Open Graded Skid Resistant

Bituminous Concrete Surfaces

EGONS TONS

Professor of Civil Engineering

ROBERT O. GOETZ

Associate Professor of Civil Engineering
and

KASRA GHAEMMAGHAMI

Research Assistant

{,r“ (g.f%ﬁ! Q&QQRTME*AT Q%:

June 1976

Michigan Department of State Highways and Transportation
Contract No. 75-1300 '
l.ansing, Michigan

Department of Civil Engineering




MICHIGAN DEPARTMENT OF

THE UNIVERSITY 0OF MICH

MICHIGAN DEPARTMEN

COLLEGE OF ENGINEERING

Department of Civil Engineering

OPEN-GRADED - SKID RESISTANT
BITUMINOUS CONCRETE SURFACES

Egons Tons
Professor of Civil Engineering

Robert 0. Goetz
Associate Profegsor of Civil Engilneering

Kasra Ghaemmaghami
Regearch Assistant

DRDA Project 384071

under contract with:

CONTRACT NO. 75-1300
LANSING, MICHIGAN

administered through:

DIVISION OF RESEARCH DEVELOPMENT AND ADMINISTRATION

THE UNIVERSITY OF MICHIGAN

JUNE 1976

IGAHN

T QOF STATE HIGEWAYS AND TRANSPORTATION



ABSTRACT

OPEN-GRADED - SKID RESISTANT

BITUMINGCUS CONCRETE SURFACES

B§ Egons Tons, Robert 0. Goetz and XKasra CGhaemmaghami
The University of Michigan

The main purpese of this work was to search for an
improved method of designing open-graded bituminous surface
mixes with high voids for skid resigstance under wet condi-
tions. Several published methods and procedures were re-
viewad. The ideas and procedures from three of these methods
were selected and a new procedure was developed which pre-~
dicts voids in a given dpenmgraded mix. The method is also
fit for designing a mix with a definite desired void con-
tent. The predicted veoid contents were compared and correlatéd
with gpecimens compacted by the Marshall procedure using
crushed gravel and slag as aggregates with 85~100 penetration
asphalt as bindér, The method should be tried in field

applications.
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OPEN~-GRADED - SKID RESISTANT
BITUMINOUS CONCRETE SURFACES



INTRODUCTION

Most highway engineers agree that the period of rapid
highway expansion of the last twenty years is drawing to a
close. 1In the next twenty years the probklems of maintenance
and reconstruction will be dominant. Thousands of miles of
highways will need resurfacing to improve riding gualities
and skid resistance, especially during wet weather, and to
reduce the probabkility of hydroplaning during wet weather .

A very promising bituminous concrete mix for these purposes
is the so-called open-graded mix.

These open-graded mixes are designed with a relatively
high porosity or void content, on the order of 15 percent or
more. Because of the high porosity, the permeability is
greatly increased and water can be readily displaced from under
the tire and into the voids. This action results in increased
skid resistance and decreases the probability of hydroplaning.
At the same time the mixes must be so designed that there will
be no rutting under the repetition of wheel loads. In other
words, they must have satisfactory stability and fléw charac-
teristics to resist displacement by traffic. 1In addition,.they
must have the desired porosity at a unit weight which would
fesult in little or nc further compaction under traffic,

The present bituminous concrete mix procedures, such as

v

the Marshall or Hveem methods, were developed for the design
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of dense {(minimum porosity) mixes. These methods have proven
unsatisfactory fo: the design of 0§en~graded mixes becauge
they are rather insensitive and inaccurate for detefmining the
cptimum asphalt content for this type of mix.

There are a number of methods in the literature dealing
with the engineering design of open-graded mixes. Some are
very recent and others are of less recent origin. All of them
have one goal in common: +to identify the fundamental proper-
'tiés of the components of a mix, and, with this information,
predict how the mix is going to behave.

A number of the more recent investigations contain
promising approaches to the open-graded mix design problem.
Huang has developed a "particle index" (1) which is supposed
to measure pertinent geometric characteristics of coarse and
fine aggregates such as used in bituminous concrete. The
Committee on Aggregates of the American Society for Testihg
and Materials is presently debating the introduction of this
"index" into their standards for aggregates. This "index"
concept has also been applied to mix design (2).

Another approach to defining the geometric properties
of aggregates is the packing ﬁolume concept developed by Tons
and Goetz (3). Ishai, Tons and others (4) (5) have extended
this packing volume concept into the design of denselgraded
bituminous mixes.

Lees has made an exténsive study of inter-particle void
characteristics and the grading of aggregates (6) (7). He has
developed a method of combining various sizes of aggregates to

give a desired perosity.



Finally, the Federal Highway Administration (FHEWA) has
developed a method for designing open-graded mixes (8). This
method employs a specialrvibratory compaction test toc deter-
mine the voids in a narrowly-graded coarse aggregate. A pro-
cedure is presented to £ill these voids with asphalt cement
and finer aggregate so as to end up with the desired porosity.

The purpose of the research reportedlherein was to

study and integrate the presently available knowledge into a

new design procedure for open-graded bituminous mixes. This
involved a review of the present methods, the performance of

analytical and experimental work on the identification of the

most'important parameters affecting open-graded mix behavior
and a laboratory investigation of the method adopted. Another
goal was to computerize the method to the fullest extent pos-

sible. The report presents the results of this effort.

LITERATURE REVIEW

As mentioned before, Huang (1) has developed a particle

index concept to measure the pertinent geometric characteris-
tics of coarse and fine aggregates. As explained by Huang,
"The particle index is based on the idea that the rate of-voids
change in a uniform-sized aggregate, when rodded in a standaxrd
rhombohedron mold, indicates the combined features of shape,
angularity and surface texture of the aggregate. The resﬁlt

of this test is expressed as the particle inaex of the aggre-
gate, for which a mass of single-sized, highly polished alumi-

num spheres 1s taken as zero. The value becomes progressively




greater as the aggregate particles become more irregular in
shape, angular, and roughly surfaced.”

The test procedure inveolves rodding a one-size aggre-
gate in a standard mold in three layers with 10 strokes per
layer and, then, computing the percentage of voids. The pro-
cedure is repeated using 50 strokes per layer. The particle
index (Ia) is computed from the follewing equation:

I, = 1.25Vlo - 0,25V5O'— A

le = percentage of voids using 10 strokes‘
per layer,

VSO = percentage of voids using 50 strokes
per layer,

A _ = a constant based on the geometric
characterigtics of highly polished
aluminum spheres. A wvalue of 32.0
is presently used,

The particle index for a graded aggregate isrcomputed
as a weighted average of the one-size particle indexes. The
method has been standardized by ASTM under Standard Method
D 3398 now using a cylindrical mold instead of a rhombohedron
mold.

The particle index concept shows promise as another
tool in the selection of suitable aggregates for different
purposes such as bituminous or portland cement concrete mixes.
Its use in the design of bituminous mixes appears limited at
this time.

Tons et al. (3) (5) developed a concept by which the
geometric irreguiarities {shape, angularity and surface texture)
of aggregate particles are unified and expressed gquantitatively

by basic volumetric parameters. They defined the packing volume




of a particle (V_} as the volume a rock particle occupies in a
P

mass of monovolume (one-size) particles. The packing volume

can be visualized as the volume enclosed by an infinitely thin

membrane stretched around the peaks cof the surface roughness as

shown in Figure 1. TUsing the packing volume of a particle, the

packing specific gravity (Gp) is defined as

where W is the dry weight of the particle.
Ishai and Tons (9) defined the surface voids under the
menbrane volumetrically as the specific rugosity (Srv), in

percent of the packing volume, as:

Vsr 3 G
Srv = 100 T = 100 Cl - '—E““G )
& ap
vsr = yvolume on all surface wvoids betwsaen the

packing volume membrane and the membrane
of the apparent volume (Pigure 2}.

Vp = packing veolume of the aggregate.
G . Ga = packing and apparent specific gravities,
P P respectively.

As can be seen from Figure 2, the specific rugosity can
be divided into two components: the macro surface vbids {Sma)
which are the voids between the bulk and packing volume mem-
branesg, and the micro surface voids (Smi) which are the wvoids
between the bulk and apparent volume membranes. These COMPO
nentg can bhe expréssed volumetrically as percentage of the

packing volume by the following equations (12):
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= Ld - R

Sia 100( S )
ag
G G, )

_ ap_ - "ag

Sni 100 G = a
ap a9

Gaq = bulk specific gravity of the aggregate.

Therefore, the specific rugosity expresses the total
geometric irregularity of particles. The macro and micro sur-
face voids can be used to distinguish between the larger
surface voids which dominate the packing and interaction of
particles in bulk, and the capillary surface voids which
determine the amount of asphalt absorption (4) (10 .

In order to compute the specific rugosity and the macro
and micro surface voids, the packing, apparent and bulk spe-
cific gravitieg of the particles are required. The apparent
and bulk specific gravities can be easily determined from ASTM
Stanﬂard Methods C 127 and C 128. Ishai (10) developed a
practicai method for the direct deﬁermination of the packing
specific gravity. The detailed procedure is given.in the
Appendix of Reference {l1) and reproduced in Appendix 3.

