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ABSTRACT

STANDARDIZATION OF ASPHALT VISCOSITY
' AND MIX DESIGN PROCEDURES

By E. Tons, R. O. Goetz and R. B. Moore
The University of Michigan

The main purpose of this work was: (a) to develop
practical procedures for grading asphalt cements by vis-—
cosity, and (b) to devise a computerized procedure for bitu-
minous concrete mix degign. Both goals were achieved.

Part A of the report describes a method of grading
asphalts used in Michigan by viscosity at 25 C. All together
four viscosity grades are propesed: 150-250, 400-650, 900~
1400 and 1800-2500 kilopoises, replacing the present 200-250,
120-150, 85~100 and 60-70 penetration grades, respeétively,

Detailed graphical viscosity charts have been prepared
for six sources (producers) of asphalts which permit producers
to select their asphalts for sale (to the consumer) on the
basgis of viscosity at 60 C and 135 C. These charts are ready
to be used for practical application.

At the end of Part A a brief description of a test
using a constant penetration rate is given. More work is
needed to see whether such a test could be used as a simplified

method to measure viscosity at 25 C. The present predicted
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number of 18 viscosity tests per day using the cone-plate
vigcometer is fair and can be used until a faster test pro-
cedure is developed.

Part B of the report describes the development of a
computerized procedure for designing bituminous concrete
mixes. The Marshall method, modified to suit Michigan con-
ditions, 1is used as the basis for the design program. The
method includes both numerical and graphical analyses. This
method has immediate practical application and is already
being used by the Michigan Department of State Highways and
Transportation. The code for the design is MICHMIX. A
similar design package using the Marshall method as described
by The Asphalt Institute is also included in the report
(ATMTX) .

The second section of Part B presented in this report
involves further measurements and calculations towards im-
provements over the Marshall design, which requires 15 or
more laboratory made speciﬁens'for testingrto obtain the
answers. Again, more work is needed in this area to make
further improvements. In the meanwhile, the computerized
Marshall method should be useful for practical design pur-

poses.
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STANDARDIZATION OF ASPHALT VISCOSITY
AND MIX DESIGN PROCEDURES




PART A - VISCOSITY

1. Grading of Asphalts Used in Michigan by Viscosity at 25 C.

The penetration test has served as a useful tool for
grading of asphalts at 25 C for a long time. At present, the
trend is toward use of the fundamental property of viscosity
as a yardstick for classifying the various types of asphalts.
In this change from penetration grading to viscosity grading
of asphalt cements, much discussion has been generated as to
what standard temperature would be'besta The temperature at
60 C is presently being used by a number of agencies. This
has shifted the basic control point of asphalt consistency
measurement from 25 C to 60 C, which is well above the average
field temperatures in Northern climates. Therefore, a research
program was undertaken togattempt to develop érocedures for
measuring visgcosity at temperatures of 25 C and lower.(l;zj,
This work hag indicated that a cone-plate viscometer and
shear rate of 2x10™2 sec™  at 25 C can be used for asphalts
supplied to Michigan.

It is recognized that measuring viscosity at 25 C
is more difficult and may be less accurate than at 60 C. Also,
it takes longer to run a viscosity test at 25 C than at 60 C.

This part of the present report describes the further

work in an effort to develop methods to grade asphalt cements



on the basis of viscosity measured at 25 C. A test procedufe
for the routiﬁe testing of asphalt cements at 25 C is presented.
Further, Viscosity measurements at 25 C are correléted with
viscosities measured at 60 C and 135 C. From these correlations,
proposed viscbsity grading limits for six asphalt sources in
Michigan have been determined. Using these limits, a series

of twenty-four graphs were constructed for the six sources and
four asphalt grades. The viscosity limits were set for both

original and aged asphalts.

1.1 Cone-plate viscosity measurement and time.

The method of testing for viscosity of asphalt cements

by the cone-plate viscometer can be found in Appendix G of

Reference 1. This method of testing was followed except for
two "improvements”:

(a) Three weights were used during the test. The
first weight was applied only to find the proper
range'of Weights to use. In ordér to calculate
vigscosity at a shear rate of 2x10—2 sec_l, one
shear rate had to be below and another above a
certain time (101 to 103.5 seconds, depending
upon the shear rate constant KD). The second and
third weights were chosen to accommodate this
éonstraint. From the viscosity and shear values
associated with the two weights, the viscosity
at 2x1072% sec”! was interpolated. See Table 1

for a typical run.



{b) It was aiso found that asphalts with small samples
to draw from were prone to higher viscosities than
their penetration would indicate. Apparently,
the asphalt "dries out"” if there is only a little
of it in the bottom of a sample can. To prevent
this from happening, the sample should ke no less
than a full 6 oz. sample can. This is quite

- important.

As mentioned beforé, the shear rate of 2x107% sec™t
appears to be "optimum" for Michigan asphalts. If the test is
performed at a higher shear rate, there is a risk (with some
ésphalts) of running into so-called non-Newtonian region where
shear stress is no longer proportional to shear rate. On the
other hand, if the shear rate is too slow, it takes a long
time to obtain a viscosity measurement for a given asphalt.

At present, about 50 penetration tests can be made per
day (8 hours) by two operators. A brief study on the number
of viscosity tests possible per 8-hour day {(two operators) in-
dicates that.lS readings are possible. To achieve this, four
cone-plate assemblies and two constant temperature baths are
needed. The scheduling for such an operation is given in
Figure 1. Although slightly less than half as many samples
can be tested by using the cone-plate viscometer as compared
to regular penetration, this viscosity test procedure appeérs
to have definite practical promise. Also, the training time

for a technician to run the test is minimal.



1.2 Asphalts used in this investigation.

The asphalts used in this investigation were all obtained
from the MDSHT Bituminous Testing Laboratory. These asphalt
samples were collected in 1973, 1974 and 1975 for research and
testing purposes. Data from 73 different asphalts ranging from
high to low penetrations were available for use in this study
and are shown in Table 2. The 1973 and 1974 data have been
reported preViously in References 1 and 2. The viscosities
at 135 C have been corrected for the change in specific gravity
of the asphait with change in temperature. The specific
gravity was used in the conversion from stokes to poises. This
minimal correction was neglected previously. Also shown are
additional viscogity measurements at 107 € (225 F) and 121 C
(250 F}. The 1975 data has not been previously reported.

The asphalts presented in Table 2 are labeled as
"original" asphalts to distinguish them from the "aged"
asphalts in Table 3. For the 1975 samples, twenty-eight
asphalts were aged by subjecting them to the thin-film oven test
(asTM D1754). The standard penetration and viscosity at various
temperatures were then determined for these samples,

Aftér consultation with MDSHT personnel, six sources
were selected for detailed study in this investigation. These
sources, A-'75, E-'74, G-'74, I-'74, J-'75 and N-'75, furnish
the bulk of the asphalt used in Michigan. Also, they are the
ones for which the most complete data is available. The test
results for these asphalts have been abstracted from Tables 2

and 3 are are presented in Table 4 for ready reference.




1.3 Viscosity - temperature curves for the six sources.

The viscosity data for the six sources ig first
presented in a series of viscosity vs. temperature curves,
FPigures 2 through 7. These curves are drawn on the ASTM
Standard Viscosity-Temperature Chart for Asphalts (D' 2493).

The solid curves show the relationship for the original
asphalts and the dashed curves for the aged asphalts. Each
curve represents a different asphalt grade.

The aged data shown for asphalts A-'75, J-'75 and
N=-'75 are the results from the laboratory tests. There were
no aged data for E-'74, G-'74 and I-'74. The aged curves for
these three asphalts were constructed by a method to be dis-
cussed later in this section.

Examination of these six figures show that for a given
asphalt grade, viscosity decreases as the temperature increases.
Also, for a giveh.temperature, the viscosity decreases as the
standard penetration increases. Fﬁrther, for a given asphalt,
the curves for the different grades are nearly parallel. These
relationships are valid for both the original and aged data.

In addition,; the aged asphalt curves, for the three sources
where results were available, are close to being parallel to
the original asphalt curves. Apparently, the effect of aging
is to translate the original curves upwards, or in other words,
aging increases the viscosity for a given asphalt.

The apparent parallelism of the viscosity vs. temperature

curves was used to construct aged curves for the three 1974 sources




by the following method. The respective differences between the

log log of aged viscosity data (expressed in centipoises) and the

log log of the original viscosity data (centipoises) was
determined for all samples in which aged data was available.
The results are shown in Table 5. For a given temperature,
this difference is fairly consistent and an average value was
computed., At 25 C, the differences ranged from 0.017 to 0,038
with 20 of the 25 samplesg falling between 0.027 and 0.038.
Comparable figures at 60 C are 0,018 to 0.039 with 17 of 22
ranging from 0.028 to 0.039%; and at 135 C, 0.016 to 0.031 with
18 of 20 falling between 0.020 and 0.031. The aged curves

for the three 1974 scurces were drawn by adding the average
difference at each temperature to the original viscositiesg at

that temperature for each penetration grade.

1.4 Development of viscosity grading charts.

There were two main objectives in this viscosity
grading investigation. One was to develop viscositj grading
charts for the various types of asphalts that could be used
by manufacturers to determine if their asphaits could meet
the viscosity grading requirements at 25 C. The second was
to establish the viscosity grading limits.

The first objective is dealt with at this boint in
the report. As mentioned in the introductory remarks, it
takes longer to run viscosity tests at 25 C than at higher
temperatures. In addition, there is no generally accepted

test procedure at 25 C at this time while there are standard



test procedures for determining viscosity at 60 C and 140 C
(ASTM D: 2170 and D 2171). Suppliers are accustomed to using
these standard procedures. For these reasons it was felt that
the viscosity grading charts should be developed so viscosity
measurements at any of the three temperatures could be employed.

Twenty~four viscosity grading charts, Figures 16
through 39, were developed, one for each of four viscosity
grades for the six sources. The viscosity, temperature and
penetraﬁion data were used to establish the necessary re-
lationships for the construction of the charts. The relation-
ships were determined by regression analysis techniques using
ﬁhe method of least squares. The best fit curve was a power
function of the form y = cx®

Using the original data for each source and grade, the
viscogity at 60 C, the viscosity at 25 C and the standard ‘
penetration at 25 C were respectively regressed on the vig-
cosity at 135 C. For the three 1975 sources, for which aged
data was available, relationships were obtained between the
viscosity at 60 C, the viscosity at 25 C, and the viscosity
at 135 C separately. BAs for the three 1974 sources where aged
data was unavailable, the estimated viscosity vs. temperature
results were employed to obtain the viscosity relationships.

The results of these regression analyses are given in
Tables 6 through 11. Presented are the measured or estimated
values of the viscosities and penetrations, the calculated
values and the percent differences between the measured or

estimated values and the calculated values. Below each table
MICHIGAN DEPARTMENT OF

TRANSPORTATION LIBRARY
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are shown the'regression eqgquations relating the viscosities at
25 C and 60 C to the viscosity at 135 ¢, and, for the original
asphalts, the standard penetration to the viscosity at 135 C.

The error ranged from 0 percent tc a maximum of 21.0
percent, Of the 110 calculated values, 69.1 percent fall
between 0 to.4,9 percent; 22.7 percent between 5.0 to 9.9
percent; 5.5 percent between 10.0 to 14.9 percent; 1.8 per-
cent between 15.0 to 19.% percent; and 0.9 pércent between
20.0 to 24.9 percent.

Typical plots of the results are presented in Figures
8 through 13. The first three are for the A-'75 asphalt
where the fit was good. The second three are for I-'74
asphalt where the fit was not as good. The best fit for
the six sources was the N-'75 asphalt.

A different procedure was used to determine the re~-
lationships between viscosity and penetration for the aged
asphalts. 1In Figure 14, the logarithm of the viscosity in
poises at 25 C for all the'aged data is plottéd against the
logarithm of the penetration at 25 C. It is apparent from
the graph that one curve will not give a good fit to all the
pointg. Therefore, two curves are used: one for penetration
values above 70, and another for the penetration values below
70. A regression analysis was made on the data below 70
penetration since this relationship was needed in constructing
the scales. The resulting curve is shown as a solid line.
Pendleton, in his equation relating viscosity to penetration,
found also that two equations were hecesgsary (Reference 1,

page 4). It is felt that this discontinuity is associated




with the shapé of the penetration needle which changes from
a truncated right circular cone to a right circular cylinder.
With the above relationships available, the viscosity
grading charts were then developed. Each chart is divided
into two parts. The lower part presents the relationships
between the viscosities at the three temperatures for the
original asphalts; the upper part is for the aged asphalts.
The horizontal spacing of the three vertical lines is in
proportion to the temperatures. The vertical scales were
constructed as follows: on the right hand vertical line,
an arithmetic scale was established covering the desired
range of viscosities at 135 C. The scales for the middle
line, viscosity at 60 C, and the left line, viscosity at
25 C, were then determined from the approximate regression
equation relating viscosity at 60 C or 25 C to the viscosity
at 135 C. Penetration scales at 25‘C were also obtained

using the relationships discussed above.

1.5 Establishing the tentative viscosity grading limits.

Ag stated earlier, the second objective of the vig-—
cosity grading investigation was to establish tentative
grading limits using viscosity at 25 C for the four asphalt
grades in common use in Michigan. There were two main con=-
siderations that entered into the setting of these limits.
First, the viscosity values selected had to be such that they
could be easily remembered. The second consideration was

that differences between the limits for the four grades and
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differences in the limits between grades should vary in a
logical manner.

To aid in determining the limits, Figure 15, in which
the logarithm of the viscosity at 25 C in poises for all the
original data vs. the logarithm of the penetration at 25 C,
was plotted. Examination of the graph indicates that the
points fall into four groups which correspond to the old
penetration grading system. The tentative viscosity grading
limits were established by bounding each group of points
with horizontal lines. The limits proposed are 1800-2500
kilopoiseé, 900-1400 kilopoises, 400~650 kilopoises and 150-
250 kilopoises for the four grades of asphalt used in Michigan.
They meet the first consideration.

Table 12 presents two comparisons between the pene-
tration syétem of grading and the proposed viscosity at 25 C
system. In the top part of the table, the difference between
the upper and lower limits for the four penetration grades and
the four viscosity grades have been computed. ‘A-ratio was
found by diviaing each difference by the difference for the
85-100 penetration grade or the 900~1400 viscosity grade.

The inverse of the viscosity ratio was computed since the
viscosity vafies as the inverse of the penetration. In the
bottom part of the table, the same procedure was followed by
finding differences between the adjacent limits for the

four grades. Examination of the ratios for the penetration
system and the inverse ratios for the viscosity system show

that viscosity ratios vary in much the same manner as the
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conventional penetration system.

