 ©.111%3 4,20 10.9Lk  2.Lk03  0.11402  5.20 15.0k  0.27399
81-21 2.570 2,06 1.91 2.461  ©.11002 3,67 9,31 2,465 0.1008L 3,60 9.16 0.27075

2,378  0.111i24 - 1%.38 0.2¢L5L

=
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Average 2.578 2,37 2.08 - 2.4 0,20799 .
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EXPERIMENTAL MEASUREMENTS OF #8-#10 FRACTIONS

- TABLE 11

Wax Cecating Method

Pouring Method
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2-34 2.575 2,52 1,70 2,415  0.00736 4.30 12,23 2.378 o.ooTaTI 4,96 13.57 C.CL777
21-58 2,560 2,80 1.98 2.410 0.007hhk 4 W7 12,61 2,320  0.00775 6,11 15.87 0©.0L793
- 30-58 2.555 3,00 2.33 2.392 0.,00685 5.06 13,56 2.277 0.00719 7.21 17.71  0.01638
Ll 15 2.575 2.52 1.92 2.410°- 0.00690 4,61 12.41  2.401  0.00693  L.77 12,74 C.01664
48-6 2.570 2,90 2.28 2,404  0.00717 5.03 13.43  2.195 0.00786 9.08 = 20.96 C.l1723
49-16 2,582 .2.90 2.56 2,392  0.0076k 5.70 1L.30 2.228 0.00820 8.8k 20.17 0.01828
56-65 ' 2.531 3,00 2.28 2.381  0.00733 4,83 13.07 2.352 0.00742 5.36 14,13 C.017L5
6254 2.565 3.09° 2,27 2.381  0.00752 5.35 14.5% 2,318 0.00772  6.52 16.79 0.01790
63-5k 2.61Lh 1,66 1.07 2.401 0.00784  L.54 12,13 2.483% ©.00758 3.1k 9.13 0,01882
65-46 2,601 2,14 1.43 2.410 0.00735 4.5k 12,50 2.299 0.00771 6.59  16.53 0.01772
=6 2.587 2.23  1.58 2.0k 0.00722 k.59 12,43 2,348  o0.00740 5.60  1hh7 0.01737
79-T7  2.512 3,29  2.47 2,350  o.o07hk  5.27 14,18 2.25hk  0.00775  7.12 - 17.69 0.0L7h7
80-45  2.555 3.00 2.24 2,381 0.00730 5.16 13.95 2.307 0.00753 6.54  16.63 C.0L738
81-21 2.577 2.14 - 1.45 2.410. 0.00733 L.20 11.64 2.428 0.00748 3,89 16.98 0©.C¢1815
Average 2.568 2.66  1.97 ' 2.396 0.00735 L4.8% 13.07 2.328 0.00757 6.12 15.53 0.01761




TABLE 12

EXPERIMENTAL MEASUREMENTS OF #20-#20 FRACTIONS

Pouring Method
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2-3h 2,630 0.52 -.09 2.336 0.00026 k.80 12.3%9  ©.00060
2158 2,634 0.88 0.50 2.242 0.00029 7.28 16.86  0.00064
Z0-58 2,60k 1.53 1.33 2.190 0.00023 8.75 15.25  (£.00051
Lh-L5 2.608 - 1l.40 1.19 2.260 0.00025 7.22 16.51  (©.00056
La- 6 2.617 1.03 0.58 2.246 0.00024 7.0% 16.49  ©.C0053
3 49-16 2.615 1.11 0.84 2.232 C.00026 7.55 17.12  ©.00057
50-65 2,597 1.10 0.92 2,275 0.00025 6.49 14.90  ©.00058
62-5L4 2.603% C.88 . 0.85 2.282 0.00025% 6.38 1L.3h 0.00056 |
63-54 2.626 1.18 0.71 2,276 0.00026 6.69 16.01L  0.00059 |
£5-46 2.60% 1.09 0.79 2.261  0.00025 6.7% 15.60  0.00058 |
71- 6 2.631 0.97 C.57 2.297 0.00025 6.22 14.92  £.000% :
9-T7 2.589 1.64 1.01 2.195 0.00027 §.10 18.82  C.00059
8o-L5 2.608 1.39 1.12 2.282 0.00026 6.72 15.67  0.00060 :
8l-21 2.609 1.34 1.05 2. 264 0.00025 7.02 16.26  £.00057
Averége 2,612  1.15 0.82 2.260  0.00025 £.9% 16.08  0.00058
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APPENDIX :

THE POURING TEST METHOD

GENERAL

R
|
b
i

The pouring test was used for direct measurement of the Packing Specific

Gravity of oné—size aggregate fractions.