"The packing volume concept can also be used to parti-
tion the asphalt cement of a bituminous mixture into two
components: (a) the rugosity asphalt which is the asphalt
below the packing volume membrane, and (b) the_flow asphalt
which is the asphalt outside the packing volume membrane
(Figure.é). For practical computations the interest is in weight of
asphait taken up by rugosity (Brw), Then the amount of asgphalt
éonsumed by surface irregularities)(macro rugosity) can be ob~
tained by subtracting the absorbed (micro voids) asphalt (B_ )

ag
from Brw‘ The equations for Brw and Bag are as follows (12):



G G
_1o0 b . b
Brw = T50-m w -~ 100 E__> + 100 &
mm o]
£
G G,
_ 100 b . b
ag = 100w ' 100 a1t 100 .
mm ag
where Brw = amount of asphalt lost by rugosity,

% by welght of aggregate.

= agmount of asphalt absorbed, % by

ag weight of aggregate.
Gy = asphalt specific gravity.
\ = asphalt content, % by weight of total
mixture. ‘
G = maximum specific gravity of the
mixture.
.G = packing specific gravity of the
P aggregate.
ag = bulk specific gravity of the

aggregate.

Tons et al. (5) found that the unifying concepts pre-
sented above for geometric irregularity factors together with
the related rugosity terms explained the behavior of one-size
aggregates in bitumirous mixtures. They determined that bitu-
mincus mixes made with one-size aggregates of different rugosity
characteristics and with the same volume of flow asphalt had
essentially the same strength. In other words, the strength was
a function of the flow asphalt content and not the total asphalt
content or specific rugosity.

Ishai and Tons (5) (10) determined that these same geo-
metric irregularity factors and rugosity terms could bé used to
characterize and explain the behavior of dense-graded bituminous
mixtures. The volume of the macro surface voids of the dif-

ferent size fractions in a graded mixture was found to be the




basic parameter which determined the interaction between the
coarse and fine particles. Measurements showed that the macro
surface voilds are not filled with just rugosity asphalt as in
the case ¢f one~size aggregate, but scme of thié asphalt is
replaced by finer particles occupying the macro voids in largexr
particles. This interaction was defined qguantitatively as the
fines lost by rugosity {Fr).
| It was found that both the fines lost by rugosity and
the asphalt lost by rugosity are basic parameters which,'at a
given asphalt content, define uniquely the amount of flow
asphalt in the mixture. The flow asphalt, in turn, was iden-
tified as a unifying parameter for mixtures made from dif-
ferent types of aggregates. For a given gradation and type of
asphalt, the volume of the flow asphalt was found to be statis-—
tically constant at the optimum asphalt content for any mixture
regardless of the type of aggregate. Unlike the findings for
one—size.aggregates, the ;trength-of these mixtures were not
the same at the similar flow asphalt content.

In summary, Tons et al. have developed a unified method,
.based on the packing volume coﬁcept, for determining the volume
of asphalt required in a bituminous mix of given grading in
order to have a desired volume of flow asphalt. This involves
- finding the specific rugosity and the rugosity asphalt for the
various size fractions in the mix. The method did not furnish
a way to estimate the grading and flow asphalt necessary fox
a degired strength.

Lees (6) has studied the voids in masses of one-size ag-

gregates of different shapes in dense and lcose packings. The




purpose was to gain a better understanding of aggregate grading
design especlally for gap=-gradings. A technigue was developed
for impregnating the voids in an aggregate mass with a plastic
medium. The impregnated samples were very carefully sectioned
so that the characteristics of the voids could be measured.

From these measurements the critical ratio of occupation and the
critical ratio of entrance were computed.

Thevcritical ratio of occupation has been defined by
Fraser (l13) as the ratio of the diameter ¢f the sphere occu-
pving the void space between larger spheres to the diameter
of the larger sphere. The critical ratio of entrance is the
rétio of the diameter of the sphere that could pass through one
of the openings between larger spheres to the diameter of the
larger sphere.

Based on his studies, Lees concluded that, for the
design of gap-gradings, the ideal structure would consist of
one in which there is a step-iike.reduction in size of the ag-
gregate fractions. To accomplish this each successively lower
size should be between the critical ratio of entrance and
critical ratio of occupation as determined from the loose
packing characteristics of.the next higher size aggregate
fraction.

Lees (7) also studied the factors affecting the packing
and porosity of aggregates. A general theory for the com-
bining of aggregate fractions to obtain ﬁinimum poresity was
developed. This theory is based on the previous work of

Furnas (14) and Powers (15).
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Furnas (14) studied the voids in aggregate systems made
up of two-size particles. Figure 3, where the voids in the
system are plotted against the percentage of the larger con-
stituent, presents the results of this work. Each curve is
for a different size ratio which is egual to the diameter of
the smaller particles divided by the diameter of the larger
size. The size ratio = 0 curve, which implies infinitely small
or infinitely large particles, was plotted from theoretical
consideration.

A study of Figure 3 shows that each size ratio has a
combination of small and large particles which results in a
minimum void content. PFurther, the minimum voids decrease as
the size ratio decreases. For gize ratios of 0.2 oxr less,
the minimum voids are obtained with a combination of about
67 percent large particles and 33 percent small particles.

The minimum point is less well defined and occurs with de-~
creasing percentages of the larger particles for size ratios
greater than 0.2. A |

Powers (15) suggested the use of a specific void con-
tent or void ratio graph, Figure é,_for the presentation of
data such as shown in Figure 3. The specific voids are found
from i%a where n is.the percent of voids in the mass. The
abscissa of this graph is the percent of the $maller size ag~
gregate in the two component system while the ordinate is the
specificAvoid content. One of the advantages of this method of
plotting ig that sPecific:gravity differences are eliminated.

Another advantage is that the size ratio = 0 curve can

be determined as two straight lines. One of these lines
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connects the specific void content for 100 percent of the
smaller aggregate to the zero point on the right side of the
graph. The other line is drawn from the specific void con-
tent for 100 percent of the larger aggreqaté (0 percent of
the smaller size) to the -1.0 specific void content point.
The intersection of these two lines determine the minimum
theoretical void content and the mix proportions to produce
this minimum.

Lees (i) performed a large number of experiments in
which he combined aggregates of various sizes and shapes over
a wide range of size ratios. He concluded that there are
three basic parameters that control the combining of two~size
aggregate mixes to obtain minimum voids. These parameteré are:
(a) the average of the two porosities of the individual con-
stituents when compacted separately, (b) the difference in
these two porosities, and {(c) the particle size ratic. Using
these three parameters, Lees developed graphs from which the
required percentage of smaller particles to give the minimum
porosity can be found.

A procedure to determine the voids at the minimum
porosity was also developed by Lees. As can be seen in
Figure 4, the maximum possible theoretical reduction in voids
when two aggregates are mixed is at a size ratio = 0. For
size ratiés greaﬁer than zero, the reduction in voids is less
than this thecretical maximum. Lees, therefore, defined the
relative contraction as the ratio of the actual reduction in
voids in a two component system to the theoretical maximum

reduction.
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From analysis of his experimenﬁal data, Lees found that
the relative contraction is dependent upon the difference he-
tween the two porosities and the size ratio but independent
of the average porosity. From these studieg he constructed
a graph from which the relative contraction can be determined.
The voids at minimum porosity (C) can then be calculated from

the following equation ({7):

(P x P \
C = A - relative contraction [é -t larg?rlOO smalle;]
A = the lower of the two porosities measured sepa-

rately for the larger and smaller aggregates.

Pl = the porosity measured separately for the larger

arger : :
agygregate.

Ponaller — the porosity measured separately for the smaller

aggregate.

Lees (7) has proposed a method for extending the above
results from two component systems to three or more component
systems, The method is illustrated in Figure 5 for a four
component system. As shown SH the specific void content dia-
gram on the left of Figufem3, the largest component, A, is
combined with the next smaller component, B, by the procedure
outlined in the previous paragraphs. In this way the percent-
ages of A and B necessary to obtain the minimum porosity are
determined.

The combination ofAA plus B is then considered as the
large fraction and is combined with the next smaller component,
C. New values of the porosity difference and average porosity
are calculated, treating A plus B asg one component. The size “
ratic is computed using a mean equivalent spherical diameter

(E.S5.D.) for the A plusg B compecnent from the following

T R 1 DR B T
T LA
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relationship proposed by Lees (7):

E.5.b., = 1
Pi
1 di

i3

i
where p; are the proportions by volume of particles of diameter,
di’ respectively. The percentages of A plus B, and C are then
determined for the minimum porosity.

By the same procedure, A plus B plus C is taken as the
large size and i1s combined with the smallest fraction{ D. The
percentages of the two sizes to give tﬁe minimum porosity are
computed as befofe. In this manner, as many components as
desired may be combined to cobtain the minimum porosity. For
each combination, the voids at minimum porosity can also be
determined.

To gummarize, Lees has studied very intensively the
design of gap-graded mixes using one-size aggregaﬁe components.
Based on these studies, methods have been devised that permit
the design of mixes for not only a minimum porosity but also
for a controlled porosity such as needed in open_graded bitu-
minous mixes. He found that the basic parameters involved are
the difference in the porosities, the average of the porosities
and the size ratic of the components being combined.

Smith et al, (8) of the Federal Highway Administration
have developed a method for the design of open-graded bitumi-
nous mixes. As explained in Reference (8), "The design pro-

. cedure then is based on the conéept that the open—graded ﬁsphalt
friction course consists predominantly of a narrowly-graded

coarse aggregate fraction (which is defined here as material
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that is retained on a No. 8 sieve} with a sufficiently high
interstitial void capacity to provide for a relatively high
asphalt content, a high air void content, and a small frac-
tion of fine aggregate (which is defined as that material
passing a No. 8 sieve). The coarse aggregate fraction pro-
vides the structure of the composite mixture while the fine
aggregate fraction acts primarily as a filler within the
interstitial voids."