With establishment of viscosity grading limits, the
remaining problem was to determine viscosity limits for the
price adjustment called for in the 1973 MDSHT Standard
Specification for Highway Construction 4.12.28. This speci-
fication calls for a decreased payment Wﬁere the penetration
of recovered asphalt from pavement cores falls within the
range indiéated in.Table 4.12-2. For reference, this table
is reproduced as Table 13 in this report. The lower pene-
tration value of the grade was used for determining the
aging limits., The percent penetration of the recovered
asphalt has been added to the table and follows the recovered
rpenetrations in parentheses.

The procedure used to determine the viscosity limits
for reduced payment is best explained by means of an example.
Reference is made to Figure 16, the viscosity grading chart
for the 1800-2500 kilopoises grade of the A-'75 asphalt. The
penetration range for this)grade was 59 to 70 .as found from
the lower part of the chart. The lower limit, 59, was multi-
plied by the percentages given in Table 13 to obtain the re-
covered penetration regquirements. These penetration values
were then converted to viscosity values by means of the
regression eqguation for aged data that relates the viscosity
at 25 C to the penetration at 25 C.

The results of these computations for the four grades
and six sources are presented in Tables 14 through 17. Exam-
ination of the tables show that at a given reduced payment

limit, the viscosities are about the same. For example, for
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1800-2500 kilopoises asphalt, the viscosities for the six

7

sources range from 1.55x10° to 2.13x107 poises for the limit

at which 10 percent decrease in payment starts. These six
values were averaged together to arrive at the limit, 1.8x107

poises, shown on the charts. The same method was used to

obtain the other limits.

1.6 Use of the charts.

As stated earlier, suppliers may run the viscosity
tests at 60 C and 135 C using the standard.ASTM procedures.
To show how the viscosity grading charts (Figures 16 through
39) would be uged, the viscosities from Table 5 for the six
sources and four grades have been plotted on tﬁe appropriate
grading charts. A straight line has been drawn through the
135 C and 60 C viscosity points and extended to the 25 C
viscosity line. In most cases, this line is reasonably
horizontal and intersects the 25 C viscosity line at or near
the measured viscosity at 25 C.

Thefe are th&ee cases where the intersection value is
significantly different from the measured wviscosity at 25 C.
These cases are shown in Figures 21, 27 and 32. 1In each case
the straight line has a definite slope,.

In practice, the supplier would determine the vis-
cogity at 60 C and 135 C of the asphalt he intends to furnish
to meet, say, the 900-1400 kilopoises grade asphalt. He
would plot these points on his chart for that grade. If the

points fall within the horizontal lines, and the straight line
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through the points intersects the 25-C viscosity line within
the 1imits, and is reasonably horizontal, the supplier would
be fairly sure that his asphalt would be accepted. The
MDSHT would determine the viscosity at 25 C to see if it
meets the viscosity grading specification. If the slope of
the line departed significantly from the horizontal, the
supplier would be alerted to the possibility that the asphalt
might not meet specifications.

The same procedure could be used to see if an asphalt
meets the aging requirements. Viscosities at 60 C.and 135 C
conducted on samples subjected to the thin-film oven test
would be plotted on the chart. The straight line would be
drawn and the intersections determined. If the line falls
below the reduced payment limit, the supplier could be
reasonably sure that his asphalt woﬁld meet the laboratory

acceptance tests conducted at 25 C,

1.7 Continued improvement,

As meﬁtioned before, Figures 16 through 39 can be used
by the asphalt supplier and the user (MDSHT) to control the
acceptance of asphalt on the basis of viscosity at 25 C.

These charts should be tried under actual practical condi-
tions as soon as possible. It can be expected that changes
and adjustments will be necessary with passage of time and new
sources of asphalt. However, a method has heen established
which permits a systematic approach for such adjustments.

Since the described approach is based on viscosity grading
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using three different temperatures, a definite improvement in

asphalt consistency control has been achieved.

2. Further Trials to Simplify the Measurement of Viscosity

at 25 C,

buring the studies in 1973-74 (1) viscosities for 43
asphalts of various hardness were measured at 25 C, 60 C and
135 ¢. Parallel to this three types of penetra%ions were run
at 25 C. The results indicated that the best correlation
between penetration and viscosity at 25 ¢ was obtained when
the standard penetration needle was first submerged 70 dmm so
that the truncated cone end of the needle was covered by asphalt.
Tﬁe test was then run just like in the standard penetration
procedure (ASTM D-S), Uging a log viscosity versus log pene-
tration {(submerged), a straight line regregsion curve was
obtained with correlation coefficient of 0.991595 and 25.6%
of the tested values within 0-20% from the mean. It was felt
that further improvements in the correlation between viscosity
and some simplified penetration test could be realized if
certain parameters in the "penetration” test could be better
controlled. One of these parameters is the shear rate. It
ig a well-known fact that a 200 penetration asphalt permits
the needle, on the average, to go down twice as fast as a 100
penetration asphalt (5 sec, 100.g, 25 C}). Thus, the relative
shear rates developed in each asphalt will be different and
may affect the results. This led to the idea of trying a

penetration test where the rate of penetraticn is constant and
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the load is allowed to vary. This work will be described

below.

2.1 Test apparatus and test procedure.

The bésic test apparatus for the constant rate pene-

tration test consists of:

{a) Instron testing machine capable of constant rate
downward movement, a 2000-gram load cell, and a
strip chart recorder accurate to l-gram reading.

(b) Specially made holding device for the needle
weighing approximately 200 grams.

(¢} Large constant temperature bath capable of keep-
ing the temperature at 25i 0.1 C.

(d) Insulated transfer dish for holding the asphalt
specimens during the test.

The specimens are prepared similar to the procedure in

a regular penetration test (ASTM D 5). They are then placed

in an insulated transfer disgh and set in the Instroﬁ testing
machine. The downward movement of the penetration needle is
activated simultaneously with a strip chart recorder. There

is no need fér the operator to set the needle on top of the
asphalt sample as in a regular test. As soon as the needle
touches the asphalt in the container (at 25 C) the strip chart
recorder pen starts to move indicating a contact and subsequent
penetration. The needle moves down into the asphalt at 1 inch
per minute for 30 seconds. So, the total depth of penetration

and penetration rate for all asphalts is kept identical.
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The weight of the holding device and the needle keeps
the load cell in tension. The recorded value on the strip
chart is in actuality a reduction of the tension on the load
cell. The area under the strip chart curve for a fixed
penetration value is measured and compared with viscosity.
Just as in the standard penetration test, the final value

is taken as an average of three readings.

2,2 Asphalts used and results,

A1l together 28 different asphalts, with a range of
viscosity values between 1,42x105 to 3.97x106'(at 25 C), were
used in the constant penetration rate study. These asphalts
with their viscosities and constant penetration data are
tabulated in Table 18, Tﬁree penetration values were oOb-
tained for each asphalt. The constant penetration values
are in ergs (work units) and they were obtained by measuring
the area under the curve from the strip chart as shown in
Figure 40 (grams x cm of penetration) and multiplying this

product by 980.1 (gravitational constant). These units were

adopted primarily for convenience and any other system can be

used.

Table 18 alsc gives standard deviation {(ergs) and the
coefficient of deviation D (in percent). All but two asphalts
have a coefficient of deviation less than 10%. It is thought

that with improved technigues and equipment the reproducibility
of the results could be further improved and made at least

similar to that of a regular penetration test.
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Data on regression analysis is shown in Table 19 and
Figure 41. The correlation coefficient is 0.993, and 96.4%
of the tested values are within 0-20% from the mean. Thus
numerically the correlation between viscosity and this con-
stant rate penetration test is better than for previously
mentioned submerged penetration. However, there are some
points in Figure 41 which appear to be distant from the
regression line. One of them is in the upper right hand
corner (starred). The repeatability of the starred pene-
tration measurement was good with D = 2.58%. This is not an
isolated case, when Tables 18 and 19 are compared. What this
may indicate is that the shear rate, shear stress or some
other factors are still influencing the correlation between
vigscosity and this new constant rate penetration test. The
test itself is as fast as the regular penetration test. DMore

work is needed in this area.



PART B - MIX DESIGN

1. Computerized Marshall Mix Design.

1.1 Basis for design.,

The Marshall method of mix design is one of the most
widely used methods of designing asphalt concrete paving
mixtures. Generally speaking, there are three parts to the
Marshall method:

{(a) Preparation cf test specimens.

(b} Testing.

{(c} Analysis = interpretation of test data.
Computerization of the Marshall method described here deals
mainly with the analysis Qf the test data. Two program
packages have been developed:

{a} AIMIX - that which handles the Marshall method

as found in the third edition of The Asphalt

Institute's Manual Mix Design Method of Asphalt

Concrete (MS~2), October, 1969 (3).

(b} MICHMIX - a modified Marshall method used by
the Michigan Department of State Highways and
Transportation.,

AIMIX is a program written in FORTRAN IV and all calculated

data is presented in tabular form. MICHMIX is also written
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in FORTRAN IV with *PLOTSYS (a University of Michigan graphical
package) and calculated data is presented in tabular form with
accompanying.graphs,

Due to the length, a listing of the FORTRAN IV commands
for AIMIX and the FORTRAN IV and *PLOTSYS commands for MICHMIX
has been omitted.#*

The basic mix design procedure for AIMIX can be found
in publication MS-2 of The Asphalt Institute (3). MICHMIX
differs fr;m The Asphalt Institute’s.procedure in the calcu-
lations of air voids and V.M.A. An additioﬂal factor V.F.A.
(voids filled with asphalt) is also included. For the pro-
cedure used see Reference 4 and Table 23.

In both programs certain data must be entered and there
are some constraints on how it must be done. In AIMIX the

following data must be entered:

{a) [ITC] = traffic category (light=1l, medium=2,
heavy=3)

(b)  [LEV] = level of mix (surface and leveling=0,
base=1)

{c) [PS] = nominal maximum particle size in
millimeters

(d) [sGASs] = gpecific gravity of asphalt

* &
The programs are available by writing to Professor

Egons Tons, The University of Michigan, Department of Civil
Engineering, 1227 East Engineering Building, Ann Arbor,
Michigan 48104, or Mr. Paul J. Serafin, Supervising Engineer,
Bituminous Technical Services Unit, Michigan Department of
State Highways and Transportation, P. 0. Box 619, Ann Arbor,
Michigan 48107.




(e}

(£)

(g}

[SGAGG (1) ]

a1

[P(1}]

[x(1)]

[WAIR(1)]
[WWAT (1) ]
[STAB(1)]
[FLOW (1) ]
[N}

[NT]

In MICHMIX the

{a)

(b)

(c)

(d)

{e)
(£)

[ITC]

- [LEV]

[PS]

[sGas]
[N]

[NT]
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specific gravity of aggregate

(coarse, fine, and mineral filler)

I

asphalt absorption (for three

fractions of aggregate}, in percent

]

percentage of total aggregate (three
fractions)
= list of asphalt content used, in

percent

weight of each specimen in air

]

weight of each specimen in water

stability for each specimen

flow for each specimen

= number of specimens (total)

]

number of specimens for each
asphalt content.
following data must be entered:

traffic catégory (light=1, medium=2,

ﬁeavy:3)

= level of mix (surface and leveling=(,
base=1)

= nominal maximum particle size in
millimeters

= gpecific gravity of asphalt

= number of gpecimens {(total)

= number of specimens for each asphalt

content




{g)

(h)

(1)

(3)

(k)

(1)
{m)

(p)
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[sGS(l)] = specific gravity of liquid(s) used
in Gmm (maximum theoretical specific
gravity) determination

[¥(1)] = list of asphalt contents used, in
percent

[WAIR(1)] = weight of each specimen in air

[WWAT(1)] = weight of each specimen in water

[STAB(1})] = stability (dial reading) for each
specimen

[FLOW(1)] = flow for each specimen

fWr (1) ] = welght of flask (for Gmm determina-—
tion)

[Ws (1) ] = weight of liquid used in Gmm
determination

fWFM(1}] = weight of flask and mix

[WFMS (1) ] = weight of flask, mix, and liquid.

The constraints for both programs are as follows:

(a)

(b)

(c)

(d}

A minimum of’five, and a maximum of seven,
different asphalt contents must be used.

Asphalt content increments must be at equal in-
tervals.

An egual number of specimens must be used for
each asphalt content. The minimum number of
specimens is 1, and maximum is 6, for AIMIX:;

and 2 and 7, respectively, for MICHMIX.

For MICHMIX there must always be two weights for

each asphalt content for weight of flask [WF(1)];
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weight of liguid [W8{1l)]; weight of flask and
mix [WFM(1)]}; and weight of flask, mix, and
liguid [WFMS(1)].. (See Table 24.)

{e) For MICHMIX there must be two specific gravities
of liquid entered [SGS{1l)]. If.the same liquid -
is used for both flasks, the specific gravity of

the one liguid used must be entered twice.

1.2 Data analysis.

Data for both programs is entered using a NAMELIST
declaration, which is a format-free input (5). The data does,
however, have to be in order. See Table 21 for AIMIX input,
and Table 25 for MICHMIX input.

Once the data is prepared it can be entered either by
cards or terminal,‘ However, there are gome special aspects
in both programs that need explanation in order to interpret
the output correctly.

Incorporated into both programs is a statistical test
for determining outlying points using a method developed by
Grubbs based on Student's T-test (6). This test looks at the
stability, specific gravity, and flow data to see if there is
statistical agreement between the values (within 95% confi-
dence limits) at each specific asphalt content. If one point
ig determined as an outlier, it will be omitted from the
average. The Grubbs' test works when three or more values at
a specific asphalt content are given. Thé main weakness of

the Grubbs' test is that when all values except one are equal,
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the one not equal will be eliminated as an outlier. Take the
flow values of 9¢ 9, 9 and 11. The 11 value will be deter-
Emineé as an outlier and will be omitted--which may be un-
desirable. However, in both programs the Grubbs' test has
been modified for the flow test values. The reason for this
modification is that the flow readings are rounded-off values
{(to the nearest interger) and this affects the digtribution
unfairly. If a flow value has been determined outlier, the
other values are checked to see if they are eqgual to each
other., If not, the extreme point is omitted; 1f they are
equal, then the extreme point is checked to see if it is
within 20% of the average. If it is within 20% of the
average, it is kept. Otherwise, it is omitted.

Also, injboth programs, stability dial readings can
be read in directly if the calibration constant is written
into the program. In MICHMIX this has already been done to
accommodate the present MDSHT equipment. In AIMIX it has not.