EQUIPMENT

The equipment and materials used were as follows:

1. Pouring device setup, which consigts of (see Flgure A=1): :
a. supported conical bin o
b. steel container '
c.. pan for collecting particles,

The gpecific setups used for different agegregate fractions were as follows

(see Figure A-1):

= Fraction . .

g Dimension 7 1/2 in.-5/8 in. #5340 #8-#10 #20-#3%0

D {cm) 10.0 10.0 7.5 7.5

3 a (cn) 7.5 5.5 1.5 1.5
b (cm) , 12.5 15.0 9.0 9.0
H (cm) 20.0 17.5 20.0 20.0
3 (cm) 12.5 10.0 5.0 5.0
h (cm) 6.5 Te5 9.5 9.5

-
A
i
o

2. 8teel ruler for aggregate leveling purposes.

i

5. Seoop for handling particles.

Wiz a v i i
=

Stainless steel bowls for handling and weighing particles.

5. Balance, 3 kg capacity. sensitive to 0.1 gr.

7

Y L



6. One-size ciean, smooth glass beads (6 mm diameter for comparing
with 1/2 in.—5/8 in.; #3-#4, and 3 mm dismeter beads for #8-#10,
and #20-#30 ageregate fractions).

TESTING PRCCEDURE

The following procedure was used for each group of one-size fractions:

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

2. - Open the pin shutter and allow all particles to come out.

5. Level the top of the plle down to the top of the contalner by
applying gentle movemerts with the steel ruler.

4. Weigh the content and the container { test measurement).
5. Collect all partiéles and repeat the same procedure for the num-
ber of measurements degired. (In this invesgtigations two
samples were tested for each size of glass beads, For each
gample 10 measurements were taken. The total average of the 20
measuremnents was used to calculate the packing specific gravity
factor Q, see Table A-1).
6. Repeat the same procedure for-all comparative aggregate frac-
tions. (In this investigation four measurements have been taken
for each type of aggregate, see Table A-1.)
CAILCULATIONS
Baged on the known specific gravity and packing specific gravity of the
glags beads used, the packing specific gravity of a glven fraction can be cal-

culated by using Egquation (8). An example and = working sheet, similar to

those used, is given in Table A-1.

REMARKS

1. In the present testing program a 6.5 cm high container was used for

measurements with 1/2 in.-5/8 in. fraction. The observations indicate that
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sty

A

this size of container may have introduced some boundary effects. This may
be, one of.the reasons for the lower correlations ob£ained for the large size
fractions compared to the finer fractions.

2., The rate of flow of particles was found to be a Significant factor
which influenced the test results. The factor has been considered and adjusted

in the tests.

SUGGESTIONS FOR POURING EQUIPMENT
1. Based on the test experience so far the following minimum dimensions

for the various parts of the pouring test equipment are recommended, depending

on the size of the aggregate fraction (see Figure A-1 for symbols):

3/8 in.-3/4 in.  #4-3/8 in.  #l0-#k Pa;ii(;ng

Dimenslons
D (em) 10.0 10.0 7.5 7.5
¢ (em) 25.0 25,0 20.0 20.0
a (cm) 7.5 5.5 3.5 1.5
$ (cm) > 12.5 > 10.0 > 7.5 > 5.0
h (cm) > 10.0 > ¢ > f > 4

2. The size of each sample {bulk voiume) éhbuld be about 1.3-1.5 times
the capacity of the receiving calibrated contalner,

3. The average diameter of the glass beadé used for a comparison should
be ag close ag possible to the average diameter of the aggregate frasction
tested.

k. Fur%her simplification and standardization of the eguipment may be

pogsible with additional experience and experimentation.
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TABLE A-1

AN EXAMPLE OF A WORKII'G SHEET USED IN THE POURING TEST
Pouring Test Using #8-#10 Fractions

Contginer Diameter: 5.0 cm Container Helght: 9.5 cm

Bin Dismeter: 7.5 cm Funnel Opening Diameter: 1.5 com
Aggregate Head: 9.0 cm Pouring Height: 20.0 cm
Average Diameter of (lass Beads: 3 mm G
Specific Gravity of (Glass Beads: 2.213 G = =Ty = Q 2 W _(see Equation (8))
' DX Z‘Ws ' Tx X
G
DS o 2.213% _
® 2 ZWS 270.78 0. 008173

Test Data

Weight in grams (2 W) : Packing  Packing
Sample Test - . 2. Wg,l. Wy Sp. Gr. Specific
1 2 3 b 5 6 7 8 g 10 Average Factor-Q CGox

§. Beads I 270.2 27L.L 27i.2 270.9 270.8 270.1 271.0 270.4 270.3 270.7)
G. Beads IT 27L.5 270.9 270.8 270.9 270.7 270.7 271.0 270.7 270.6 270.8

270.78 0.008173

L0081L73  2.348

71-6 287.5 287.4 287.3 287.2 R 287.35 ©

Lh-L5 20k, L 293,2 204,12 293,2 293.72  0.00817% 2,401
b2-54 28L.0 283.2 283.7 283.3 283.67 0.008173  2.318
81-21 297.6 297.2 296.L 2g7.2 297.16  0.008173  2.L28
63~54 304.2 304.0 303.4 303.7 ' 303.82  0.008173 2.L83
80-45 282.7 282.1 282.3 282.1 ' : 282.10  0.008173 2.307
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Figure A-l. BSchematic description of the pouring device setup.
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