The design method involves the compaction of the
coarse aggregate by vibration in a standard mold using an
electromagnetic vibrating rammer following a specified pro-
cedure. The voids in the coarse aggregate are computed from
the results of this test.

The asgphalt requirement, based on the weight of the
aggregate, is determined from the following linear relation-
ship:

Percent asphalt = 2.0 (KC) + 4.0
where K ié a measure of the surface capacity, This surface

capacity includes "absorption, superficial area, and surface

14

roughness." The surface capacity is found by a test procedure

that involves soaking oven-dry aggregate in No. 10 lubricating

oil, draining and determining the percent oil retained. A

graph is then used to find the volume of "K_."

The final step in the method is determining the opti-

mum content of the fine aggregate fraction. This optimum con-

tent, on a volume basis, is equal to the volume of voids in the

coarse aggregate minus the volume of agphalt minus the volume

of the desired air voids plus the vclume of the absorbed
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asphalt. The suggested value of the minimum desired air voids
in the mix is 15 percent by volume. Further, the percent by
weight of fine aggreéate is limited to 15 percent. JIn other
words, the purpose of the method is to determine whether 15
percent by weight of fine aggregate will result in a minimum
air void content of 15 percent by volume. If not, the percent
of fine aggregate must be reduced so as to give the minimunm
air voids.

Smith et al. (8) used the above method to design a
number of mixes which were already constructed and were ex-
hibiting satisfactory behavior. The results checked guite well
wiﬁh in-place designs. Therefore, it was éoncluded that the
method is a substantial iImprovement over existing methods and
gives reasonable results.

While the method shows promise for the design of open-
graded mixes, its application at the present time is limited to
the narrowly-graded coarse aggregate fraction presented. It
cannot be extended to other gradings in a rationalrﬁay. Also,
the method for estimating the asphalt content would be ques-
tionable for aggregates with high surface irreqularities and
roughness such as slags. |

The goal of this research is to use fundamental, guanti-
tative values for open-graded mix design. It was found that
using Smith's (FHWA) method as a guide, the érocedures de=-
veloped by Lees and Ishai-Tons could be combined for a mix

design which predicts voids in open-graded mixes.
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SOME FIELD OBSERVATIONS IN MICHIGAN

Open~graded mixes with high veoid contentg have been used
on the roads in Michigan and elsewhere. 2 brief listing and
comments on installations in Michigan are given in Appendix 1.
Thelr performance so far 1s very encouraging, with only minor
problems which can be eliminated in the future.

In regard to water drainage mechanism during rain, the
FHWA model does not appear to be applicable, especially in
urban areas where curbs are often present (8). In such cases the
rainwater cannct freely flow into the pavement void system and
then laterally out on the shoulder as the curb is in the way.
Also, it appears that the surface voids stay clean and open
only in the wheel tracks, while at the edge of the pavement
dust and sand particles {probably from winter sanding opera-
tions) have often clogged the surface voids and the pavement
surface no longer looks porous. This may not be of great
importance as long as the voids in the wheel tracks are clean
and open and the tires can "pump"” the water into the pavement
at one place (under the contact area) and push it out along
the periphery of the contact area. Thus, as long as the
voids under the wheels can be preserved, wet weather hydro-
planing should not be a problem for all but the most reckless
cases. To control the amount of voids in such pavement re-

guires proper mix design and control.
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TYPICAL MIXES USED

In order to achieve high void contents, open-graded
mixes are used. A typical gradation as suggested by

FHWA (8) is as follows:

Pagssing 3/8" szieve 100 percent
Passing 4 sieve 30-50 percent
Passing #8 sieve 5-~15 percent
Passing #200 sieve 2=5 percent

The minimum SPeCified void content is 15 percent, and,
as described in the literature review, the mix is designed on
a trial«and-error basis.

In Michigan, 31 A aggregate appears to be close to

the desired gradation to obtain a porous mix.

PRELIMINARY LABORATORY WORK

The initial laboratory work was done on 1/2 to 3/8
inch aggregates from several sources to familiarize ourselves
with the so;called particle index (Ia) as developed by Huang
and recently adapted by ASTM to characterize types of ag-
gregate pieces (ASTM D 3398} . Again, the particle index can

be calculated from the following egquation:
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I = 1,25V ~ .25V - 32,

where

Ia = particle index of aggregate,

Vig = porogity or voids in the dry aggregate
rodded by a standard rod 10 times,

Vg = porosity oxr voids in the dry aggregate
rodded by a standard rod 50 times.

The given-aggregate is compacted in a standard con-
tainer and the voids are calculated on a bulk specific gravity

basis. For example, the V would be obtalned as follows:
o0 ) e

Vig = voids in the aggregate after 10 roddings,
in percent,

where

WO = welght of the dry rodded aggregate in a
standard container,

Sy = bulk specific gravity of the aggregate,

v = volume of the standard container filled

with the aggregate.
As the eguation shows, the V1o has a ccefficient of 1.25

as compared to 0.25 for Vv As the result of this, the V

50° 10
measurement is very important in this procedure while error
in VSO has less effect on the Ia' Thus, at the outset, it was
already apparent that Ia cannot be used asra fundamental
parameter in mix design. The compaction and void measurements,
however, are fundamental in mix design and therefore several

tests were run using three one-size (1/2 -~ 3/8 inch) aggre-

gates: dolomite, mine rock (basalt) and smooth beach pebbles
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(gravel). The dolomite had a tendency towards elongated
particles, the mine rock was closer to cubical shape and the
beach pebbles were round and smooth. A typical comparison
for mine rock and beach pebkles is shown in Figure 6. As

it can be seen, the mine rock has higher void volume between
the particles due to its more irregular and rougher surfaces.

Thus, the Ia for mine rock would be higher than for the smooth,

round heach pebbles.
The problems encountered with the rodding method were:
(1) ‘The rod penetrated considerably more in the rounded peb-
bles and less in the mine rocﬁ; using the same effort.
(2) Some crushing of the particles occufred.

{(3) The VlO values varied more than the V50 values.

Although the rodding technique would have been the
simplest to use to estimate {(measure) voids in the aggfegate,
it was abandoned for a "vibratory" method which would accel-
erate each particle during compaction and hOpefully cause
less crushing. During the first "vibratory" experiments,
the V

10
hand-placing of the aggregate in the standard container. The

point was simply replaced by porosity obtained from

second VSO point was replaced by compaction using 8 blows on
the side of the container. The rock was placed in 3. layers,
and after each layer was placed, the container was rotated
and hit 8 times with a standard rod from a standard distance.
Again, typical curves for three aggregates are shown in

Figure 7. The mine rock and the dolomite are gquite similar,

whille the beach pebkles have a significantly lower void content.
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These differences are primarily due to the fact that bulk

specific gravity is used for the veoid calculaticons., If so-
called packing specific gravity is substituted, the three ag-
gregates look alike for most practical purposes as shown in
Figure 8. The conclusion from this preliminary study was
that the particle index is difficult to use for prediction
of voids in a mix containing several one-size particle com-
binations and that the packing specific gravity may be help-
ful to unify and simplify the void calculations and pre-
dictions in graded aggregates and mixes. It was also con-
cluded that a vibratory type of compaction of the aggregate
instead of rodding gives more uniform results and less

crushed particles.

PREDICTICON OF VOIDS IN COMBINED AGGREGATES

Measuring voids in a one-size aggregate 1is a simple
matter once the compaction procedure is standardized. The
next important step is how to predict voids when aggregates
from different sieves (sizes}) are combined, As poipted out
in the literature review, the work in this area has been done
by a number of researchers but Lees has expanded the ideas to
the application for bituminous mixes (7). A typical curve ob-
tained in the laboratory using American Aggregate-Green 0Qaks
gravel is shown in Figure 9. The minimum porosity (orrvoids)

for the combination of two aggregate sizes can be calculated
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by knowing only the void content of each aggregate fraction.
Using 3 known points, a computer program was generated to
predict the voids for any combination of the larger and the
smaller aggregate, In other words, if the voids in each ag-
gregate fraction compacted by a given procedure are known,
the voids in combined {mixed) dry aggregates can be predicted
(for the same standard compaction).

In order to have the‘compaction of individual aggre-
gate sizes (sieve fractions} egualized, a standard vibratory
compaction method was adopted. A sketch of the setup is
shown in Figure 10. As shown, a layer of aggregate about 3
inches thick was placed in the 6-inch mold and vibrated at
3600 cpm and under a 53-pound surcharge. Typical compaction
curves for twe sizes of gravel and slag are shown in Figure 11.
Knowing the heilght of the specimen, the voids in the aggregate
can be calculated..

After these curves were obtained, a correlation between
the vibfatory test voids of each aggregate fraction and a
Marshall mix voids was attempted. Some preliminary data ob-
‘tained from the MDSHT files indicated that one minute of the
standard vibrateory compaction ‘as described above is approxi=-
‘mately equivalent to the ram compaction used by the FHWA (8)
and approximately to 35 blows by the Marshall machine (with
asphalt added to the aggregate). The abové menti&ned "equiv-
alence" simply means that a mathematical bridge is established
between the voids in the vibrated, compacted aggregate and.the

voids in a compacted Marshall specimen using 35 blows. As
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will be seen later, 30 blows in the Marshall compaction using
MDSHT compactor correspond closer to one minute of dry ag-

gregate compaction by the vibratory method.