The instruction

XSTAR(I,J) CF* YSTAB(I,J)
can be éhanged to

XSTAB(I,J) = CF« YSTAB(I,J)« 15,
where 15 is the calibrative constant, for example, to accommo-
date directly entering of dial readings. The program also
adjusts the stability according to the volume of the specimen.
The correction factor for adjusting the stability was derived

by running a regression analysis of the values presented

in MS-2 Table III-1 (3). The factor was found to be expressed
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best by the third degree polynomial,
CF = -1.027x1077 (vor}> + 1.657x10”% (vor)?
-.09143 (VOL) + 18.19,

where

It

CF correction factor,

VOL = volume of specimen in cubic centimeters.

This correction factor will introduce some variance
from the tabular values in MS-2 Table III-1, but not over 3%.

When analysis of Marshall data is done conventionally,
graphs are drawn using the calculated and observed data. Both
AIMIX and MICHMIX use the least-sguare method of regression to
fit curves to the data. In AIMIX, second and third degree
polynomials are fitted to the five plots: specific gravity,
stability, air voids, V.M.A., and flow vs. asphalt content by
weight of mix. The correlation coefficient of the second and
third degree polynomials are compared, and the equation with
the highest coefficient is selected. In MICHMIX all regres-
sions, except for flow vs; asphalt contents, are the compari=
sons between second and third degree polynomials. Maximum
theoretical specific gravity vs. asphalt content is theoret-
ically a straight line, and a first degree polynomial is fitted.
The curve fitting routine is also equipped with 95% upper and
lower confidence 1limits to determine if any of the average
points lie outside this range. If they do, then the point is
omitted and another regression is run.

Both programs also give the optimum asphalt content

which is the average of:

(a) Asphalt content at maximum stability.
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{b) Asphalt content at maximum specific gravity.

{(c} Asphalt content providing proper air voids
(4% air voids for surface and leveling, 5.5%
for base}.

If it is impossible to design the mix for the proper
air voids, a message on the output will be printed:
***CANNOT DESIGN FOR PROPER AIR VOIDS WITHIN GIVEN ASPHALT

CONTENT RANGE#*#*%

The optimal asphalt content given in this case will
be the average of the asphalt content at maximum stability
and the asphalt content at maximum specific gravity.

Error messages will also be printed for a deficiency
in V.M.A. or a flow outside the acceptable range (reference
tec MS-2 (3)).

An output example for AIMIX is shown in Table 22.
The input data is taken from the example in MS-2 as shown in
Table 20. Figure 42 shows graphs drawn using the regression
values from AIMIX.

It can be seen from the examples presented that the
program does a generally good job of analysis. The compari-~
son between AIMIX and the example from MS-2 (Table 20) is

good .



: ATMIX M5-2
Asphalt content at maximum stability 4.56 4.8

Asphalt content at maximum specific gravity 5.15 5.1
Asphalt content providing proper air voids 4,36 4.3
Optimum asphalt content ‘ 4.69 4.7

An output for MICHMIX is shown in Table 26. The
graphical output shown in Figures 43 to 49 can be obtained
on a plotter or a cathode ray tube terminal.

The asphalt content of 4.88% at maximum stability for
this example may be low (Table 26, page 3). Otherwise,
MICHMIX's curve fitting routinesg seemed to do well,

The Grubbs' test did throw out some values in both
design examples which probably should not have been. This
was due to all but one point being nearly egual. Howéver,_if
the values are all approximately equal and one is omitted,
the average will change little (example from Table 26,

page 3 - 1488%, 1465, 1461, 1466).

1.3 Advantages of the program.

The advantages of AIMIX and MICHMIX are several. First

there is a savings in time. It takes approximately one-half hour
to prepare, input, receive, and interpret the data for each mix
design. Conventional data analysis takes much longer. It takes

MDSHT approximately & man-hours for each mix design to analyze

Marshall data by conventional methods. The second advantage
is that there are no computational errors. Third, least-—

square regression provides an excellent curve fit if the data
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is reasonable. Fourth, with no computational errors and a
better curve f£it, generally a better optimum asphalt content
value can be obtained. Fifth, a very neat and professional
looking report is achieved. The MDSHT has already adopted

MICHMIX for operational use.

1.4 Special precautions

If one is to use either MICHMIX or AIMIX, two recom-
mendations are pertinent: |

(a}  Use at least 4 specimens for each asphalt content
(this helps to establish more realistic limits
for the Grubbs' test and should give truer
averages at each asphalt content).

{(b) Graphs should always accompany each design and
they should be analyzed. The outpﬁt from the

two programs is always subject to human review.
2, Further Work on Mix Design Factors

2.1 Previous work.

Many attempts have been made to define the geo-
metric characteristics of aggregates to facilitate a unified
bituminous mixture design procedure. The packing volume con—-
cept of Tons and Goetz (7) served as the basis of previous
work. Tons and Ishai (8) refined this concept to develop a
simple pouring test which would evaluate the particle charac-

teristics of shape, angularity or roundness, and roughness or
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surface texture. Using the éommon aggregate parameters of
apparent specific gravity, bulk épecific gravity, and water
absorption along with the derived‘pouring test parameters,
an accurate prediction of overall particle irregularity can
be made. Tons et al. (7) defined the packing volume of a
particle as the volume enclosed under a thin membrane
stretched along the particle surface, as shown in Figure 50.
The term rugosity has been used to describe the ratio of the
volume of asphalt lost under this imaginary membrane ta the
surface area of the membrane. |

Using the rugosity values obtained for sgpecific
fractions of the overall aggregate mixture and considering
interaction of particles of various sizes, a mixture design
program was developed. A revised version of this program is
shown in Appendix B. Aggregate factors vital to this program
may also be calculated by computer, and this aggregate

parameter program is shown in Appendix A.

2.2 Calibration of pouring test apparatus for rugosity
determination.
Congiderable time was spent on standardization and
calibration of apparatus used in the pouring test. A variety
of pouring tests were performed using aggregates, glass beads,

and precision steel ball bearings of various sizes with

different types and sizes of orifices and different sizes of
catch containers. Table 27 shows a compilation of the various

container sizes and bead types and sizes used in the tests.
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Glass beads and steel ball bearings were also hand-packed into
various containers in the hope ©of establishing a practical
limit of packing for each sphere-container combination.
Appendix C illustrates the pouring test apparatus and in-
dicates the two previously used fraction-container size combi-
nations. A new container size spectrum is also proposed
based on present knowledge of pouring test parameters.

Significance of the following factors was evaluated:

(a) Pouring time. |

(b} Pouring height.

{c) Ofifice gsize.

(d) Orifice type.

{e} Container-particle volume ratioc for standard

beads.

{(f) Container-particle volume ratio for aggregatese

(g} Variability of standard beads.

(h) Catch container volume~area ratio.

(i} Ratio of volume poured to volume caught.

(j} Catch container shape.

it may be assumed that as particles are poured more
slowly, mutual interference between them will decrease,
resulting in higher packing density. This assumption was
verified by Tons and Ishai (8) and present tests agreed with
previous findings.

Pouring height was also found to be significant.
Testé performed with P#8-~R$#10 crushed gravel using a one-

inch cone orifice and 234 ml. catch container gave an
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approximately linear relationship between pouring height and
caught weight of aggregate as shown in Figure 51. A similar
series of tests were performed with 1, 3, 4, 5 and 6 mm. glass
beads and here the caught weight increase was not quite linear
at heights greater than 3-4 inches. The relationship example
for 3 mm. beads is shown in Figure 52,

The previously used pouring height of 21 cm. (approx.
8 in.), while in the non-linear range for the glass beads,
has worked well. Previous research with fourteen experimental
aggregates used this pouring height as a standard, and mix
degigns based on the rugosity values obtained were in ciose
agreement.with Marshall mix designs. For future designs, how-

ever, small adjustments are proposed from this study.

The factor of pouring orifice size is significant in
that it directly affects pouring time. Orifice size must be
chosen to allow particles to pour slowly, but must be kept
large enough to preclude bridging of particles. Although
particle bridging and the résultant intermittent pouring did.
not significantly affect caught weight, such slow pouring is
time consuming and not necessary to insure packing optimiza-
tion.

Orifice type also had a pouring time related effect.
Por purposes of tests, orifices were defined as being either
plate type or cone type as illustrated by Figure 53. Opening
type is significant only for large opening/particle size
ratios (8-10). This is due to the fact that the cone type

orifice significantly reduces pouring time, as the rock
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particles can slide down the smooth cone sides more easily.
The opening type was insignificant at small opening/particle
size ratios; This behavior is predicted by the caught weight-
pouring time relationship mentioned previously, which in-
dicated no further significant increase in caught weight
beyond a sufficiently long pouring time. Beyond such a péint
it is immaterial whether pouring time is increased by a re-
duction in opening size or a change of opening type.

The ratio of catch container voclume to the volume of
an individual particle was found to have a very significant
effect on packing of standard beads. Extensive work was
done to define this effect. Figure 54 shows the relationship
for a wide range of standard beads {(smooth, spherical par-
ticles) and.containers where hand packing of beads was
employed. When such behavior was observed in hand packing
tests, it was logical to predict a similar phenomenon in
pouring tests. A test was designed to define the relation-
ship statistically. Appendix D describes the conduct of
this test and presents a method to adjust packing specific
gravity to counteract volume ratic effects.

Unlike the smooth particles, aggregates packed uni-
formly well for most ratios of container volume to individual
particle volume. Figure 55 shows the results of a series
of tests performed with P1"-R3/4" and P3/4"-R1/2" slag frac-
tions. In these tests, although the container volume=particle
volume ratio varied widely, the statistical analysis of

variance shows no significant difference in packing efficiency

MICHIGAN DEPARTMENT OF
TRANSPORTATION LIBRARY

LANSING 48909
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for the range considered for the two aggregate sizes. 1In
iight of these tests, we may conclude that the rough aggre-
gate particles are not much affected by container boundary
effects.

Consider the simultaneous analysis of the rough
aggregate and the smooth spheres used as a basis for pack-
ing specific gravity. As explained in detail in Appendix D,
the boundary effects for the beads may be corrected statis-
tically. The rough aggregate particles need no correction
for boundary effects. Now, both the smooth beads and the
rough aggregate particles may be viewed as randomly packed
particles occﬁpying some small portion of an infinitely
large collection of particles. As such, the difference in
volumes occﬁpied by the respective smcoth and rough particles
in this small portion of the mass will differ by only the
rugogity volume,

Two other parameters associated with the test apparatus
were found to be insignificant. The ratio of eatech container
volume to catch container inside surface area was found to be
insignificant, as demonstrated in Appendix D. The ratio of
volume poured to veolume caught was also found to be insignifi-
cant for ratios between 1.1 and 1.7. Table 29 shows the
results of the statistical analysis.

Present research was directed at standardizing catch
container shape rather than evaluating container shape as
such. All catch containers were constructed by modifying

commercially available stainless steel griffin beakers. To
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alleviate as many Variables as possible, it ié_recommenéed
" that all catch containers be right circular cylinders,‘the
bottom-side intersection having a circular radius at least
as large as that of the standard beads to be poured into
it. The dimensions of the 250 ml. and 600 ml. containers
are shown in Figure 56.

Having determined the relative significance of each
pouring test variable, the following recommendations may be
madé for calibrating pouring test apparatus:

(é) For a given size aggregate fraction, select a

catch container from Table C-1, Appendix C.

(b) Determine catch container volume by any con-
venient and reliable method, i.e., mensuration
formula, water calibration, etc.

(c) Standard smooth particles (glass beads) should
be used to represent particles with zero rugosity
for comparison purpcses in the pouring test. A
bead size is specified in Table C-1, Appendix C,
for any fraction size, and in general standard
bead diameter ghould be approximately the same
as the diameter of the aggregate particle it is
intended to represent. Properties of the standard
beads which must be determined are apparent spe-
cific gravity and coefficient of deviation of
bead weight. The latter can be determined with
sufficient accuracy by weighing 20 to 50 beads

individually. For beads smaller than 1 mm.
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diameter, this is not practical, and no correc-
tion for bead size variability is considered
in this range.

{d} ©Select an orifice diameter which will allow
aggregate or beads to flow as slowly as possible
without bridging within the cone. The same size
orifice need not be used for both the aggregate
fraction and the associated standard bead, but
an orifice size should be chosen based on flow
characteristics of the material being poured.

As a guide, the first trial orifice size should
be chosen with diameter approximately 6-~8 times

the diameter of the particle being poured.

2.3 Comparison of calculated asphalt content with Marshall
optimum asphalt content.

Based on the aggregate factors determined for each
fraction of an aggregate 5lend, a prediction of optimum
asphalt content may be made as recommended in Appendix E,

The work of Tons and Ishai (8) dealt with a six-fraction mix.
In an effort to illustrate the applicability of the packing
factor concept on a broader scale, it was decided to compare
the calculated optimum asphalt content for seven gravel mixes
recently used by the Michigan Department of State Highways
and Transportation. The optimum asphalt content for these
mixes was determined by the Marshall mix design method. A

typical MDSHT design data sheet is shown in Tables 30 and 31.
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Table 32 shows the composition of the various aggregate
blends by size of aggregate. Since the actual aggregates used
in the mix design specimens were not available, packing spe-
cific gravity values were based on a weilghted mean of natural
and crushed gravel parameters determined by Tons and Ishai
for Michigan sources (8). Because maximum specific gravity
and asphalt content tests were not run on each fraction, it
was considered the same for all fractions. Water absorption
was taken.as the weighted mean of the absorptions of the ag-
gregates making up the individual fractions. Flyash, used
as a mineral filler, was consideréd to have an absorption of
zero. Although this 1is not completely correét, the amount
used in each mix was very small, and the simplification was
not considered to be a serious departure.

As detailled in Appendix E, selection of an optimum
asphalt content was based on a minimum calculated packing
V.M.A. in conjunction with an air void content of 4%. It
must be noted that compaction of a number of Marshall speci-
mens is necessary for optimum asphalt prediction, since
for any pafticular asphalt cbntent, we must know mix specific
gravity at that content as a result of a standardized com=~
paction effort. Knowing the mix specific gravity for any
asphalt content, we can easily enter the design tables and
determine packing V.M.A. As in the Marshall method of mix
design, it is best to bracket the optimum value with trial
specimens. As shown in Table 33 optimum asphalt contents

predicted by this method agree closely with MDSHT design
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values.

From the work done so far, it is apparent that for the
time being the Marshall approach is a useful practical method
for designing mixes. The future outlook for a more "funda=-
mental” mix design is good, but more work is needed to elimi-

nate the necessity for a trial-and-error specimen making and

testing.




CONCLUSIONS

The conclusions are concerned with the two parts of

this report, namely: (a) grading of asphalts by viscosity

at 25 C, and (b) computerized bituminous concrete design.

On the basis of work done so far, the following is pertinent:

(a)

(b)

(c)

(a)

A workable method for measuring asphalt viscosity

at 25 C has been developed using the cone-plate

viscometer. At the shear rate of 2x10”2 secml,

18 samples per 8-hour day can be tested.