DESIGN OF MIX WITH DESIRED VOID CONTENT

The prediction of veids in a compac£ed bituminous mix
without making and testing specimens is a desirable goal. To
do this the following information is needed (more detailed
procedure is givgn in Appendix 2}:

(1) Aggregate fractions to ke combined and used in a mix

(L/2" - 3/8%, 3/8" - #4, etc.). -

{2} Voids in each fraction after compaction.
{3} Bulk specific gravity of each aggregate fraction (if not
the same)} and the asphalt.
(4) Equivalent spherical diameter for each fraction.
(5) Rugosity or surface roughness for the aggregate in each
fraction.
(6) Asphalt absorbed by the aggregate,
(7) The desired filler/asphalt ratio. -
(8) The amount of flow asphalt to be added to the mix.
.The reason for requiring measurements on each aggregate
fraction is to provide information for the computer so that
' these fractions can be combined in the right proportions to
get prescribed (desired)} voids in thé‘final mix.
The established procedure is to first calculate the

voids in a dry aggregate mixture exclusive of filler. It is
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assumed that filler is part of the binding agent or ésphalt and
a certain filler/asphalt ratio will be used in the mix. It is
"also assumed that for mixes with high voié contents (above

12 percent) no significant dilation in the aggregate skeleton
will be caused by the asphalt and filler added. An example of
the procedure uged in putting the mix together is given in

Appendix 2.

LABORATORY WORK ON MIXES,- PHASE I

The first open-graded crushed gravel mix using mix
proportions as shown in Table 1 and asphalt content of 7.1%
by welght of the mix was compacted using 50 blows and the
UM Marshall compactor. The first results were encouraging as
can be seen from Figure 12. The average measured void content
of the compacted mix was 19.7%, while the predicted voids
based on standard l-minute vibratdry compaction of the ag-
gregates were 19.2%. The next step was to try an bpen-gradéd
slag mix with mix proportions as shown in Table 3. From this
mix the average measured void content was 13.2% as qdmpared
to 17.3% predicted ({(using l-minute vibratory compaction for
the aggregates}). As seen in Figure 12, the difference is con=-
siderable. Various explanations for this discrepancy could be
advanced, but the most convincing one was a higher degree of
crushing of slag as compared to gravel in the Marshall com-
paction process (impact);, To check this, asphalt was extracted

- from the Marshall specimens for slag and gravel and .the new

gradations and new average particle diameters were determined
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(see Tables 2 and 4). From this, new predicied void_contents
were computed. For the slag the actual expected voids dropped
to 14.2 percent and for the gravel to 18.2. For the first
trial, using such diverse and different aggregates as gravel
and slag, the closeness of the predicted voids was indicative

that the bkasic principles used in the design are promising.

SERTIES OF MARSHALL TESTS, PHASE IX

The second part of the laboratory testiﬁg program in-
cluded some adjustments. Previous observations showed that
the mix temperature should not exceed 250 F for the mixes used
as tﬁé asphalt in the Marshall specimen will tend to migrate
downwards during compaction and the result is a specimen with
a non-uniform texture.

The loss of fines and the asphalt in the mixing pan
has to be watched since it will affect the composition of the
compacted specimen. In other words, the mixing bowl should
be "buttered" to keep losses to a minimum. It was also susi_
pected that different Marshall compactors will give different
densities and voids. This does not matter, as long as the
compacted product is initially correlated with the vibratory
compaction of the dry aggregate fractions. Since this re-
search is conducted for MDSHT it was decided to use their
Marshall compactor for the next series of specimens. The
first mix used was gravel with 85-100 penetraticn asphalt as

given in Table 1., The aggregate and the asphalt wers heated
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to 250 F and each Marshall specimen was mixed individually by
hand. The first specimen was used to "butter” the mixing pan
and discarded afterwards. Five asphalt contents were used as
shown in Figure 13. The asphalt percentages by weight of mix
ranged from 5 to 7.75 percent, while on rugosity-flow asphalt
bases the range was between -6 and +6 percent including the
filler. As pointed out in the literature review, asphalt in

a miﬁ can be divided into three categories: férst, asphalt
absorbed (lost) in the aggregate; second, asphalt needed to
f£ill up the surface irregularities (roughness) of the ag-
gregate; and third, free or flow asphalt. At 0% flow asphalt
content {Figure 13), only the absorbéd and particle roughness
asphalts are present; at +6% flow asphalt, 6 percent of the
asphalt by volume of the aggrégate is added (filler is counted
as part of asphalt); and at ~6% flow asphalt, the amount equal
to 6% 1s subtracted from the surface roughness asphalt. As it
will be shown later, the advantagerof the flow asphalt versus
voids plot is that different aggregates such as gravel and
slag can be plotted on the same scale between -6 and +6 per-
cent, while dn weight bases the asphalt contents are quite
different for slag and gravel (see Filgures 17 and 18).

Three Marshall specimens for each of the five asphalt
contents were compacted in the MDSHT compactor using 50 blows
on each side. Iﬁ addition, 3 specimens each were prepared
applying 35 and 20 blows respectively using +3 percent flow
asphalt (see Figure 13). From this data it was apparent that Ehe

predicted void curves are close to parallel with the experimental
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points, and, in this region of voids, a straight line relation-
ship exists between asphalt content and voids in a compacted
mix. PFurthermcre, it was estimated from these tests that a
30-blow Marshall compaction should give approximately the
same voids as predicted volds using leminute vibratory compac-
tion for the aggregate adjusted for crushing of gravel par-
ticles during the Marshall compaction. Results on additional
specimens using 30 blows on each are shown in Figure 14,
| The work with an open~graded gravel mix was followed

with a simiiar mix using slag. The mix proportions are given
in Table 3. The predicted and actual void wvalues are plotted
in Figure 15. As it can be seen, the 30~blow compaction
{(MDSHT compactor) gave voids close to those predicted by the
l-minute dry aggregate ccmpaction (see also Figure 16).

Figure 17 shows a plot of both the open-graded gravel
mix and the slag mix. They were both initially designed to be
very nearly the same. More extensive crushing of the particles
during compaction in the Marshall mold may account for most.of
the differences,

Although the mainh goal in this work was to develop a
method for controlling kpredicting) voidsrin a compacted mix,
Marshall specimen stability and flow values were also deter=-
mined. Thé typical Marshall plots are shown in Figures 19, 20
and 21. As it can be seen there is no definite optimum strength
and no peak density for such open-graded mixes.

The data for rugosity and asphalt absorption was ob-
tained/from previous work (12). The void calculations were

based on actual weight and volume measurements of the specimens,
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DISCUSSION

The purpose of this research was to leock into the
parameters which affect the design of open-graded bituminous
concrete mixes for resurfacing pavements with a bitumiﬁous
mix which provides water drainage and skid resistance under
all weather conditions. The emphasis was placed on an
analytical and general approach with the goal of being able
to predict certain important properties of such open-graded
mixes so that a minimum amount of work can give the designer
numerical answers. By combining various ideas published in
the literature, a method for predicting and controllingﬁvoids
in open-graded mixes has been proposed and tested.

Void control is very important for all bituminous
concretes, but especially so for open-graded friction courses.
The information needed for predicting voids in a ﬁix is de-
scribed in Appendices 2 and 3. The main idea was to first
establish basic standard measurements on the aggregate and
the asphalt to be used in the mix. Then, without making any
laboratory (or field) specimen, the voids were predicted.
Next, Marshall specimens were made in the laboratory and the
voids were correlated with the predicted voids. For instance,
in our case, l-minute vibratory compaction of the dry ag-
gregate fractions and theilr corresponding voids was equivalent

to approximately 30 blows in Marshall compaction using the
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MDSHT compactor. This applies to gravel or slag {and should
apply to any other aggregate) even though they are very dif-
ferent materials., However, since slag particles are crushed
and degraded more during the Marshall compaction, the changes
in aggregate gradation and average particle size should be
mathematically accounted for when voids in the Marshall
gpecaumen are predicted as can be seen in Figure 15 by com-
paring cuxrves 1 and 3. For the harder gravel used in this
experiment, thé degradation and average paiticle sizes did not
change as much and a lesser shift in the predicted voids is
expected {(see Figure 13, curves 1 and 3). It is apparent that
the type and length of the dry aggregate compaction will
affect the voids in the combined aggregates and a different
number of blows in the Marshall compaction will be needed to
"simulate" the new condition. Also, the mix can be compacted
by the kneading compactor (Hveem} or other methods and the
vibratory compaction of the dry aggregate can be adjusted to
predict voids for the ne& conditions. The final correlation
that is really important is that of the actual compaction on
the road. Since Marshall compaction has been correlated with
actual pavement in many studies, one expects that correlation
with Marshall data also gives a good estimate of the field case.
The other flexible point of this method is that desir=-
able voids can be set say at 18 Yo.1 percent. The computer
will calculate what proportions of each aggregate size is |
needed to provide the 18 percent voids. Another wvariation on

the theme is that the mix producer may have a definite grading
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that he wants to use. Without making a laboratory mix,
predictions can be obtained whether the desired void con-
tent can be achieved with the given materials or what ad-
justments are needed in the mix.

Other Marshall data besides void content are shown
in Figures 19, 20 and 21. It is important to point out that
the slag mixes appear to be stronger tlhian the gravel mixes,
Theré is a question of what should be the minimum required .
Marshall stability for such thin resurfaéings. In regular
bituminous concrete construction, 500 and 750 pounds Marshall
stability has been set‘as ninimum for medium and heavy
traffic, respectively. It is d well-known fact that thin
bituminous layers are "confined" by the truck tire and the
oid surface below. Therefore, stability ?alues below 500 or
756 pounds may be acceptable. In areas where traffic
braking and acceleration forces are frequent, such as inter-
sections, it may be advisable to use higher stability mixes.
Slag aggregate may be heléful here, |

The exact prediction of stability similar to the voids
is not possible at this time. The trends in stability are some-
what similar and opposite to the voids (see Figures 19 - 21).
However, the effect of crushing and degradation of particles
is not as easy to predict in the case of stability as it was
for voids. More work is needed on this problem.

The flow values obtained in the Marshall test are on
the low side, but probakly acceptable.

The asphalt contents chosen for the laboratory test
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specimens were baséd on 0 flow asphalt as the central point.*
Using the aggregate rugosity appreoach for calculating the
asphalt requirement in the mix, gravel, slag or other mixes
can be placed on a more comparable footing. At this time 0

to 3% flow asphalt could be used as a starting point fér open-
graded friction courses. For the crushed gravel mix this
would result in about 6.4% by weight of the mix (see Figure 14
for 0 flow asphalt) and about 10.8% by weight of the mix for
the slag aggregate (see Figure 16, 0 flow asphalt). The sug-
gested asphalt content for the above gravel mix appears to be
identical to that presently used by the MDSHT in some field
experiments. However, the 10.8% for slag is high as compared
to 8 - 2% by weight used in some installationg in Michigan.
Such lower asphalt content will increase the voids and de-
crease the stability of the compacted slag mixes.

The filler in this work has been treated as being part
of the asphalt, not part of the agyregate. This is due to the
theory that a filler particle is so gmall that it géts into all
crevices of the larger particles just like asphalt (except in
the finest capillaries where only asphalt is assumed to be
absorbed). The data seems to confirm this assumption.

It was also assumed that the filler and the asphalt do
not dilate the aggregate skeleton and act strictly as void
£illing substances. This aépears to be a good approximation
for open~graded mixes and should be_watched for dense, low

void cases.

*Reminder: The flow asphalt also - -includes the filler.



Three sizes of aggregate Qere used in this work,
namely: 3/8" - #4, #4 - #16, and #16 - #100, All par-
ticlesg smaller than #100 sieve were included as filler.
This grading was chosen for convenience and for better con-
trol of the mix proportions. Egsgentially, the mixeg are
close to Michigan 31 A and the PHWA gradation reported in

Reference 8. Any other gradation or sieve size designatiown

can be used.

31
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CONCLUSIONS

The conclusions are based primarily on work with

crushed gravel and slag mixed with 85-100 penetration asphalt

to make open-graded bituminous mixes with voids varying be-

tween 12 and 24%. The basic concepts are exPecte& to apply

also for other aggregates in open-graded mixes. The most

important conclusions resulting from this study are:

(1)

(2)

(3)

(4)

Voids (poresity) in individual aggregate fractions ob=
tained from a st;ndardized vibratory compaction pro-
cedure can be used to predict voids when the different
fractions of aggregate are combined in different propocr-
tions.

By using packing volume and rugosity concepts, asphalt,
filler and aggregate can be combined and the veids in
the mix can be predicted.

Voids obtained from Marshall compaction were correlated
with the predicted wvoids.

If a certain percentage of voids are desired, the re-
guired proportions of aggregate, f£iller and asphalt can
be predicted without making and running Marshall or other

test mixes.
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RECOMMENDATIONS

The following recommendations for further study are

offered:

(1)

(2)

(3)

(4)

The predicted voids have been correlated with voids in
specimens compacted by the Marshall method. The next
step would be to try field installationsrusing mixes
designed by the proposed method and aggregates similar

to thosé used in this study. Both of the aggregates

used (gravel and slag) were close to the MDSHT 31 A
grading. h

The amount of aggregate degradation or crushing during
rolling in the field as compared to that during Marshall
compaction should be checked since degradation was foundk
to influence the prediction of voids.

Experiments with different aggregates and additives, such
as rubber, should be tried to f£ind out their influence on
the prediction of voids.

Further research on the predicting of strength or sta-

bility is required and could prove to be very beneficial.
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TABLE 1

ORIGINAL COMPOSITION OF GRAVEL MIX
WITH 3% FLOW ASPHALT

% Ingredients in Compacted Form

E.S.D. , . by vVolume by Weight
Fraction #1 3/8"-#4 .700 61.73 39.74 39.74 54.16
Fraction #2 #4-#16 .268 35.08 22.58 2z2.58 30.77
Fraction #3 #16-#100 .055 3.19 2.05. 2.05 2.80
100.00
Fillex 3.79 5.17
Asphalt _ - 12.69 7.10
Voids 35.63 19.15 0.00
Total 100.00 100.00 100.00
TABLE 2

COMPOSITION OF GRAVEL MIX WITH 3% FLOW
ASPHALT AFTER MARSHALL COMPACTION

% Ingredients in Specimen

E.S5.D. by Volume by Weight
Fraction #1 3/8"-#4 .650 50.80 32.70 32.70 44 .28
Fraction #2 #4-#16 .326. 42.70 - 27.47 27.47 37.19
Fraction #3 #16-#100 .0989 6.50 4.42 4.42 5.98
100.00
Filler | 4.03 5.45
Asphalt 12.76 7.10

Voids 35.41 18.62 0.00

Total : ) 100.00 100.00 1006.00




TABLE 3

ORIGINAL COMPOSITION OF SLAG MIX
WITHE 3% FLOW ASPHALT

38

% Ingredients in Compacted Form

E.S.,D. by Volume by Weilght
Fraction #1 3/8"-#4 .594 57.95 35.88 35.88 45.21
FPraction #2 #4-#16 . 313 37.05 22.94 22.94 31.67
Fraction #3 #16-#100 .068 5.00 3.10 3.10 4.54
1006.00
Filler 4,77 7.10
Asphalt 15.98 11.48
Voids 38.08 17.33 0.00
Total 100.90 100.00 100.09
TABLE 4

COMPOSITION OF SLAG MIX WITH 3% FLOW
ASPHALT AFTER MARSHALL COMPACTION

E.S.D.
Fraction #1 3/8"-~#4 586
Fraction #2 #4-£16 .290

Fraction #3 #16~-#100 .081

Filler
Asphalt
Voids

Total

Q,

% Ingredients in Compacted Form

100.00

by Volume by Welght
45.80 29.29 29.26 35.21
44.10 28.20 28,20 37.17
10.10 6.43 6.43 9.00

1060.00

5.02 7.13
16.94 11.48
36.09 14.15 0.00
100.00 10G.00
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Figure 14. Voids in Marshall specimens compared with predicted voids

using one - minute aggregate compaction and gradation
obtained from Marshall specimens. MDSHT compactor,
30 blows,



/
o

G‘\

e

D38 IN COMPACTED MIX

VO

ASPHALT CONTENT, % BY WEIGHT OF MIX
fO . 2

38 1 l i | i |
Bl -
2ol Curve L One Mipute Vibration, Original Grading, Predicted
Curve 2.Fiya " i i "
20— Curve 3. One Minute Vibration, Marshall Grading, Pradicted
Curve 4. Five i " L "
280
26l Points @ Marshall Specimen Voids, 30 Blows per Side
24—
—
22— -
T
SH:“JQ 2 MM —
2o~ Mix 3 ~—
D M
181 B e el el
o T
16— T S MM%
%%% %%% ““M
Eq____ %w%%m% %%w-%% M%&
. —
e " e )
21— “”“’”’%%%
%Q%%%
1O
g__
&l
4...“
2 T
0 I | l !
-9 -5 -3 0 +3 +6

FLOW ASPHALT, % BY VOLUME OF AGGREGATE

Figure 15, Voids in Maorshall specimens compared wilth predicted voids

using different aggreqgate compaction times agnd change in
grodation. Slog aggregate ond 30-bilow MDSHT compacior,

w1

na



ASPHALT CONTENT, % BY WEIGHT OF MIX

10 I 12
36 ? r [ i | ‘ |

VOIDS IN COMPACTED MIX, %
- = N NN
N & @ O N A
1T T T 1T 1T 1

o
i

- l ! l |
9 g ) -3 O +3 +6
FLOW ASPHALT, % BY VOLUME OF AGGREGATE

S N T S ¢ ) B¢
|

Figure 16, Voids in Marshol specimens compored with predicted voids
using one-minute aggregate compaction and gradation
cbtained frorm Marshallspecimens. MDSHT compacior,
30 blows.

MICHIGAN DEPARTMENT OF

TRANSPORTATION LIBRARY

LANSING 48909 | 0

53



sl

36
L)

_ ase mm e PR clictRd
30 @ Actunl

26—

Grovel
24 Mk e

NN
O™
o
g
i
§

Slag o

.. iy
Mix U] %%%% O g,

o o
I
s
§
pe
{
/
{
@

o
i
/

i

VOIDS IN COMPACTED MIX, %
N
I
i
/
!
5

O
|

| 1 | 1
-6 -3 O +3 +5
FLOW ASPHALT, % BY VOLUME OF AGGREBATE

IO TR SN S ¢ ) T § +
j

O

Figure 17, Voids in Marshall specimens compared with predicted voids
using one - minute aggregaie compaction and gradation obtained
from Marshall specimens. MDSHT compactor, 30 blows,



€
0

55

OIDS IN COMPACTED MIX, %
— e e = NN NN W W
R A m e e e e L e e e
l

Vv
o
!

O N b O O
I

| l I f | i l

3 & 7 8 ° 1O P
ASPHALT CONTENT, % BY WEIGHT OF MIX

Figure i8. Predicted voids for gravel and slag mix« using one-minule
compaction for the aggregates and no crushing factor,

12



SPECIFIC GRAVITY, MIX

STABILITY - LBS.

ote

op
2 R0k .
= 3
=
2 20— §§
O
210 ® >
, ° i
2000 <2
1.90 | |
0
2500 - : _
T 25
=
o 20—
1500 - ©
“,
T‘ 15—
=
-’
o
L
BITUMEN CONTENT-% by wi. BITUMEN CONTENT- % by wt.