USING THE VISCOSITY AT 25 C AS A STANDARD, PRAC~-
TICAL VISCOSITY CHARTS FOR ASPHALT CEMENTS FOR
SIX SOURCES (SUPPLIERS) IN MICHIGAN HAVE BEEN
DEVELOPED. A DESIRED VISCOSITY'(HARDNESS)
ASPHALT (AT 25 C} CAN BE SPECI?IED ON THE BASIS
OF VISCOSITY AT 135 C AND 60 C SG THAT THE
SUPPLIER DOES NOT HAVE TO MEASURE VISCOSITY AT
25 C.

Specification limits for viscosity due to aging

of different asphalt cements have also been-pro-

duced in a graphical form.

The constant rate penetration test at 25 C showed
a better correlation with viscosity (at 25 C)
than the regular and submerged penetration tests.

More work in this area is needed.

37



(e)

(£)

38

A PRACTICAL COMPUTERIZED PROCEDURE HAS BEEN
PRESENTED FOR CALCULATIONS IN THE DESIGN OF
BITUMINOUS CONCRETE MIXES USING A MODIFIED |
MARSHALL TEST PROCEDURE AS THE BASTS.

The mix design method gives both numerical and
graphical display of the results to be used

for engineering decisions.

Additional work on mix design using fundamental
properties of materials has indicated promise

for further design improvements in the future.



(a)

{c)

RECOMMENDATIONS

The viscosity grading approach should be tried
as scon as possible to make minor adjustments
where necessary.

The cone-plate viscometer with 18 tests per day
ig still not a very fast method to determine
asphalt viscosity at 25 C. Further work on
simplified viscosity measuring methods is

desirable, if time and funds permit,

The Marshall method is a good practical way for

designing mixes, even though it involves certain

amount of trial-and-error testing. Future

pursuits towards a more "fundamental" design

method should be of interest,
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SAMPLE - 75B-30(120-150} %5
TEMP - 25 C

LARGE CONE - THIN STRING

Weight (qg) Degrees
500 1
200
500 1

TABLE 1

TYPICAL VISCOSITY RUN DATA

Time (sec)

57.7
145.7
57.9

t/8

{sec/deqg)

57.7
145.7
57.9

Viscosity

(Eoises)
4,42x105

5
4°47X10%:>4,46X105
4.44x10

Shear Rate
(sec*l)

2
2

1.39x10°
3.50x%10°

£V



Sample Identification

AVERAGE PENETRATION AND VISCOSITIES - ORIGINAL ASPHALTS

TABLE

2

Standard Penetration

Viscosity-(Poises)

No. MDSHT Pen. Sample @ @ € . @ @ @
Code No. Grade Scurce 25 C 25 C 60 C 107 ¢ 121 C 135 ¢

1 738-1 60-70 I - 72 63 2.44%x10° 2840 - 23.35 9.62 5,24
2 73B-2. 85-100 I - *72 86 9.32x10° 1270 14.70 6.26 3.46
3 73B-3 120-150 I - 172 128 2.65%10° 790 19.10 ©  £.65 2.74
4 73B-4 200-250 T - ‘72 245 1.44x10° 387 7.08 3.33 1.99
5 73B-5 60-70 A~ '72 59 2.45x10° 2140 17.58 6.64 3.63
& 73B-6 85-100 A - '72 91 9.16x10° 1200 13.06 5.21 2.86
7 73B-7 120-150 A - '72 137 4.56%10° 629 8,98 3.65 2,11
8 73B-11 120-150 c - 12 133 4.84x10° 870 10.95 4,97 2.90
9 73B-12 200-250 c - 72 236 1.56x%10° 430 7.82 3,52 2.20
10 73B-13 85-100 D - 72 79 1.23x10° 1690 15.58 6.06 3.42
11 73B-17 200-250 E - 72 220 1.88x10° 372 6.78 3.12 1.93
12 73B-18 85-100 G - 72 87 1.04x%10°% 1590 15.68 6.41 3,42
13 73B-19 120-150 G - '72 134 4.72x10° 885 12.00 4.68 2.70
14 73B-21 60-70 N - '72 63 3,25x10° 2340 20.60 7.74 3.92
15 73B-22 85-100 N - "72 83 1.12x10° 1460 13.46 5.63 3.19
16 73B-23 120-150 N - 172 145 3.57x10° 784 10.63 4.43 2.41
17 74B-1 60~70 G - '74 71 1.91x10° 2660 18.93 g8.24 4.56
18 74B-2 85-100 G - 74 101 8.72x10° 1510 14.99 6.18 3.50
19 74B-3 120-150 G - '74 133 4.88x10° 943 10.67 5,30 3.03
20 74B-2 200-250 G - '74 210 1.95x%10° 569 g.36 3,87 2.15
21 74B-3 60-70 N - 74 64 1.94x10° 2460 18,47 7.79 4.13
22 74B-6 B5-100 N - 74 99 8.12x10° 1300 14.02 5.07 2.97
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TABLE 2 {Continued)}
Page 2

Sample Idgntification Standard Penetration Viscosity (Poises)
No. MDSHT Pen. Sample @ @ @ @ @ @

Code No. Grade Source 25 C 25 ¢ 60 C 107 ¢ 121 ¢C 135 C
23 74B-7 120-150 N - '74 132 4.63x10° 771 2,31 4,25 2.51
24 74B-8 200~250 N o~ 74 237 1.74x10° 402 §.59 3,06 1.83
25 74B-9 85-100 J - 74 Q0 - 1.07x10° 1710 14.38 6.33 3.71
26 74B-10 120~150 J - *74 128 4.88x%10° 1010 1¢.85 4,39 2.86
27 74B-11 200-250 J - ‘74 249 1.61x10° 480 6.88 3.20 1.98
28 74B-12 60-70 I - '74 63 2.60x10° 3130 21.62 9.33 5.36
29 - 74B-~13 85-100 T - "74 89 9.83x10° 1230 13.85 6.19 3.68
36 74B-14 120-150 I - *74 134 4.74x10° 861 10,59 5.00 3.07
31 74B-15 200-250 T - 74 244 1.63%x10° 392 6.63 3.26 2.03
32  74B-18 120-15¢C P~ '74 159 5,50%10° 387 5,40 2.57 1.59
33 74B-19 200-250 P~ 74 289 2.08x10° 161 3.22 1.62 1.04
34 74m-21 85100 p - ‘74 96 8.04%10° ‘817 9.23 4,05 2.35
35 74p-22 60~70 A - '74 69 2.33x10° 1840 16.55 5.46 3.42
36 74B-23 85-100 A= '72 g5 1.03x10° 1110 9,85 4,48 2.72
37 74m-24 120-150 A~ 74 124 5,60%10° 721 7.71 3.54 2.25
38 74B-25 200-250 A - '74 235 1.69x10° 354 5.08 2.43 1.50
39 74B-26 60-~70 E -~ '74 68 2.42x10° 1530 14.28 6.41 3.71
40 74B~27 85~100 E -~ '74 g2 1.33x10° 1230 11.15 5.20 3.11
41 74B-28 120-150 E - 74 125 5.54x10° 683 8,10 3.88 2.36
42 74B-29 200-250 B - 74 226 1.94x10° 388- 6.02 2.88 1.81
43 74B-30 85-100 0 - "74° 87 1.30x10° l4a10 12.75 5.58 3.36
44 73B-9 60-70 c - '72 64 2680 21.38 9.41 4.54
45 73B-16 120-180 E -~ *72 119 720 5,54 4,50 2.72

Sy



TABLE 2
Page 3

(Continued)

Sample Identification Standard Penetration Viscosity {Poises)
No. MDSHT Pen. Sample @ ] g @ @ @
Code WNo. Grade Scurce 25 C. 25 C 60 C 107 C 121 C 135 ¢
46 T73B-3384F% 120-150 N - '72 139
47 73B-3830* 60-70 N - '72 68
48 73B-8205*% 85~100 N - '72 94
49 758~ 1 85-100 N - 75 28 8,19x105 1220 14.10 6.0% 2.93
50 75B- 2 120-150 N.— 75 128 4.85x105 850 11.54 5.07 2.49
51 AfSB- 3 200-250 N - '75 234 l.44x105 370 7.73 3.33 1.71
52 75B- 4 - 85-100 J ~ '75 92 l.OéxlOG 1120 13.68 5.39 2.76
53 75B~ 5 120-150 J - *'75 133 4.67x105 827 11.63 5.26 2.57
54 75B-.6 250-300 J - '75 310 1.42x105 469 4,52 2.19 1.23
55 75B-~ 7 85-100 J = '75 94 l.lelO6 1290 15.09 6.33 3.59
56 75B- 8 120-1850 T3 - 75 129 '5.28x105 gLe 11.24 4.98 2.69
57 75B- © 200~-250 J - '75 218 2.4Ox105. 435 7.81 3.41 1.89
58 75B-10 85-100 a - '75 83 mee—— 1060 13.18 6.18 2.58
52 75B-11 120~150 A‘— '75 i mm——- 565 8.80 4,38 1.97
60 75B-12 85-100 D ~ '75 87 e 1430 13.60 6.74 3,30
61 75B-13 85-100 T - *75 96 9,65x105 i290 1z2.82 6.25 3.06
62 75B~14 60-70 U - '75 61 3.97x106 3370 33.89 13.39. 5.42
63 75B-15 85-100 G - '75 G5 9.43x10S 1480 17.32 7.07 3.486
64 758-16 120-15¢0 G - '75 133 5°46x105 B30 12.48 5.36 2.64
85 758B-17 60-70 A - 75 63 2.3lx106 1650 le.85 6.88 3.26
66 T75R-18 85-100 A - '75 87 1,12}:106 lo30 12.14 5.01 2.61

9%



TABLE 2 {Continued)

Page 4
Sample Identification Standard Penetration Viscosgsity (Poises])
No. MDSHT Pen. Sample @ @ @ @ @ @
Code No. Grade Scurce 25 ¢ 25 C 60 C 107 C 121 ¢ 135 C
67 75B-18 120~150 A - '75 12¢% 5.75x105 627 8.65 4.17 2.13
&8 75B-20 200~250 A - 75 237 l,97x105 311 - 6,74 3.06 1.61
69 75B-24 860-70 E - '75 63 2.4lxl06 2870 18.12 _7.87 3.46
70 75B~25 . B5~100 E - '75 : 88 l.36x106 1370 14.97 6.38 3.09
71 75B-26 - 120~150 E - '75 122 6.41x105 831 12.08 5.12 2,71
72  758-30 120-150 g - '75 135 4.50x105 220 13.74 6.16 3.05
73 75Bf3l ‘85-100 I - "'75 o8 8.62}(105 1260 15.49 6,66 3.26
74 T75B-32 l1z20-150 I - 75 139 4.74x105 8653 10.78 5.07 2.53
757‘753—33 200-250 I - *75 241 2.02x105 423 8.57 3.95 2.10
D - 75 69 2.05x106 2090 22.86 8.28 4,15

76 75B~34 . 60-70

#
Data not used. Included to keep sample numbers consecutive.

Ly



TABLE

23

AVERAGE PENETRATION AND VISCOSITIES

Standard Penetration

AGED ASPHALTS

Sample Identification Viscosity (Poises)
No. MDSHT Pen. Sample @ @ @ @
Code No. Grade Source 25 C 25 C 60 C 135 C
1 7sB- 1 85-100 N - 75 64 3.29%10° 2660 4.20
2 75B- 2 120-150 N - '75 79 1.83x10° 1890 3.51
3 75B- 3 200-250 N - 75 145 6.12x10° 855 2.23
4  75B- 4 85-100 J - 175 53 5.55%10° 2790 4.16
5  75B- 5 120-150 J - 75 73 2.24x10° 2090 3.69
6 75B- 6 120-150 J - 75 159 5.31x10° 408 1.61
7 75B- 7 85-100 J - '75 54 4.73x10° 3540 4.54
8  75B- 8 120-150 J - '75 69 2.27x10° 2310 3.90
9 75B- 9 200-250 J - 175 104 1.01x10° 1100 2.63
10  75B-10 85-100 A - '75 58 5.05x10° 2910 3.81
11 75B-11 120-150 A - 75 85 1.93x10° 1290 2.81
12 75B-12 §5-100 D - 175 53 5.83x10° 3550 4.93
13 75B-13 85-100 T - 175 61 3.48x10° 3040 4.26
14  75B-14 60-70 U - 75 43 9.43x10° 9010 8.65
15  75B-15 85-100 G - '75 60 3.45%x10° 2480 4.90
16  75B-16 120-150 G - 75 78 1.88x10° 2190 3.91
17 75B-17 60-70 A - '75 40 8.70x10° 4150 4.71
18  75B-18 85-100 A - '75 53 4.43x10° 2470 3,67
19  75B-19 120-150 A - '75 72 2.03%10° 1400 2.88

8%



TABLE 3 {(Continued)
Page 2
Sample Identification Standard Penetration Viscosity (Poises)
No. MDSHT Pen. Sample @ @ @ @
Code No. Grade Source 25 C 25 ¢ 60 C 125 C
. 5 -
20 75B-20 200-250 A - '75 117 8.69x10 687 2,22
, &
21 75B-24 60~-70 E -~ '75 44 8.69x10 3650 4.79
6
22 75B~25 285-100 E - '75 49 5.28x10 3890 4.73
. 6
23 75B-26 120-150 E - 75 75 1.99%10 1650 3.31
6
24 75B-30 120-150 vV - '75 89 1.311x10 1510 3.79
6
25 75B=31 85-100 I - '75 72 1.78x10 1740 4,03
6
26 75B~32 120-150 I~ '75 86 1.01x10 1060 3.08
5
27 75B-33 200-250 I - '75 142 5.03%x10 726 2.58
&
28 75B-324 60-70 D - '75% 48 6,91x10 4670 5.61

67



TABLE 4

AVERAGE PENETRATION AND VISCOSITIES FOR SIX SOURCES =
ORIGINAL AND RAGED ASPHALTS

Sample Tdentification Standard Penetration Viscosity {Poises)
‘ No. MDSHT Pen. Sample @ ; @ G @ @ @
;‘ Code No. Grade Source 25 C 25 ¢ 60 C 107 C iz21 ¢ i35 ¢C
'i QORIGINAL
17 743- 1 60-70 ¢ - '74 71 1.91x10° 2660  18.93 8.24 4.56
ig 74B- 2 B5-100 G - '74 101 8.72x105 1510 14.99 6.18 3.50
1 74B- 3 120-150 G - *74 133 4.88%105 943 10.67 5.30 3.03
20 74B- 4 200=-250 G - 74 210 1.95x105 562 8.36 3.87 2.15
28 54B—l2 T 60-70 I - 74 63 2.60x106 3130 21.62 9,33 5.36
29 74B-13 §5-100 I - %74 - 89 7' 9.83.105 1230 13.85 .19 3.68
30 74B~14 120-120 I - '74 134 : 4,74x105 861 10.59 5.00 3.07
31 74B-15 200-250 I - '74 244 1.63%10° 392 6.63 3.26 2.03
39 74B-26 60-70 E -~ "74 68 2.42xl06 1930 14.28 6.41 3.7
40 74B-27 85-100 E - 174 ) 82 l.33x106 1230 11.15 5.20 3.11
41 74B-28 120-150 E - '74 125 ' 5.543105 683 8.10 3.88 2,36
42 T4B-28 200-250 E ~ 74 226 ln94x105 388 6.02 2.88 1.81
49 75B- 1 85~-100 N - f75 : a8 - 8.19x105 1220 14.10 6.08 2.93
50 75B- 2 120-150 N - '75 128 4.85x105 850 11.54 5.07 2.49
51 75B- 3 200—25ﬁ N -« "75 234 l.44x105 370 7.73 3,33 1.71
55 735B- 1 85-100 J ~ '75 o 94 . 1.12XI06 1290 18,09 6.33 3.5¢9
56 75B~ 8 jz20-150 J - '75 . 129 5.28x105 810 11.24 4.98 2.69
57 758~ 9 200«250 J - '75 218 2.40xl05 435 7.81 3.41 1.89%9
65 75B-17 60-70 A - '75 63 2.3lx106 1650 16.85 6.88 3.26

0s



TABLE 4 (Continued)
Page 2
Sample ITdentification . Standard Penetration Viscosity (Poises)
No. HMDSHT Pen. Sample @ @ @ @ @ @
Code Wo. Grade Source 25 C - 25 ¢C 60 C i07 c 121 ¢ 135 ¢
66 75B~18 85-100 75 87 . l.l2x106 'lOBQ 12.14 5.01 - 2.61
67 75B-19 120~150 A il75 129 - 5.75x105 627 8.65 4,17 2.13
68 75B-20 200-250 '75 237 l.97x105 T311 6.74 3.086 1.61
AGED @ c] @
25 ¢ 60 C 135 ¢
1 75B- 1 85-100 N *75 64 3w29x106 2660 4.20
2 758B- 2 1206~-150 4 *75 79 1.83x106 1890 3.51
3 758- 3 200-250 N 75 145 6,12x105 855 2.23
7 75B~ 7 85-100 J '75 54 4,73}:106 3540 4,54
8 758- 8 120-150 3 - 75 69 2.27x10° 2310 3.90
¢ 75B- 9 200-250 J 75 104 l.lelO6 1100 2.63
17  75B-17 60-70 A~ 175 40 8.70x10° 4150 4.71
18 753-18 85-100 A - '75 53 4.43x10° 2470 3.67
18 75B~1% 120~150 A 75 72 2.03x106 1400 2.88
20 75B-~20 200-250 A *75 117 8.69x105 687 2.22

10



52

TABLE 5

DIFFERENCES BETWEEN AGED VISCOSITY AND ORIGINAL VISCOSITY

Sample Log Log Aged Viscesity - Log Log Qriginal Viscogity
No . @ @ @
25 ¢ 60 C 135 C
758 - 1 . 032 .028 - .027
75B ~ 2 . 031 .030 .026
758 - 3 .037 .033 .027
75B - 4 . 038 .033 .031
758 - 5 . 037 . 034 ,028
758 - 6 . 034 -- .024
758 - 7 .033 .036 .017
758 - 8 . 034 .G39 .028
758 - 9 . 035 .036 . 027
758 - 13 . 030 .030 . 025
758 - 14 .019 . 032 .020
758 - 15 <030 .018 ,025
75B - 16 . 029 .036 .030
75B - 17 . 029 .032 .027
75B - 18 - .031 .032 ,026
75B - 19 ' . 030 . 031 . 023
758 - 20 _ . 037 032 ,027
758 - 24 .028 - . 024
75B -~ 25 . 030 .037 ' ,031
758 - 26 .027 | .026 , 016
758 - 30 . 022 .018 _—
758 - 31 . 017 - -
758 - 32 . 018 .019 --
75B ~ 33 : . 023 .022 -—
758 ~ 34 . 027 .028 -—

Average = ,030 . Avg. = .030 Avg., = ,026



L ' : ~ TABLE 6

REGRESSION ANALYSIS RESULTS FOR A - '75 ASPHALTS
USING QRIGINAL DATA
Measured Measured Calculated % Measured Calculated % Measured Calculated %

, nl3s n6o n60 Difference n<s n25% Difference ol D Difference
3.26 1650 1695 2.8 2.,3lxlO6 2.39x106 3.4 63 60 -4.8
2.61 1030 1000 -3.0 lleXlOG 1610x106 -1.6 87 S1.4 5,0
2.13 627 617 . -1.6 5.75x105 5.43x105 -5.6 129 134.2 4,0
1.61. 311 317 2.0 l.97x105 2.05x105 4.0 237 227.9 -3.8

n60 = 102.3(n135)2° %78 n25 = 3.905%x10 ' x(n135)° 81 o = 561.1(n135) +-892
USING AGED DATA
Measured Measured Calculated % Measured Calculated %
nl35 n6o neo Difference n25 nzs Difference
4.71 4150 4322 4,1 8.7x106 9.O7x106 4.2
3.67 24790 2382 ~-3.6 4.43x106 4.21x106 -5.1
2.88 1400 1335 -4.6 2.03x106 1.99x106 -1.8
2.22 687 717 4.4 8.69x105 8.95x105 3.0
. 3.
néc = 106.8(n135)2 388 n2s5 = 7.579x104x(nl35) 072

N135 = Viscosity in poises at 135 C
N60 = Viscosity in poises at 60 C
23 = Viscosity ia poises at 23 C

'p = Standard Penetration at 25 C

£S5



TABLE 7

REGRESSION ANALYSIS RESULTS FOR J -

USING CRIGINAL DATA

75 ASPHALTS

Measured Measured <Calculated % Measured Calculated % Measured Calculated %
ni35 n6o0 ne6o Difference n25 n2s Difference o) p Dffference
3.59 1290 1301 0.9 1.12x10%  1.1x10% -2.1 94 92 -2.2
2.69 BlO 797 -1.6 5.28x105 5049x105 4.0 129 134 4.2
1.89 435 438 0.7 2.4x105 2.36x105 -1.7 218 214 -=1.8

. b 2. 5 . -1.318
n60 = 148.7(n13s5)% "9 n25 = 5.134x10" x(n135)%"%* p = 495.1(n135)

USING AGED DATA

Measured Measured Calculated % Measured Calculated %
nl3s n6Go n6o Pffference n2s n2s bifference
4,54 3540 3381 -4.,5 4‘73x106 4.l2x1067 -12.8
3.80C 2310 2462 6.6 2.27x106 2.75x106 21.0
2.63 1100 1081 -1.8 1.Glx105 9.58x107 -5.,2

n60 = 143.3(n135)2-08% n2s = 7.221x20% % (n135)%- 873
nl35 = Viscosity in poises at 135 ¢
n60 = Viscosity in poises at 60 C
n25 = Viscosity in poises at 25 C
p = Standard Penetration at 25 C

14



TABLE .8

REGRESSION ANALYSIS RESULTS FOR N - '75 ASPHALTS
USING ORIGINAL DATA
Measured Measured Calculated ] % Measured Calculated % -Measured Calculated %
niss né¢ n60 Difference n25 . n2s Difference P h4 Difference
I 2.93 1220 1220 0.0 8.19x105 8.195x105 0.1 S8 8.2 0,2
2.49 850 B51 0.1 4,85x105 4.846x105 -0,1 128 127.7 -0.3
1.71 370 370 0.0 l.44x105 1,44x105 0,0 234 234.2 0.1
R ' . . -1.614
n60 = ll2.7(n135)2 215 n2s% = 2.548x10ux(n135)3 229 p = 556,8(nl35)
USING AGED DATA
Measured Measured Calculated % Measured Calculated %
nl35 nb60o n60o Difference n2s n2s Difference
4,2 2660 2636 —0.97 3.29x106 3.l3x106 -4 .8
3.51 1890 1914 _ 1.3 1.83x10°  1.96x10° 7.1
2.23 855 852 -0,4 6.12x105 6.00x105 -1.,9

1.784 1

n60 = 203.7(nl135) n2s% = 7.4olxlo”x(n135)2'6

Ni3% = Viscosity in poises at 135 C
n60 = Viscosity in poises at 60 C
n2s = Viscosity in poises at 25 C ’

p = Standard Penetration at 25 C

=i
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TABLE 9

REGRESSION ANALYSIS RESULTS FOR E -~ *74 ASPHALTS
USIRG ORIGINAL DATA
Measured Measured Calculated % Measured Calculated % Measured Calculated %
n135 n6o n&o Difference n25 n2s Difference 2] 2] pifference
3.71 1830 1878 ~2.7 2.42}:106 2.48x106 2.3 68 63.8 -6,2
3.1% 1230 1270 3.3 },.33x106 l.34x106 0.7 22 85.7 4.5
2,36 683 " 689 0.9 5.54x105 5.l3x105 ~7.5 125 136 8.8 .
1.81 388 383 -1.3 l.94x105 2.03x105 4.8 226 212 -6,2
. -1.674
3.483 p = 572.4(nl35)

ngo = 102.8(n135)2'216 n25

USING AGED DATA

= 2.576x10ux(n135)

Estimated Calculated

%

Estimated Estimated Calculated %

- nlas neGo nb0 Difference n25 n25 bDifference
5,40 4600 4507 -2.0 9.8,10° 1.01x10" 5.4
.40 2800 2864 2.3 5.1510° 4.96x10° -2.7
3.30 1500 1515 1.0 2.0x10° 1.82x10° -8.8
2.50 830 820 -1.2 6.5%10° 5.9tx10° 6.8

. 4 .
2.213 n25 = 2.864%10 x(n135)3 479

n60 # 107.8 (nl3s)

nl35 = Viscesity in poises at 135 C

n60 = Viscosity in poises at 60 C
n25 = Viscosity in poises at 25 C

P = Standard Penetration at 25

C
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TABLE 10

REGRESSION ANALYSIS RESULTS FOR G - '74 ASPHALTS
USTNG ORIGINAL DATA
Measured Measured Calculated % Meagured Calculated % Measured Calculated %
_: nias n6o ) n6o Difference nz2s n2s Difference P P Difference
. 4.56 2660 2542 -4,5 l.91x106 l.BBxlO6 -1,86 71 70.8 -0.3
3.50 1510 1466 -2.9 8.72x105 8.38)(105 -4 ,2 101 104 3.0
3.03 243 1086 15,2 4.88x105 5.37x105 10.1 133 128 -3.4
2.15 569 532 -6, 4 1.95x105 1,88x105 -3.7 2le 21:1.8 0.9
o . ‘ -1.4
nb0 = 108.4 (n135)2 078 n2s = 1.801x104x(n135)3 083 p = B46.7(nl35) 1.u58
USING AGED DATA
Estimated Estimated Calculated % _ Estimated Calculated %
nil35s n&o n60 Difference n2s n25 Difference
6.70 6500 6261 -3.7 7°5x106 7¢42x106 =1.1
5,00 3500 3351 -4.3 3.2x106 3,01x106 -5.8
4.30 2100 2428 15.6 1.7x106 l,9x106 11.5%
3.00 1200 1125 -6.2 6¢5x105 6.26x105 -3.7
n60 = 107.7(n135)2-136 n25 = 2.127x107x(n135)3-078

nk35 = Viscosity in poises at 135 C

n60 = Viscosity in poises at 60 C
n25 = Viscosity in poises at 25 C
p = Standard Penetration at 25 C

A



USING CRIGINAL DATA

TABLE 11

REGRESSION ANALYSIS RESULTS FOR I -

‘74 ASPHALTS .

= Standard Penetration at 25 C

Measured Measured Calculated % Measured Calculated % Measured <Calculated %
nl35 n6o Difference n25 Difference o) Difference
5.386 3130 -6.0 2.6x106 2,64}(106 1.6 63 -6.4
3.68 1230 7.4 9.83x105 8.90le5 -8, 4 B89 13.3
3.07 861 4,3 4.74x105 5‘27xl05 11.2 134 -2,5
2.03 392 5.1 1.63%10°  1.59x10° -2.2 244 -3.3

. 2.1 4 2.
Z 82,4 (ni185) n25s 2.057x10 x (nl3s) D 548 (nl3s)

USING AGED DATA

Estimated Estimated Calculated % Bstimated Caleculated %
nl3s n60 Difference n2s n25 Difference
g.00 7700 -6.7 10, 0x10° 10.5%10° 4.5
5.40 2800 9.4 3.7x106 3.3xlO6 ~10.8
4.40 1900 3.4 l.7x106 1.81x106 6.5
2.90 8B40 -5.3 5.3xl05 5.34x105 0.7

: ' mn .93
= 78.98{(nl35) n2% = 2.354 x1¢ x (nlss)2 931
= Viscosity in poises at 135 C
= Viscosity in poises at 60 C
= Viscosity in poises at 135 ¢

8s


https://n135)2.13

TABLE 12

COMPARISON BETWEEN PENETRATION AND VISCOSITY SYSTEMS

Penetration Viscosity 1

. Limits Difference Ratjo Limits Difference Ratio Ratio
60- 70 10 0.67 1800-2500 700 1.40 -0.71
85-100 15 1.0 900~1400 500 1.0 1.9
120-150 30 2.0 400~ 650 250 0.5 2.0
200-250 50 3.33 150- 250 100 0.2 5.0

Limits Between Limits Between

Penetration Viscosity 1

" Grades Difference Ratio Grades Difference Ratio Ratic
70- 85 15 0.75 1400-1800 400 1.60 0.63
100=12¢ 20 1.0 650~ 900 250 1.0 1.0
150-200 50 2.5 250~ 400 150 0.6 1.67

TABLE 13

PRICE ADJUSTMENT FOR BITUMINOUS PAVEMENT WHERE ASPHALT IN PAVEMENT

IS DEFICIENT IN PENETRATION REQUIREMENTS

Grade of 10% Decrease 50% Decrease
‘Asphalt Cement Penetration Penetration
From To  From To
60~ 70 32(53.3%) 25(41.7%) - -
85-100 43(50.6%) 31(36.5%) 30(35.3%) 25(29.4%)
120-150 55(45.8%) 38({(31.7%} 37(30.8%) 25{(20.8%)
200~-250 B0(40.0%) 52(26.0%) 51{(25.5%) 25(12.5%)

90% Decrease
Penetration

Below
25(41.7%)
25(29.4%)
25(20.8%)
25{12.5%)