Figure 12. Marshall daia for 50-blow compaction using
MDSHT compactor, open graded gravel mix.



SPECIFIC GRAVITY, MIX

STABILITY - LBS.

o7

2,30} o
z5
220 0 X
0=
)
C 3 e
- {7
200+ . o ® < ol
mof | | ! 1
)
2500 Eoosl
e
<
o 20F
1500 |- =
=
‘W;’ 15
=
5005~ s o © ,E*%‘?‘ ® @ °
| | | ] .
5 6 7 8 5 8 7 8

- BITUMEN CONTENT - % by wi.

3

Figure 20. Marshall data for 30-blow ceméac?iow using

@

MDSHT compactor, open graded gravel mix.

BITUMEN CONTENT-% by wt.



22
25
E 530l | o
& o
5: = Qs 18
£ 220k =
Al .
: = = 16—
o & |
O 240k o= e
o gg 14
o 2.00F | Tl
: &
% {.90l—s 1 o) | 5
0
2500
ﬁ% =
T o 20k
Z 1500} .
: = sl
63 |
z =
5 6 7 5 . - L |
BITUMEN CONTENT - % by wt. BITUMEN CONTENT - % by wt.

Figure 21. Marshall data for 30-blow compaction using
MDSHT compactor, open graded slag mix.




APPENDICES



(1)

(3)
(4)

(5)

(6)

APPENDIX 1
MICHIGAN INSTALLATIONS - OPEN GRADED

SKID RESISTANT BITUMINCUS CONCRETE MIXES
1975

M-25, Essexville, two intersections, the surface was
placed directly on portland cement concrete,

M-125, Monroe, slag aggregate, placed on bituminous
leveling course;

M-24, Lapeer, placed on bituminous leveling course.
Holland Ave., Saginaw, placed on bituminous leveling
course.

I-75, Zilwaukee Bridge approach, placed on bituminous
surface.

Van Dyke and 14 Mile Road in Warren, placed directly on

portland cement concrete,
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APPENDIX 2

PROCEDURE FOR DESIGN OF MIX
WITH CONTRCLLED VOID CONTENT

The steps in the wmix design for open-graded -

glkid regigtant bituminous concrete surfaces are ag follows:

(1)

Chose asphait, aggregate and aggregate gradation
(fractions).

Measure bulk specific gravity for each aggregate frac-
tion.

Determine voids (porosity) of each fraction (without
asphalt) using standardized compaction procedure
corresponding to standardized number of blows for mix
in the Marshall procedure. |
Determine the Equivalent Spherical Diameter (ESD) forx
each aggregate fraction,

Determine the rugosity for each aggregate fraction.
Determine the amount of aséhalt absorbed by ﬁhe agqgre—
gate,

Select the amount of filler to be used and set filler/
agphalt ratio.

Select the amcunt of flow asphalt

Calculate voids using a computer program,

If voids are too high or too low, change aggregate
proportions {(or asphalt) and repeat calculations until
right voids are obtained. (This is all paper-work and

no additional leboratory work is needed.)
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MORE DETAILED DESCRIPTION
QF EACH STEP

Initially, the type of aggregate and asphalt has to be

chosen for a given job (for instance, crushed gravel and 85~

100 penetration asphalt). Once this has been decided, the

following information on the aggregate and the asphalt is

needed for prediction of voids in a mix:

(1)

(2}

The aggregate fractions which are to be combined for the
open-graded mix need to be designated (1/2" - 3/8", 3/8" -
#4, #4 - #16, etc.). For all practical purposes any

fraction division ¢an be chosen. For some materials

‘'such ag slag, the bulk specific gravity and other proper-

ties change considerably with decrease in particle size.

" In such cases the more sieve fractions that are used, the

more precise the prediction.

The bulk specific gravity is needed for each fraction

used in a mix. For the crushed gravel the specific
gravity of each fraction used in this_exPeriment did not
change. For the slég, the larger size aggregate had a
considerably lower bulk specific gravity. If the com-
puter is "asked" to combine different fractions in dif-
ferent proportions, the knowledge of the specific gravity
for each fraction instead of a combination of sizes is

very desirable,



(3)

{(4)

The gpecific gravity of the agphalt zshould also be
measuread.
Once the gieve fractions are chosen, the aggregate from

each sileve 1s compacted in a vibratory compactor asg

described by ASTM D 2049, and this compactor is avail~-
able in the MDSHT Laboratory. Briefly, the mold is
fastened to the vibrater, the aggregate is poured into
the mold, leveled off, and a surcharge of 53 pounds is
placed on the top of the sample. Then the freguency is
set on 3600 cpm and the power switch is turned on. The
sample is then vibrated for one minute and the volume of
the compacted aggregate 1s determined. Uging the sample
welight and bulk specific gravity, the voids in the ag-
gregate (at l-minute compaction) can be calculated by

uging the previcusly mentioned eguation:

(1 - X x 100,

n
I

SV
where

n = voids in the compacted aggregate,
in percent,

w = weight of the aggregate, grams,

g = bulk specific gravity of the
aggregate,

V = volume of the compacted aggregate,
in cc.

The amount of aggregate placed in the mold should
be such that the compacted specimen helght 1s around
3 inches.

For each size the eguivalent spherical diameter (ESD)




(5)
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must be measured. This can be done by picking 500
particles at random and weighing them. From this the

ESD can be calculated as follows:

v o=t
av 500 s 7
3.
6V

ESD = av.,

Fom
where

Vav-=‘average volume of the particle,
in cc,

W, = total weight of the 500 rocks,
grams,

S = bulk specific gravity of the

aggregate,
ESD = equivalent spherical diameter.

The rugesity or surface roughness of the aggregate can
be measured using the procedure published in Reference
(12). A copy of this procedure is included in Appendix
3. However, rugosity values for a number of aggregates
were determiﬁed and tabulated in the above reference and
copies of this tabulation are attached to Appendix 3.

The amount of asphalt absorbed by the aggregate is a

- routine measurement needed in any mix design. Absorp-

tion values for several aggregates are given in Appendix

3.

The £iller/asphalt ratio is simply the volume of filler

(not weight) divided by the volume of asphalt. For the
experiments described in this paper, this ratioc was 0.3,

but any other reasonable number could be used.



{8) The amount of fiow asphalt added to the mix is based on

volume. In this report the filler volume is counted as
part of the flow asphalt. Since the filler/asphalt ratio
was 0.3, this means that the flow asphalt contains 77
percent pure asphalt and 23 percent filler by volume.
The amount of flow asphalt could be adijusted somewhat to
fit voids and stability requirements, but 3% {(more or
less) may be % desirable quantity.

From the above ligt of 8 information points, only 3

are new and require some work., These are as follows:
#3, determining voids in each fraction,

#4, obtaining average diameters for
each fraction,

#5, determining rugosity for each
fracticn.

Of- the above three requirements, #4 is the easlest to obtain,
reguiring only a small amcunt of time. The voids determina-
tion (#3}) is alsc relatively simple. The determination of
rugosity may require a m&re sophisticated effort, but once
rugosity for a certain aggregate gource has been obtained, it
can be used repeatedly. Also, rﬁgosities for a number of

aggregates in Michigan are available.
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ACTUAL MIX DESIGN EXAMPLE

For the example, a crushed gravel mix gimilar to that
used in laboratory comparisons is given. First, however, is
a list of the numerical information.used:

(1) Tﬁree aggregate fractions were combined with mineral
filler and asphalt. The list is as follows:
Fraction #1, 3/8" - #4
Fraction #2, #4 - #16
Fraction #3, #16 - #100
Filler passing #1i00
85~100 asphalt

(2) The specific gravities of each component were:

#1 - 2.67
$2 -~ 2.67
#3 - 2.67
Filler - 2.67

Asphalt - 1.02
(3) Aggregate fractions #1, #2 and #3.were densified by a
vibratory compactor for one minute, 53% surcharge and the
‘.voids (porosity) were as followss
$1 - 42.00
2 - 41.29

#3 = 37.65




(5)

(6)

{7)

(8)
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Voids for filler were not needed, since they are assumed
to be a part of the asphalt.
From each of the 3 fractions, 500 particles were selected

at random and their equivalent spherical diameters were:

#1 - .700 cm
#2 -~ .268 cm
#3 - ,.055 cm

The rugosity values for the three fractions were obtained
from Tables 6 to 11 (Row CG, Column Brw’ Appendix 3 ), by
interpolation where necessary. The final values used

were:

$l -~ 7.72
#2 - 11.55
#3 ~--12.03

The absorbed asphalt was also estimated using Tables 4

te 9, Row CG, Column Bag' The vaiues obtained were:

41 - .55
22— .50
#3 - .87
Filler - .26

From research done by wvarious investigators, the filler/
asphalt ratic = 0.3 appeared to be reasonable.