6S



TABLE 14

DERIVATION OF PRICE ADJUSTMENT LIMITS FOR 1800-2500 XILOPQISES (825C)GRADE ASPHALTS

10% Decrease

50% Decrease

90% Decrease

Source Penetration From To From To Below
Ben, Viscosity Pen. Viscoszsity Pen. Viscosity pen. Viscosity Pen. Viscosity

(Poises) (Poises) (Poises) (Poises) (Poises)
A-'75 5¢ to 70 31 l.96x107 25 3.37x107 e - —_—— e ——— .25 3“37Xl07
7

J-175 58 to 70 31 1.96x10" 24 3.73x10 e e O 24 3.73x10
4

N-°75 56 to 67 30 2.13x10° 23 4.15x10" R R 23 4.15x%10
. 7

E-174 63 to 74 14 1.55x10° 26 3.05x107 e mmmeeen S 26 3.05x10
7

G='74 62 to 72 33 1.67x107 26 3.05x107 - mmeem = —-—— emmm————— 26 3.05x10
: 7

I-74 61 to 71 33 1.67%x10° 25 3.37%x10/ O A N — 25 3.37x10
. 7 7 7
Average S l.82x10 3.45x10 3.45x10
L. 7

Limit l.8x107 3.,5:{107 3,5x10

09



TABLE 15

DERIVATION OF PRICE ADJUSTMENT LIMITS FOR 900~1400 KILCPOISES ({825C) GRADE ASPHALTS

10% Decrease

50% Decrease

90% Daéacrease

Source Penetration From To From To Below
Pen. Viscosity Ppen. Viscosity ©pen, Viscesity pen. Viscosity Ppen, Viscosity
= {Poises) M {(Poises) (Poises) (Poises) . 7 {Poises)
. - 7 . 7 7 7 7
A-T'T75 80 to 101 40 1.03x10 29 2.32x10 28 2.53%x10 24 3.73x10 24 3.73le
) 7
J~*75 B0 to 102 40 1.03x107 29 2.32x107 28 2.53x107 24 3.73x107 24 3.73x10
-
N=-*75 75 to 94 38 1.17x107 27 2.77x107 26 3.05x107 22 4.65x107 22 44,6510
: 7 7
E-774 84 to 104 42 9.12x10° 31 1.96x10° 30 2.13x106' 25 3.37x10 25 3.37x10
i 7
G~'74 81 to 100 41 9.69x106 30 2.13}:107 29 2.32x107 24 3.73x10 24 3.73x10
7 7 . 7
I-'74 81 te 100 43 9,69x106 30 Z2.13x10 29 2.32x107 24 3.73x10 24 3.73x10
= .
Avarage l.lelO7 2.27x10 2.48):107 3.82x107 3.82x107
Limit 1.0xL0’ 2.4%107 2.4x10" 3.8%107 3.8x10°

9



TABLE 18

DERIVATION OF PRICE ADJUSTMEﬁT-LIMITS FOR 400-650 KILOPCOISES (@25C) GRADE ASPHALT

10% Decrease : 50% Decrease 20% Decrease
Source Penetration From To From T Below
Pen. Viscosity Pen. Viscogity Pen. Viscoslty Pen. Viscosity Pen. Viscosity
(Poises) ‘ {(Poises) {Poises) (Poises) {(Poises)
' & 7 7 7 7
A="75 122 to 158 56 4._42x10 39 1.10x10 38 1.17x10 25 3.37x10 25 3.37x10
J=-'75 123 to 160 56 4.42x106 39 1.10x10 38 1l.17x10 26 3.05x%10 26 3.05x10
7
N=-*75 110 to 140 50 5.88xlO6 35 l.44x107 34 1.67x107 23 4.15x107 23 4.15x%10
. ) 7
E-"'74 121 to 153 55 4.62x106 38 l.l7x107 37 l.25x107 25 3.37x107 25 3.37x10
7
G-'74 117 to l4a8 54 4.84x106 37 1,25x107 36 l.34x107 24 3,73x107 24 3.73x10
I-'74 118 to 150 54 4.84x106 . 37 l.25xlO7 36 l.34x107 25 3.37x107 25 _3.37x10
& 7 7 7 7
Average 4.84x%10 1.22x10 1.32x10 3.51x%10 3.51x10
AN 7 .
Limit 5.Ox106 . 1.3x10 : l.3x107 3.5x107 3.5x107

Z9 -



TABLE 17

DERIVATION CF PRICE ADJUSTMENT LIMITS FOR 150~250 KILOPOISES(@25C) GRADE ASPHALTS

§

10% Decrease

50% Decrease

20% Decrease

Source Penetration From To From To * Below
Pen. Viscosity Pen, Viscosity Pen. Viscesity Pen. Viscosity Pen. Viscosity
{Poises) (Poisges) {(Poises) (Poises) {Poises}
\ 6 : 6 6 7 7
A~'75 205 to 2790 82 1.69x%10 53 5.08x10 52 5.33x10 26 3.05x10 26 3,05x10
7
J=~*'75 207 to 274 83 l.64x106 54 4.84x106 53 5.08x106 26 3.05x107 26 3,05x10
7
N-'75 178 to 230 71 2.43x106 46 ?.25x106 45 7.66x106 22 4.651{107 22 4,65x10
7
E-'74 182 to 245 77 1.98x106 50 5.88x106 49 6.l9x106 24 3.73x107 24 3.73x10
7
G-"74 185 to 236 74 2.191-:106 48 6,513{106 47 6.87x106 23 4.15x107 23 4,15x%10
7
I-774 189 to 243 76 2.05x106 49 6.19x106 48 6.51x106 24 3.73x107 24 3.73x10
7
Average 2.0x}_06 5.96x106 6.27x106 3,73x107 3.73x10
. 7
Limit 2,0x106 6.0x106 6.0x106 3.8_x107 3.8x10

£9



TABLE 18

CONSTANT RATE OF PENETRATION DATA AND

VISCOSITY AT 25 C FOR 28 MICHIGAN ASPHALTS

MDSHT Viscosity Penetration Energy (Fras) Standard Coefficient of
‘Code No. (Poises) Reading | Reading [Reading Average Deviation Deviation
1 2 3

75B="1 8.19x105 42,820 41,973 42,655 42,484 449.6 1.086
758~ 2 4.85x105 25,171 24,886 25,395 25,084 362.9 1.45
75B= 3 l.44x105 8,631 8,631 8,669 8,644 21.6 Q.25
758~ 4 l.04x106 ! 48,138 48,910 50,168 49,072 1024.7 2.09
75B- 5§ 4;67x105 22,842 23,004 22,481 22,776 267.7 1.18
758~ 6 1.42x105 6,514 7,327 6,389 6,410 g95.1 1.48
758- 7 1.12x106 45;585 42,708 47,777 45,357 2542.3 5.61
758B- 8 5,28:{105 25,097 26,379 26;666 26,047 855.4 3.21
75B- 9 2.4Ox105 12,206 12,455 12,480 12,380 151.2 1.22
758B-13 9.65x105 42,596 44,290 44,1158 43,667 931.6 2-13
75B~14 3.97x106 123,677 118B,882 124,860 122,473 3165.8 2,58
758B-15 9.43x105' 42,484 43,405 43,343 43,077 515.1 l.20
75B~16 5.46x105 27,0602 27,363 27,139 27,168 182.2 0.67
75B-17 2,3lx106 111,907 89,862 95,716 99,162 11.419 11.52
758~-18 1.12x106 52,012 49,944 46,145 49,367 2975.4 5.03
75B-16 5075x105 25,317 2%,097 24,847 25,105 261.7 1.04
758B=-20 1.97x105 8,831 . 8,905 8,918 8,884 47.1 0.53
75B-21 l.48x106 77,370 76,822 63,943 72,712 7598.4 10,45
75B-22 8.27x105 35,484 35,696 37,900 36,3¢6C 1338.1 3.68
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TABLE 18

(Continued)

Page 2

CONSTANT RATE QF PENETRATION DATA AND

VISCOSITY AT 25 C FOR 28 MICHIGAN ASPHALTS

MSDHT Viscosity Penetration Energy (Frgs)| Standard Coefficient of
Code No. (Poises) Reading | Reading |Reading Average Deviatioen Deviation
1 2 3

75B-23 3.05x10s 14,398 14,622 14,024 14,348 302.0 2.10
T5B-24 2.4lx106 110,724 107,511 109,914 109,383 1671.3 1.53
75B-25 l.36x106 57,928 62,499 62,623 61,016 2675.7 4.39
75B-26 6,41x105 30,116 29,742 29,954 29,937 184.4 0.63
75B=-30 4.50x105 21,771 22,817 22,406 22,332 527.1 2.36
75B~3i 8.62x105 40,391 38,212 34,849 37,817 2798.2 7.38
15B-32 4,74x105 20,140 20,264 20,140 20,181 71.9 0.36
75B~33 2.02x105 10,960 11,745 11,023 11,243 436.2 3.88
75B~34 2.05x106 85,827 84,494 73,496 8l,272 6767.1 8.33

¢9



TABLE 19

REGRESSION ANALYSTS FQOR CONSTANT RATE OF PENETRATION VS. VISCOSITY AT 25 C

Polynomial Coef. A0, Al,...,A(ND)
0.2163E 01 0.1088E 01 '
Linear Log Function, Y=C*X**al
C= 0.8696E 01

Mean= 0.6786E 06

Sample Standard Deviation of Y= 0.3208E 06
Standard Error of Estimate= 0.725743E 05
Correlation Coefficient= 0.99285

~ Coef.

Estimated of

Sample Penetration Viscosity Viscosity $Error Dev,
75B-6 0.6410E 04 0.14208 06 0.1206E 06 -15.0 1.48
75B-3 0.B644E 04 0.1440E 06 0.1670E 06 16.0 0.25
75B-20 0.8884E 04 0.1870E 06 0.1721E 06 ~12.6 0.53
75B-33 0.1124E 05 0.2020E 06 0.2223E 06 1c.1 . 3.88
75B~9 0.1248E 05 0.2400E 06 0.2491E 06 3.8 1.22
75B-23 0.1435E 05 0.3050E 06 0.2889E 06 -4.9 2.10
75B-32 0.2018% 05 0.4740E 06 0.4202E 06 ~11.4 0.36
75B-30 0.2233E 05 0.4500E 06 0.4692F 06 4,3 2.36
75B-5 0.2278E 05 0.4670E 06 0.4793E 06 2.6 1.18
75B-2 0.2508E 05 0.4850E 06 0.5324E 06 9.8 1.45
75B~1¢9 0.2511E 05 0.5750E 06 0.5329E 06 -7.3 1.04
75B-8 0.2605E 05 0.5280E 06 0.5547E 06 5.0 3.21

99



TABLE 13 (Continued]
page 2
Coef.
Estimated of

Sample Penetration Viscosity " Viscogity ZExrror Dev.
75B~16 0.2717E 05 0.5400E 06 0.5807E 06 6.4 0.67
75B-26 0.2994E 05 0.6410E 06 0.6454F 06 0.7 0.63
75B-22 0.3636E 05 0.8270E 06 0.7974E 06 -3.6 3.68
75B~31 0.3782E 05 0.8620E 06 0.8322E 06 -3.5 7.38
75B~1 0.4248% 05 0.8190E 06 0.9445E 06 15.3 1.06
75B~15 0.4308E 05 0.9430E 06 C.9589E 06 1.7 1.20
75B-13 0.4367E 05 0.9630E 06 §0.9732E 06 1.1 2.13
75B-7 0.4536E 05 0.1120E 07 0.10148 07 ~9.4 5.€1
75B-4 0.4907E 05 G.1040E 07 0.1105E 07 6.2 2.09
75B-18 0.4837E 05 0.11208 07 0.1112E 07 -0.7 6.03
75B~25 G.6102E 05 0.13608 07 0.1400E Q7 3.0 4.39
75B-21 0.7271E 05 0.1480E 07 0.1685E 07 14.5 10.45
75B-34 0.8127E 05 0.2050E 07 0.1913F 07 -6.7 8.33
75B-17 0.9%916E 05 0.2310E 07 G.2375E 07 2.8 11.52
75B-24 0.1094E 06 0.24108 07 0.2643E 07 9.7 1.53
75B-14 0.1225E 06 0.3970E 07 G6.2989%E 07 ~24.7 2.58

% of Estimated Y Within Range of Tested Value
Range 0-4.99% 5-9.99% 10-19.99% 20-29.99% 30-39.99% 40-49.99% > 50%

28.6

25.0

3.

6

0.0

0.0

LS
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TABLE 20

MARSHALL MIX DESIGN DATA FROM ASPHALT INSTITUTE'S MS-2

T M S 3.8 - HOT MIX DESIGN DATA Prcjects Fo034(2) o i
_RECABRFA by the Location: Lewis-DNecth .
75 Blow Compuction o X MARSHALL METHOD Daate! July 17, 1961
TSp GeAC oz 7 Peo. Gade AC, 5100 T b MNefw ACUsed 81205 .
Absorbed AC, 1bs.£100 lbs. Dry Agg, .16 Lab, Nos. for Agg, Used: 61551, 61553, 61553
T wac | mac SPEC GRAMS | BULK | pus oq | VOLUME % TGTAL — @ | EFFEC_TuNrT | STABIITYLES | .
R -l T w1 G | cospikerree, aC acc. (ABg| VM (Ohenr| poe |MEAs T apjust. 100
_"'%'AF:wi e o - WATER | T e i~ T E .
by . ; WEL wgt. ol
e T
7 iy (Et R S T B 71 I I I v L2
B C i35 7964 5131 7563 > | i 16 it [
[ [*} 13096 R E O XY 7 ERLE N ]
7 Avg, ~ I I ] 49 3% [N R S B 11
471 (a5A N 13153 8063 5.0 ERLE 1500 a0 5
7 g 13151 G068 T s0Ey E L iser 1T e 735 a0 0
C TTiETE B03.3 081 i B o 1810 1152 E]
O . 2 R R T 3584 17 B 33 133 43 2 N L2 5
L 50A ) PG ] BREY FUUSMEET ) 25eE T T o .. I 1875 11
i vy b mig 567.1 259 N B T R
) C - THET giia EANE B 1 I 1740 1830 i)
i o 123 B5.6 A 144 45 TR THET_ 10
582 1 a1 TS i)
"' RRCE 1685 N
— S ST S, : i -
-~ CEEUN BN 1 N S 11N SO 000 2 J W€ M
T - T o 1350 e 1 17
o 5 IR S T —_— e 1446 1“0” | 7
T | S isea 1586 17
[ TR T T AL B 2 I T} eI 1 1303 [
. S
183 5
5 \
B
= 4
g T g Y
= B
ol ) 2 3 h
z / #
2 .
140 7 \
159 1 *
40 45 50 55 460 42 45 30 55 60
% AC BY WGT OF MIX % AC BY WET. OF #IX
2800 18
1900 17
i SNE
E 1m0 24
2 e
&
g;m s
3 150 1
&)
40 45 58 55 &8 46 45 50 35 40
% ACBY WIGT. OF MIX % AC BY WGT. 0F MIX
25
0
2
= 5 T
£ 10
&
5
¢
40 45 50 55 6D
% AC BY WGT. OF JIX
Percent
(a) Asphalt content at maximum stability_._._.. 4.8