The amcunt of flow asphalt was set at +3 percent by
velume of #1, #2 and #3. The flow asphalt was not pure,
but it contained 77 percent virgin asphalt and 23 per-

cent filler (by volume) to make the filler/asphalt ratio
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For this example & bag of 31 A crushed gravel aggregate
was sieved and the relative proportions of fractions $#1, #2
and #3 were kept as they were. The following volumetric per-

centages were used:

$#1 - 61.73%
#2 - 35.08%
#3 - 3.19%

Total 100.00%
The first part of the mix design procedure inciuded
a computer program which calculated the voids for the com-
bined aggregate percentages. The void content for the above
blend {using l-minute vibratory compaction as a basis) was
36.71 percent. Using these voids as a starting point, asphalt
and filler were added and the £inal mix proportions were ob-

tained ag follows:

Using 100 cc Weight
Bulk Vol. cc _ in
: , grams
71 61.73 x 63.29/100 = 39.06 cclx 2.67 =1104.32 gl
2 35.08 x 63.29/100 = 22,21 cc x 2.67 = 59.27 g
3 3.19 x 63.29/100 = 2,02 cc x 2.67 = 5.39 g
Air 36.71 cc 0
Total 100.00 cc 168.98 g
B . ,
rw Macro + Micro in g
1 7.72 x 104.32/100 = 8.05
2 11.55 x 59.,27/100 = 6.85
3 12.03 x 5.39/100 = .65
Alr 0 0
Total 15.55 g
B ‘ . ,
ag Micro 1n g
1 .55 x 104.32/100 = .57
2 .50 x 59,27/1G0 = .30
3 .87 x 5,39/100 = .05

Air 0 0
Total .92 g = .90 cc
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Macro = 15.55 - .92 = 14.63 g

Macro Voids Vol., = 14.83/1.02 = 14,34 cc
. B3.29 x .03 _

Flow Vol. = T3 = 1.86 cc

Total 18.20 cc

(Flow + Macro)l 5 3 = 77 2 16,20 = 12.47 cc = 12.72 g
¢ )
Filler = .23 x 16.20 = 3,73 cc = 92.96 g
Micro in Filler = 9.96 x ,26/100 = .03 g = .03 cc
E=53 o - % .
Total Asphalt (Flow + Macro + Mlcrb,l’ 2. 3 o+ (Mlcro)filler _
12,47 + .9 + .03 = 13.4 cc = 13.67 ¢
Absorbed Asphait = .9 + .03 = .93 cc = .85 g
Compesition
1 39.06 cc = 104.32 g
2 22.21 coc = 5%.27 g
3 2.02 ¢c = 5.39 g
.Filler 3.73 cc = 9.96 g
Asphalt 12.47 cc = 12.72 g
Absorbed Asphalt ¢ cC o= .85 g
Voids 20,51 cc = 0

Total 100.00 cc 192,61

{ta}

Proportions by Weight

1 54.16
2 30.77
3 2.80
Filler ' 5,17
Asvhalt 7.10

Total 100C.00
The predicted voids in the mix under 30 blows of
Marshall compaction is 20.51 cc or 20.51 % in the above

calculation,
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APPENDIX 3

THE POURING TEST METHOD
General

The pouring test was used for direct measurement
of the packing specific gravity (Gp) of one-—sizel aggregate

particles.

Equipment

The equipment and material used were as follows:

1) Pouring setup, which consisted of (see
Figure 22):

a. supported bin with adjustable orifice funnel
b. stainless steel container (standard volume)
c. large pan for collecting particles

2} 8teel ruler for aggregéte leveling purposes.

3} Scoop for handling particles.

4} stainless steel bowls for handling and weilghing
particles.

5} Balance, 3 kg capacity. Sensitive to 0.1 g.

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

lOnewsize aggregates are defined as sieved fractions which

pass through top sieve and retain on bottom sieve which are
different by a factor of 2.
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The specific setups used for different fractions were

as follows (see also Figure 22):

In the first stage:

. - FLactlon | 4/ 1n,.5/8 in. #3-£4 B8-510 £20-430

Dimension .

D (cm) 10.0 10.0 7.5 7.5

~a  {em) 7.5 5.5 1.5 L5

L {om) 12.5 i5.0 9.0 5.0

" {om) 20.0 17.5 20.4 20,0

Z  {cm) 12.5 10.0 5.0 5.0

h {em) 6.5 7.5 9.5 9.5

Glass beads size (mm) 6.0 6.0 3.0 3.0

Az modified in the second stage:

Prachion 1/2 in.=- m A ae e - " . 200~ .

;;;;;;;;;;\MMM““~MMMM 5/8 in, Torwe w8-wl0 w20-230  #60-H80 oo,
D {om) 16,0 i5.0 6.0 8.5 8.5 8.5

a {in) 3 7/16 . 5/8 7/16 3/8 5,/16

b {om) 2.0 12.0 12.0 i2.0 12.0 12.0

H {owm) 21.0 21,0 21.0 21.0 21.0 21.0

7 {om) 1iz2.2 10.3 8.4 5.4 6.4 6,4

- h {eom?} 15.2 1.8 9.5 73 Tel3 7.3

Glaas bheads (wmm) 15.0 6.0 3.0 0.5 6.25 B.075

Taesting 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.




3)

4j

5)

6)

71

The conical oin must contain enough material to
achleve overflow {(about 1.3 times the capacity
of the container).

Level the particles pile down to the top of the
container by a steel straightedge.

Weigh the content of the container (test response).

Collect all particles and repeat the same
procedure for the number of replications desired.

Repeat the same procedure (steps 1 through 5)
for all comparative aggregate fractions.

Calculations

Based on the known specific gravity of the glass

beads used as a standard, the packing specific gravity of

a given fraction can be calculated by using the equation given '

in Table 5. An example and.a working sheet, similar to those

uged (includiné actual data for #8 - #10 fraction) can also be

seen in Table 5.

_ MICHIGAN DEPARTMENT OF
IRANSPORTATION LIBRARY

LANSING A89009
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TABLE 5
. Al DHAMPLE OF A WORK SIEET USED IV TED POURTHG TEsT
POURING TEST FORZZ —#/° FRACTION
Tin Diameter (D;: j40 b Pouring Teight {B}: 200 oa
Funnel COrifie Diazmeter ga 2LSG e (i) Contoiner Disnater (F): 14
Azgregate Head {(t): 110 "' 7  Coniainer Height {(h): 95 ..
‘Average Diameter of Glass Beads: 2 wme
specific Gravity of Glass beads: 2. 1305
* e : ' G
- =gy S 2 AP 7 - M "3
. pr Ews = W}C Qz,WX ¥ T Finan = B.9%2g
Test Data
‘ Weight in Grams (Z W) Packing { Packing
Sample Test Repligations = Wg.SWx S5p. Gr. 5P.Gr.
g 1 2 3 4 5 Averags Factor-4 pr
16 Bands 73200 VI3 Z | FR4e | Vi4a| 7337 733.92 [ 3.03%1./07%
Ls/a V224 724t Fiedl | 7in 3| Vise T 2504 2. 20!
L 8 7154 | TES qaa | 7293 | 723 J24.575 _ 2,207
b7 18 Q42| g139 | feed | lacrl mey $L4.40 2. 506
8P B 3244 | 35 | 8243 | §230 | d24y .4.04 : 2.504
MEJE o The | Takq | LI ] TR TasT) Tast 32 2.265
L Mes | Tese| AT Jenl | 7emgl T 44 226k
oLlg 760G | 6l | WEE | i | L3 761, 3 2.313
Dejd 1 TeeT ] oweswl e ] Arsg | 7ot Tt 5o 2,323
“</n 5954 | 59| s9si| smy | Sae7i 593 /e - /3ad
Ss/d 9Lt SIL ] STy gLl S93 §92.50 /- el
Vol Tshy | TshL | Tsho| Tssu] Tshe | TG 47 23294
66 Tas | WEL| TSEy L sy, | Ty T8 2.291
sefn @ 625 3 63 6 35 b 4lew tso 2 rai1
5L/3 619.1 | 6wz 61A7 ] 6313 | bl0% | b3o 24y 1A
celn 6ot 79.0 ) b7eh L @11y | €77 e73-92. PRI
colb My | 17| 67 | b1y b L @17 84 U 2.6
k3
pr u packing specific graviiy of ihe aggregate tenied,
Gpa = packing specific gravity of the glass beads,
Sﬂﬂ = welght of ihe glass beads vaich filled ibe conlainew,

E‘r!‘bg = woighd of the agrregates which filled the conitainex,

£
-

pﬁc‘.«:ing specific gravity faotor. .
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SUPRPORTS
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al
cﬁpﬁybbv L !

F:L'gure' 22

¥ LARGE PAN FOR
. PARTICLE
COLLECTION
“T i
_yon " CONTAINER
| ;
i s
» = BIN DIAMETER
" g =» FPUNNEL ORIFICE DIAMETER
¢ = BIN HEIGHT
b = AGCREGATE HEAD
H = POURING HEIGHT
¢p= CONTAINER DIAMETER
h = CONTAINER HEIGHT

Schematic description of the pouring device setup.
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TABLE G

BULK AND PACKING VOLUME PARAMETERS FOR 1/2 IN.-5/8 IMN. FRACTIONS

(eight selected aggregates)

Bulk Volume Paramsters Packing ¥olume Parameters
o <O
iR = i’{ 42 +2 q(j <
] H 1 (2] 0 [} [
o B of Q Q Gt =
o 1 3] ] -~ — pd b - R
Q i = (] o] = e =
— Gy -+ - & -t el ] -+ -~ 4 [43] U
[&] i — 4 e Gt G € — fa —l
~i 3] o 4 oo § h ot el I ] fos] « s} Q
+ - ] 3] E=a] [ o 4] 5 E= E=] ] o £4
i) &t ja + Ly el ~ [4] 5] ] [ £ by 2 > J= L] Q2
£% G “ 25 i 2 % & & o 2% 2% 2§ 8 s
] @ 42 ! o G Ly wt ] @ -
@ Lo~ B 2 05 LY 43 0 2] ~ ® o L 3 2 0 20 4243 + -2
& & & S Ha~ S5~ 5 SA~ 5 £35 53 EHo~ oo T¥~ ¥ §¢ T o~ B oa—
L) [ L= 1] - = < O - © = b A~ - E R o O 5 B 8 -~ [ - [T = O~ o o W [ ]
3 5 29 HES DES B8 5o g5 23T RS PRS 2ELP Pad Bod BRSO EBL 5D L
£ G == Acl 82 dal EARZ & FRrZ £82 AgZ 22 ERpIL ErZ EaZ gz &2
§G/a  W.5L8  2.608 2788 1.67 0T 1.825 1.516 2.hg2 9.33  0.9067 2.59 6.3% 87.179 5.18 4,15
we/B L.e66 2,603 2,725 1.7 0.27 1.855 1.52L 2.516 7.65  0.9235 1.6% Loz 52.48 3,34 b.29
DL/ A 5,053 2.805 2.829 0.20 0.05 2,009 1:566 2.515 11,09  0.8891 h.25 1047 9L b1 10.34 0.75
DL/B L. 8uLg 2.800 2.829 0.37 0.37 1.922 1.5L3 2.522 10.87 0.8913 4,39 10.85 69.85 9.9% 0.9%
Ss/a 3,815 2.182 2.566 6.85 2.46 1777 1.509 2,149 16,25 0.8376 5.18 6.59 41.18 1.51 k.73
8s/8 5.868 2.177 2.570 T.0% 2.y 1.807 1.511 2,140 16,74 0.8325 3.25 6.82 Lo, 77 1.70 15.0h
cG/a ;.519 2,688 2,751 0.85 0.55 1.860 1.526 2.430 11.67  0.6833 4,58 10.61 93 47 9.50 2,07
co/B 4503 2.695 2.75% 0.78 0.%7 0 1.8k 1.m320 2,400 11.28 0.8872 4,39 10,50 5,09 9.39 1.89
SL/A 3.687 2.2%2 2.468 4,28 3.75 1.935 1.5L6 1,905 22,81 0.7719 11.60 21.66 gh, 95 14,65 8.16
SL/B 3.599 2.227 2 k67 k.37 3. 64 1.880 1.534 1.906 22.7Th  Q.7T26 11.3%5 21,02 93,31 SR 8.33
MR/ A 5,088 2.857 2.933 1.16 0.09 2.023  1.569 2,515 18,06 0.8574 4,70 11.58 81.19 11.35 2.91
MR/~ 4.831 2840 2.929 1.07 0.02 - 1.929 1.545. 2.504 14,51 0.85k9 5.02 12,32 BL.g3 11.83 2.5
Ls/A k599 2,641 2.695 0.76 0.55 1.951 1.5%0 2,358 12.%0  0.8730 5.19 12.00 95.95 1a.72 1.78
LS/B 4,619 2.647 2,698 0.72 0.17 1.950 1.550 2.369 12,21 0.8779 L.70 10.91 89.34 10,50 1.71
BR/A 5.169 2.652 2.685 0.51 0. 47 1.565 1.555 2.625 2.35  0.9765 0.86 2.22 gk, LB 1.02 1.33
BP/B 5,193 2.661 2.701 0.55 0.18 1.973 1.5%6 2.632 2.55 0.97h5 0.60 1.55 £0.75 1.09 1.46
Average L4.538  2.582 2.700 2.06 1.0L 1.907 1.5%8 2.376 1243 0.B797 L.52  10.00 79.87 7.1 8.51,




TABLE 7

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

, o o _ (eight selected agyregates)
Bulk Volume Parzmeters i Packing Volume Parameters
0y
5 . ,
4 i} X
L A ol + +2 3] <
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CG/h 2,498 2,668  2,7ho 1.10 0.57  1.166 6.060 2,143 22.03  0.7797 9,94 20.85  gh.76 19,68 2.3
ca/B 2.378 2.675 2.750 1.0k 0.57 1.109 5.961 2,145 21.99  0.7801 9,95 20.95 95.28 19,75 2.24
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BP/B 2.868 . 2.76  2.755 0.51 0.09  1.081 5.910 2,633 3,69 0.9631 0.98 2.55 69.05 2,32 1.37°

Average 2.62L 0 2,546 2.749 2.36 1,48 1,186 6,156 2,166  "19.u8 0;8052 8.50 17.56 88.01 1,63 k.85
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TABLE 8

BULK AND PACKING VOLUME PARAMETERS FOR #8-310 FRACTIONS

(eight selected aggregates)

Bulk Volume Parameters

Packing Volume Paranmelers
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- cG/a L.B2k 2,679 2.7 1.29 0.65  B.Buo 2,565  2.063  25.54%  o.7WME 11,97 2h.20 Gh.TS 22,88 2.66
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Average  1.779 2,615 2,761 2.46 1.53 8.200 2,502  2.170 21.93 0. 7807 5.79 19.88 89.23 17.02 ko1
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9

BULRK AND PACKING VCLUME PARBMETERS FOR #20-#30 FRACTIONS
. {eight selected aggregates)

Bulk Volums Parameters”

Packing Volume Parameters
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BULK AND

TasLE 10

PACKING VOLUME PARAMETERS FOR #60-480 FRACTIONS
(eight selected aggregates)

Bulk Volume Parameters Packing ¥olume Parameters
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HG/A 1. 546 2.612 2.665 0.76 0.51 6.576 2,32k 2. 351 1177 0. 8823 _h.és 11.18 ok, 56 9. 99 1.78
NG/B 1.596 2.615 2660 0.65 0. 56 6.809 2,352 2. 34k 11,90 0. 8810 5. 07 11.66 98,01 10, 1.5%
DL/A 1.512 2. 807 2. 845 0.48 o.ho 7.201 20398 2. 09% 26.40 0.7360 12,77 26.21 99, 29 25. Lo 1.60
DL/B 1. 330 2. 808 2. 84k 0.45 0. 47 6.345 2,297 2.096 26. 30 Q.7370 1z, 81 26, 31 100, 00 25. %% 0.9%
88/A 1.166 2,551 2.70% 2.5 2,46 6.351 2.298 1. 83 32, 07 0.6793% 17.71 31. 89 99. L2 27,48 L8651
3s/3 1.192 2,53, 2.697 2.38 2.23% 6.275 2.288 1. 834 31.92 0. 6808 17.53 3. 56 o8, 87 27.55 4,37
CG/A 1. 385 2. 662 2,757 1.01 0.85 6.916 2.%hL 2. 004 27. 30 0.7270 13.75 27.00 93. 91 25, 28 2,02
' CG/B 1. 50k 2.682 2.759 1.0k 0. 84 T.468 2425 2.01h 26. 99 0. 7301 13,46 26. 57 98,43 2h, o1 2.08
SL/A 1.680 2751 2.955 2.51 2.2k 7.629 2.kL3  zoeoz 2549 O0.7hs1 1143 2h.79 57.28  19.96 5.53.
SL/B 1872 2753 2.953 2.4 T2.1k B.5h0 2,53 2.192  25.77 o.7he’ 162 2497 %6.91 20.38 . 5.39°
MR/ 8 1.57h 2. 821 2.950 1.5% 1.13 7.575 2.hz7 2.078 29. 56 0. 70k 1h.06 - 28.65 $6. 9% 26, 2 3.22
MR/B 1.598 2,819 2,952 1.60 1.23 7.701 2.450 2. 075 29.71 0. 7029 1k, 21 28. 50 g7. 26 26. 39 3.32
LS/A 1. 3kh 2.617 2,726 1.52 1.07 E.754 2,345 1. 950 2£.99 0.730L 13,35 26.06 5. sh 23,96 3.9%
Ls/B 1. 582 2.619 a.724 147 1.05 6.945 2,267 1. 990 26, 94 0.7306 1% 36 26. 06 96,753 2k, 62 2.52
BE/A 2.006 2,707 2.71h 0. 10 - ol 7.641 2.475 2.526 6.94 Q. 5306 2.66 6.58 g, 86 6.69 0.25
BP/B 2.016 2.706 2.715 0.13 0.15 7.93%  2.hEB0 2,525 7.00 0. 9300 2.85. 7.06 100, 00 6.69 0.31
Average 1.542  2.692 2,789 .29 1.09 7.189 2.392 2,17 23,31 0.7669  11.35 2284 57.73  20.68 2.6k
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waBrE 11

BULK AND PACKING VOLUME PARAMETERS FOR $200~#270 FRACTIONS
(eight selected aggregates)

1 ) Bulk Volume Parameters Packing Volume Parameters
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Ne/B 2.585  2.711 1. 80 112 A 2.058 . 24,09 © 0.7591  1l.22 226k 9h. 00 20. 39 3.70
DL/A  2.842 2, B6L 0. 27 0. 06 & & 2,196 23. 32 0. 7668 10.62 22, 86 98 oh 22.7% 0.5%
o DL/B  2.843  2.862 0.23 0.05 0N o 2.205  22.96  0.770h  10.b3 22,54 98,20 224k 0.52
" . ss/a  2.578  ac7es. 2.09 1.51 = Q 1.892 30.57 0.6943  15.85  29.42 o622 26.61 3.96
‘ 85/B  2.59% 2.698 1.50 1.29 " e 1.898 29,6k 0.70% 15.69 29.20 93.Lkg 26, 80" o 8y
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. Average 2.715% 2. 809 1.23 0. 87 2.107 2k, 89 0.7511 11. 9% 2k 12 $6. 89 22. %9 2.82
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