(b} Asphait content at maximum unit weight....5.1

(c} Asphalt content providing 4 percent air
voids {median of 3 to 5 percent range for
surfacing mix, Heavy and Very Heavy
traffic category in the design criteria table
below)

Optimum asphali content, average ... 4.7



) TABLE 21

ATMIX INPUT

1 iRy - ) FURTRAN Coding Farm : ' e UaA,
o — T Tamme 7| T l [ e o T
R LPROGRAMMER DATE l INSTRUCTIONS [PUNCH l [ l | CARD ELECTRO MNUMBERT

é enve 5 . FORTRAN STATEMENT . ' R
L O A TN N AN N N O A O TR 0 A N O TN B B D 6? B w5 aalm m‘ﬂ.? 73 :uIJ'sI?.sI.*J 78 N'sn
| 8P AT Tile=3 tevso 105254 selas= il fozalideaseddini=eleas Blie e [al g ais i yh= 10 1L
RN IR pu‘)~@Q%,ijzsg,_,'s,jJ‘X('r‘BE:Q w,:i_,L LSRN T ‘tj‘wiArR(.n L= :306 gl Ll
e M S R T R TR TR T M i TR A PN SRR e AR N NN ERREE
13241213027, 6, 1:330,7}'1_430__2ql3'jww,4-f'(J)"a7ij.3/.791 6. flfll.vﬂ's.sfgo‘e‘ ! 806.5’:}W‘7ii! | L!H
B 03,05, 812 | gll._ %] .}gil,'51‘31"{.'7j%’|fﬁ‘,‘678r3-6#341_5,,&_7_8‘54 9, ST.%}B:(EI}':‘-?'? j! MEEEE
L2400, 18110, , 18150, 400, 1123 s 1'_8‘1'_0,jJS"?T(.J‘I:"JOlo:.;II!‘I!L)_‘O‘Aj}!75’&”. IR RN :"'iw
a@%s_,_ l%ao.. LHEOL qseQ,jf:Lovdl?)::;sa__ RESPUPE | DU S0% 8 LRI TLIPRA K I W K TR m ; 513;&_1}‘:5‘?*' 8 ! L
r3__xz7;-;f7 ;5j7J-N:z:IS"I,NHIE3;'&ENDEj e e e e e e
iy ol e L b b e e BEEREES RN L || l
F I R NN NN B
1 e R e s e PR e et e
L R N R R A AR N RN
o T T e e T BEEERERER
o e T e e e B l NN
Lo e e L e e e T e T l
P N RN EE coo e i NN R RN e L
(1] Tt T et e i T |
1 T T T BRI T B
T I R N N R RN N N NN N NN 1]
IR L [Ty e v i Bl HERRR T
L T e e P EEEERERERE HEERD
F : L P \ ' BE P e ir‘H i
P bl e Ceo i e T T e T
R I N L A N BN e SN N NN N Y RN
t12 3 4 s5{sl7 8 % 10 1112 13 12 15 16 17 18 19 20 2t r} 23 24 25 26 27 FM 9 N0 A 32 XF te 5 36 D7 UB I9 40 A1 47 AT 44 <5 4 47 4B 4% 50 S0 57 ST 34 55 55 ST 58 59 AT Al 67 63 64 45 60 o o8 &9 70 7v 7rIr3 7ao 75 7s 77 79 79 a¢
4 srondad card fovm, |BM electro BYBIST, s avo bable for punching ylatements liom thes bons

“*pumber of torms per ped may wary slightly
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TABLE 22

EXAMPLE OF OUTPUT FOR AIMIX

PULYRO]

il A A O R

AL CCEFe ADpAlsaa
L&77.0391

e AINET)
-183.9019

ITe= 3 LEVY= pS= 4 SGAS= 1.022

SGAGGi{l)= 2.83% 2.852 2

All)= C.l6 Je16

P{il}= 60.00 35.00

X(1t= 4.0 445 5.0 5.5 6.0
WAIR(] )= WAAT(L)= STAB{L)l= ¥FLOW{l}=

1 1306.8 794.3 1763, U

2 1309.5 196.4 1810 8.

3 130%. ¢ 138.5 185C. 8o

4 1315.3 806.3 1903 8.

5 1316.1 #0643 1735, .

6 1311.¢ 803.5 1310, G

7 1323.1 812.1 1875, 11l.

8 1314.1 8l1l.3 1903, 10,

Y 13148,7 BL1l.o L1740 1€,
1c i32¢.5 B1l.5 1765, 13.
il 132641 814,17 LEt5, 14.
12 13242 Bl4.6 1685, 13,
13 1327.6 413,5 1490 17.
14 1350.7 Bl5.4 1440, 17,
15 1329.3 dla.4 15d0. 17.
N=15% N¥= 3 .

PCINT DETERMINED AS JUTLIER IW S.G. DETERMINATLILN 2eBu2
POLYNSHMLIAL COEF. AD4ALlyass s ALND) _

1.754¢C 0.3242 ~$. 0306
CECREL FOLYNONMIALS= :
CORRELATION COERFICIENT = (L.49468
PCLYNL# AL CGEF, Alyoaos LIND)

0.5611 103 -3.12%94 GaCJub

CEGREL PULYNCMIAL=
CORPLLATICAN CCEFFICIENTS  5,95333%

FUR S.G. REGRESSITN 380 DEGREE PCLYNTMIAL FITS BTST

%= 4,00 Y= 2.59592
%= 4,10 v= 2560
X= 4,20 Y= 2,508
X= 4,30 Y= 2.9T4
X= 4,43 ¥= 2563
X= - 4,50 Y= 2.565
X= 4,60 Y= 26589
X= 4,73 Y= 2.592
X= 4,80 ¥= 2.595
X= 4,90 Y= 2.597
X= 5.00 Y= 2,583
X= 5,10 v= 2,599
X= 5,20 ¥= 2,599
*= 5.,33" Y= 2.59
X= 5,40 Y= 2.597
X= 5.50 ¥= 2. 5%5
¥= 5,63 Y= 2.593
X= 5.7 Y= 2.5491
%= 5.80 Y= 2.588
x= 5,90 y= Z.586
xX= (.00 Y= 2. 567
DENSLST ASPHALT CONTENT= 5.15
MAKIHUM $.G.=2.596 A
POINT LETERMINED A5 JQUTLIER M STABILITY T#S1s 1854 .
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TABLE 22 (continued)
page 2

DEGREE PCLYWNUNMIAL= 2
CORRELATION CCOFFICIENT= 0.97585

POLYNOVMIAL CUEF. ADyAlyeosy ALND]

=56l . 44883 1114.0403 ~15.6754 -T.5056
GECREE PCLYNLMLAL= 32
CORRELATION CCEFFICIERT=  (.95306

FOR STABRILITY REGRESSION 2ZNC DEGREE PLLYNOMIAL FITS BEST

xX= .03 Y= 1862.51%
A= 4,10 Y= 1830161
X= .20 Y= 189b.82v
A= 4,30 Y= 1937.214
X= 4,40 Y= 1Si4. %24
XK= 4,53 Y= 118,954
K= 4.60 Y= 1919.306
x= 4,70 Y= 19ko.9a52
K= 4,40 Y= 1903984
X= 4.90 Y= l96.321
X= 5.20 ¥= 18343.941
x= 5.13 Y= 1865.906
X= 5,23 Y= ldtg. 1ds
X= 5.30 Y= 1818757
X= Beb40 Y= 1745.727
X= 5.00 Y= |-
XK= Habd Y= 1212505414
A= Hofo Y= 1635445
A= 5.83 ¥= 630,060
X= 5,90 ¥= Logwalv3
X= L. CJ Y= 15300 Chur

CPTIMAL STAoILITY AsSPanLT CONTENT= 4.50
PAXISUA STABILITY=1%2C,

POLY MUY TAL CUEF, A3 AlyeearAiNT)

. 41. 7856 -13. 71259 Leload
CEGRLL poLYANLHLAL= 2

CORRELATION (CEFFRICIENT= (.99%34

POLYHOIMIAL COel. 4Csalrane e hiNG)

Y. 144%3 Tde5350 ~lbelubs L. 1573
LECREE PULYRUMTAL= 2
CORRELATION CURFFICIENT=  $,955313

FOR AIR vCIu ROGAESSTON 240 DEEREE POLYNGMIAL FITS BE3Y

X= GdaC0 Y= D420
= 4.10 Y= 4553
r= GuldS Y= 4,573
Y= 4.22 ¥= 4.143
A= T 4,43 Y= 3,321
K= 4,53 Y= 3.478
X= 4.00 Y= 3157
= 4.T2 Y= 2e 6D
X= 4,80 Y= 2. 5806
X= 4,90 Y= 24352
W= DeUd Y= 2.107
= 5.18 ¥= 1.901
= 5.20 ¥= Lat2d
= 5.33 Y= l.561
= He.hd Y= L4425
= 5.50 ¥= 1.312
= S. &L Y= 1.223
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TABLE 22 {continued) '

page 3
= 5.70 Y= 1.156
= 5,80 Y= 1,112
X= 5.90 Y= 1,092
= 6,00 Y= 1.095

ASPHALT CONTENT PROVIDING PROPER ALIR VOIDS= 4,36
POLYNGMATIAL COEF, AQUsALly ... A{NC)
37,5204 ~9.8224 1.0245
DEGREE POLYNUMLIAL= 2
CORRELATICN CCEFFICIENT=  0.95370

POLYNOMIAL CREF. ADsALs.se s ALND)

-106.,2979 78.44%LH ~-16.77373 1.1825
DECREE PCLYMHOMIAL= 3
CLRRELATIGN CUEFFICIENT NAIT APPLICADGLE

FOR VMA REGRESSICR 240 DEGREE POLYNOMIAL FITS BEST

x= 4.00 Y= 15,0722
X= 4,10 ¥= 14,873
X= 423 Y= 14.733
X= 4,33 Y= t4.027
x= 4,40 Y= 14.536
X= 4.50 Y= 14,465
X= 4,60 Y= l4.415
x= 4. 70 Y= 14,346
X= 4,80 Y= 1,347
A= 4,30 Y= 14a 300
X= = 5.30 Y= i4.420
x= 5.10 ¥= 14,473
x= 5.20 Y= 14,546¢
= 5.20 Y= la. 629
X= 5.40 Y= L. 753
X= .52 Y= 14,453
W= Debd = o042
X= S.a70 Y= L5.218
K= 5,83 Y= i5.414
x= 5,93 Y= 15.633
X= .00 Y= i5. 867
POLYNOHIAL CUEFRL. AGs A1y .00 AIND)
4. 4370 —1H.542% 2.1CT5

DEGREE PCLYNKCMIAL= 2
CORRELATION CROEFFICIENT=  0.39954

POLYRONMIAL CCEF. AJyA4ls.eapA{ND]

-126.¢128 85. 6349 —18:.5010 1.3663
DEGREZ FLLYNUMIAL= 3
CURRELATION CCEFFICIENT= . 2.978073

FOR FLOW REGKESSION 200 UILGrER PULYNIMIAL FITS BEST

- K= 4.00 ¥= {904
X= 9.10 Y= g.040
X= 4,20 Y= B.125
A= 4,30 ¥= 8,273
X= 4240 Y= Gatbh2
X= 4,58 Y= G673

= 4,630 Y= g, G237
= 4,70 Y= Q.243
x= 4.0C Y= S, 5%1
= G.M0 Y= 9.9E1
= 5.30 Y= lua4l3

= S5.10 Y= P2.887
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TABLE 22-(continued)

. page 4
= 5,20 Y= 11.404
X= 5,20 ¥= 11.962
= 5,40 Y= 12,9503
= 5,50 Y= 13,206
= 5.6 Y= 13,891
= 5.70 ¥= l4.619
(= 5,80 Y= 15,348
%= 5,90 Y= 16.2C0
= 6.00 Y= 17.053

heCo ORY wT. WET Wi, BULK AR VA STASILITY FFLOW
BY. WT. 5.6, VOIDS Dlab ADJUST
4,00 1306.80 194,33 2.552 Fi9d. 1846, e
4,00 1389.50 T96.43 2,952 1810. 1861, U
4,00 1309,60 T98,30 2.5862% ishbi. 1917 He
AVERAGE 2aubZ  5.44  15.09 iB73. U
REGKRL SSION 2,552 5,43 15,32 1862, =N
4.50 1315.30 d866.33 2.5a4 930, 19173, Eo
4,00 1315.1C 3L&.30 2.547 1735, 1835%. 17,
4.50 1311.60  803.50 2.5¢1 i612. lud4a. g,
AVERLGE 2.534 D44 lho.wl luss. d. 1
REGRESSION 2.%ch 3.4 L4.aTd 191%. Ba f
5.00 1320.,1C 812,10 2.399 Lédu, 1%52. Ll
5.00 1318.10 4ll.30 2,549 15Ce. 1933, 10.
5.00 1316.7C 811.33 2.597 if4d. 1di3. 2
LVERAGE 2.59%  Z2.09 l4a.41 1916 14.3
REGRESSIUR 2.598 2.1l 14.42 1884, 1l.9
5.50 1320.50 £11.53 2.54%4 1763, luB4.m 13,
5.00 1326.10 gla.70 2.593 166z 174C. 14, .
5.50 1324.20 8l4.560 2.549 1685, 174¢E. 13.
AVERAGE 2a555  Lo38  L4.96 1744. 13,3
REGRESS TGN 2,595 1.31 1l4.8Y 1757, 13.2
6,03 1327.60 AlZ.60 2.5E3 basd. 1526, 17,
6.00 1233.10 315%.40 2.542 144, 14713, 17
6,00 1229.2C dla.40  2.582 l%8o.  1617. 17.
AV ERAGE e T2 1.0G6  L5eu3 1543, 1743
REGRESSILN Zohn2  1.Ud lb.ud 1538. 17.1.

¥ OLETEXMINED AS DUTLYING PCLAT BY STUDENTS TEST AND CMITTEC

ASPHALT CONTENT AT MALIMUY STABELITY 4,56
ASPHALT CTHTENT AT MAXIFUM SPECIFIC GRAVITY §.15
ASPHALT CONTEMT AROVIDING PRCPER ALIR VOIDS 4,36
FRFIPTIVUM ASPHALT COMTENT , 0V ERALE# k% 4,69

OPTiIMUM ASPHALT CONTENT= EREN
a LPTIHMUM

SPECIFIC GRAVITY= . 2.592
STAGBEL I Ty= i91ct.

AIR VUILS= 2.8%
Valrahes= 14 .34

FLGd= 5.21



https://l3ltl.1C
https://AVtRt.:.Gf

74

‘TABLE 23
o) LABORATORY TEST DATA EXAMPLE FOR MICHMIX
21 ¢ (10714 - ! . .
PROJECT NO, DATE SAMPLE MNOS,
SAMPLED
CONTRACTOR TYPE SAMPLE
Somple ldantification ) A s o Avlﬂ
Loboretory Number -
7Avamgﬂ Thickness of core ins. N
W o 92406 [ ]245,0 (1250.5) 270 ]
(B) W in woter o ol 7233 7260 730.4| 7294 L
{C) Volume of sample (A — B} ml 6‘;7_3 quo 5'20,! 5186
(b} ACTUAL (AC)
SPECIFIC GRAVITY 2392 12,399 2,909 12,405 | 2.40]
UNIT WEIGHT {62.4D) ths./ou. i,
[Flosk Ne. _ i _
r,‘,E) Wi, flosk + mix + seivent e 27{515 2176.,61 2446, 80
P W Flask #mix S 1397.0 (406,31 139% 6,
(G) Wi, flask g 7449. 3 74781 77%.5
(H} Wt mix (F-GY g (. 720.]
{9) W1, salvent enly (fosk filled) ] 1640, ] e ll3z27. 6
(K} W1, solvent ehave mix (E~-F) g ]'}25 ‘-f ] “"76'3“,_10 57 .4
i) ¥1t. selv. disp. by mix (J - K} g 36[,7 ] g%.g 275,2_“
{M} Spec, Grov. solvent 25/50C LL}SB O*'?C?Z
(N} Yolume of mix (L/M) mi, 'ZL!'QNO‘ ? Zg'L‘!
(P} THEORETICAL MAXIMUM i ;
SPECIFIC GRAVITY (H/N) 7567 2,527} 2,544
@ i {P - D} JHS
(R AIR VOIDS
IN TOTAL MIX o @/P) 100=% ‘ . 562
(S} Bitumen in mix, by wi. % ' 4.5 1
{T} Spec. Grav. bitumen 257259 C 1.0t5
(U} TOTAL YOIDS FILLED s _
WiTH BITUMEN i 652
VOIDS IN MINERAL 190 R
AGGREGATE U 16.2
Stobility, Ames dial rd'g. 0.0001 in.| Qb | G5 G5 g5
Stability, uncorr, {from charr}
Stab., thick. corr. ratie (from chart)
MARSHALL STABILITY (Corrected) Ibs,
FLOW 0.01 in. |10 o !O 4

Remarks:
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TABLE 24

WORK SHEET FOR EXAMPLE USED IN MICHMIX

FRGJECT KO,

BATE TESTED SAMPLE HOS,

cokTaACTEN

TYPE SANPLE

SPHALT TTC = 3 ,LEV= O,PS= | € .0,56A5 = 1.0 2 5 ,N= 2 4 NT =%,
SG8(1) =(1“;ET;‘L‘;“ 5 _3_:(““-%,:_7_,9_ 2.5 (Fill both blocks when one liguid is used)
X(}.) = _ﬁ_'i’i ._Q_’Ai _i?é _O.L_e- i’.z _Q'_ ¥
MAﬂigf\Li WAIRLE) = WEAT(1) = STAB{1) = FLOW(1) = WE(L) = ¥s{t) = WEH(T) = HEMS{1) =
] [ZHO Gy § 727 .3, %6 ., (0.,  [|Flask ne. - - —_
z 245 -0 } 720 -0 G5 s Q-5 17749 -3, 11690 1>} 13870+ 2718 -4
3 1250 -5 1 T30 -4, g5 ., 6 -5 [Flask Ko, - - —
4 47 0 | 727 .4, 85 ., Y., 7978, 1 A5 b P 14500 3 20 .6,
° 1245 2, 1 71% .0, D1 10., IFtask Ne. — _— —
4 129y 2, | 724 3, g3 .s €., | 7268, [17eq 71 1231 .2, 204 .6, |
7 (290 .0, | 22,0, ., 9 ., [Flask No. - i -
4 139 6 | 723 .7 | %0, R R T I I PR T TS W17
a 1245 b, | 721 .8, %3, 1] ., [Flask No. _— — —
10 1243 .6, | 935 .6, g5 ., Ll Te5 - {166 L | (418 23] 27204 22
H 1239 b, p TRA G, a1 ., 11 .,  |Flask Me. — — _
17 1237 L% | 76T 25 ., s | 9929 | A7 7| 1045 W30 2159 3,
i3 1238 % | 724.7, 4 L 13 .,  [Flask Ho. —-- — —
I 22% .2, | 2.7, 77 43 658 .¢, | 1791 .4, 1 1240 .3, 2712 .8,
15 1232 .6, | 7i2 .5, 77, 17 ., Flask Ne. - — —
b 1238 .5 1 M9 W3, (0. o $28 .0, | 8477 9,0 1229 2,0 7201%.6,
iz 3o L, | e L2, 68, IL ., [Flask No. —_ - —
K 1239 .6, | 720 .04 67, 5., 790 5, | lesd b, | 1378 8,1 2449 3,
1% {220.9, | e .3, 6., 4.,  [Flesk e, —— S _—
0 1230 .8, | 720.2, 69 e, | 415 o | Q77 qafazel by 2026 .7
71 i72.25.6, | “712.3, 54 ., [8., |Flask No. —— —_— . -
11 j226.2, | 3., 52, 20., 872 .8, LIssa Jh s W9 26072 0,
3 1223 .5, e ., 62 ., {7., [Flask No. -— - _—
24 122) 1. | HD -1, 58 ., 20, s .0, | 970 4 | 1229 .4,) 2017 .4,
* 2 ) [ s IFlask No. - —_ ——
2 3. (] *3 3 3 3 sy
3 E] T vy Flzsk No, _ —_— —
L4 2 LS ¥ Fiask No, —— — —
[ s .3 . Flask No. —— [ —_ :
» ] sy .y ) R N R .
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TABLE 25 . ' -
MICHMIX INPUT
IBM . ‘ FORTRAN Cocing Form _ ’ X e
SROTRAM PUNCHING GRAPHIC |- N PAGE OF . . ‘
PROCT AN AR ' _ CaTE ) INSTRUCTIONS PUNCH - T EARE ELECTRO MUMSEET . J
i b g FORTRAN STATEMENT O e
‘134351ﬂ.?=0=I‘-’!JI4_LJ‘~IfﬂaI°‘01zera-aa1 sanuuann\wnwwuq114‘.s=anmnsos|:s]s‘“sA,;ﬂwwo,,ﬂm@.ﬁﬁa,ﬁ“;m,‘,«,3,‘.75,,,-;‘;L:__g_g_
CIEPHANLIT ITlsy Leveo (Ps=1gl JSGAS~iw 2.8, N-zq ATi= 4. saS(l) R R R AR
TR P U D 7 X1 T TN P T ST PPN [EY E I C - M AN NN
Lzaalll1a2leol yhva ¢ vaus), 1‘zljiggfLL;%J£T¢$%7’aguaag%iTLazs;vﬁngﬂiag! i fllli
23805, 12p0.3 hiasd.e 1o2o. 8 H2re. B uhais 6 12282 2y e e g LTl i
wwaT(D) =723 3 26, 1930 472809 728 7293 722 25, 7, A%l g 7o 6l Teq. L il
7_2‘(;.7/.'7‘?}5 717’[%"7}718‘,_5J 7_v'|°i' 317.16 Z-7Z_Q&__)__jl7_’~i ‘3 ‘720j‘, 2_,i7j:2°‘3;7_1;31419 _}7f‘2i ;j : i : n ; |
Tio JH,STAB())=86. 8. sa. g5 T$5A7%347534W80 | e gy PR
L RENRE
el Lo Lo nl, 13.1&@' L2 e e s BNERE
7 7 1 7 7 7 A 7 . X — |
WWFQI}%THQ,&TlaLJgJLQ 2,181 1l 76 ¢ 7?1,31559 7 HERNE
eﬁs.JWS(\)zlaqo.l'qa ,1.!72qn75a71 S <1 S L . !! |
I A R 1 N A | £ . WEmCi)=L331'JrHoqaﬁja339 IQ 1T T |
Lzaol3, 1229, 3,038, a;wreﬁ!é;ivﬁdgqj:zzq LA WFms(1§£zTﬂ5ﬁ?§Z J; HENRRE
208400202904, 2 20 5403 2719, 2013 el w69 930 20 6T 269207, 20 JdENNREREE
RN NN R IR |
AN NN EEENS RN AN N RN RN ENERERN
RN bt s RN IR ERENEERR
L RN S R IR ENEREERE
il e T A T T T T T T T
RERNENE RN DR R EEA R R AN AR RN IR RN NN
SRR N IR R R A FR RN R R R N RN R R NP R T
. T ; T S : BRI HERNRE
i i ; RN : N T T SRR
: | . L R . . ' [ ' . : : . i ] I L I ‘L
1§82 3 4 S|&]?2 & % 10 1512 83 14 15 W07 @19 M 2 S 23024027 YA P T PO 1 Y Lo Jh 1A 27O S9 20 2D 40 At 44 35 48 AL AR AY W WD a3 ) sA 9% 56 57 SHOST Al Al &7 £3 A4 AS b6 &7 4B 4% 70 FY YT LTI G4 7S 74 7Y 7B 7P 8D

AR steumbant cond Fatne, TEA wiadtro WIEYSY, 1n @erbdede bt poan bing afatemeity Dt flus Foo

*1Numbar of forma par pad may vary aHghily



TABLE 26 77

EXAMPLE OF OUTPUT FOR MICHMIX

—[—-T (:—.-'**3-—""”' - L’FV: B & Bttt - S': - ‘i 8. 0 ST T T mme s e sy Do e T e - e
-~ SGAS= 1.025% N=24 NT= 4 SGS{1l= 1.453 0.792

X{1)= 4.5 5.0 5.5 6.0 665 7.0 -
W ATRET = CMWATIE )= STAR (1= FLNMIT = WF ()= WS(EI=  WEM(ll= " "WIMSi1)=

1 1240, 6 723.3 £6e 1. ‘

2 1245.0 726,0 as, 9. T49a3 1690.1 1387.0 2715.4
— .3..._.4 1 125‘.) .——577. - 77.73,(,)7’.4 -— ,,‘,_,,,ﬂ 5,57_.. ,7710 ;,7 SR P —— T e = . -

A 1247.0 T28.4 85, 9. 797.8 965, 1 1400.3 21766

5 124%5.2 T28.0 26. i0. ,
THTTTLZAN YL T T24,F T B, Ry T T26WB TLT29,T 33142 T2 4.0 T

7 1247.0 722.0 83, T

8 1239.6 123.7 n0, G, T8l.1 “972.9 1411.5 2184.2
Q124,10 T TAYL. B T RS, 11 . T - T ””ﬂ“’"’"_‘” T o
10 1243 .06 T30, G 85, 1. 165.0 1663,1 1418,3 2704.2
11 1239.6 © 729.1 91l 11. :
A2 TY2ATL2 0 TUT26L,7 7 T 85 11, T82.9 7 9F¥&.T TUi13£5.3 0 215403 7

13 i238.0 T24 .7 The 13. :

14 122n,2 718, 7 774 13, 650.8 1791 .4 1290.3 2712.8
b 7 Tt I B SR S U A (< S St 0 S [ ot
18 1233, 5 719.3 60, Li. 628.0 977.9 1229.2 2013.6
17 1237.3 716,72 6R. 16 :
A8 T 23406 T T20,0 AT T I5. T TTED.S T L6BB.6 TTTUI338, 4 2649.3
19 122n.4 Tld, 3 63. 14,
20 1230.8 720, 2 £9, 14. $35.2 977.9 1761.6 2036.7
TLOTUUYTERR R TTTTIZ2. 3 T8, 18, o e e e ’
27 1225.? TL2.4 52, 20. 878,68 1553.7 1510.9 2692.17
23 127%.5 11241 62 17,
25T 122141 713,10 5R. Z0. 645.0 O79.4 7 1229.4 "2017.4
POLYNOMTAL CutF. Allg fily o= e s A{NDY

Z.0RGT N0.1126 -0.,0104
DVEGKETE POLYNNOMIAL=" 2 T -
CORKELATION OOFFFICIEMNI=  0.34697
POLYHOMTAL E0LFS Ay Alrs. s ALHDY o A T
1.7146 0.31714 -0, D461 0.0021

NEGRLE POLYMN BATAL= 3

TORRFLATION COFFFINTENT SMOT APPLIGCARLF o Co

CDR S.G. SUSRESSINH PND DECGREE PULVMOMIAL F1TS REST

POS: PLNT NESCRIPTION LENEPATION PEG LG %

DELNSTST ASOHALT CORTINT= 557 7 - . e -
MAX JMHY 5,0.=2.412 '

BLUTLT D IFeSINED AS CUTLTER IN STALILITY TCSTS 1484.
POIRT NETERMINED AS OUTLIFP T STARTLITY TESTS 1064,
POLYNIMIAL CORFs AN Al ga s s A{HDY ’

=949,2375 4G3.3433 -101. 8136
TECGPPE B YT AL = 2 7 o Tt
CORBOLATIO! ONETFICIENT=  0.926480
POCYHOMTIAL COFF AN AL a ey ALTIY TTTOT T mmn o e e e e e
—6367. 1367 3R35.2739 -61%2.0728 29,6422
DEGRLE POLYNOMIAL= 3 )
CORBEUATION COUFF ICLIENT="" 879%245 ° oo T T T e

FOR STARTLITY EBRGRESSTON 20D DIGRER POLYNOMIAL FITS BEST
DRPTIMAL STARTLITY ASPHALT CONTENT= 4.68 ' T
MAXTHUM STALTLITY=1474.

POLYHOHMIAL COEDM . ADsAlssaas ALMND)



https://Yi:J!.lJ

78

TABLE 26 (continued)r
‘page 2

T 405 T R B B
DEGREE PULYNNMIAL= 1
CORRFLATION COEFFICIFNT= 0.97757

POLYHDMIAL COEF. ADs2ljsaoesAlND)
28.903% ~7.4905 0.5568
DEGPEE POLUYNOM AL =27 77 T T T S s e
CORRELAYION CREFFICIENT=  0.55929
POLYHGMIAL TOCE, A0, A, oW o o NIHDY 77770 7o momm— e s e
100,32823 45,9673 7.2988 ° -0.3908
NEGRER POLYNOMIAL= 3
CHRFECATION COEFFICTENT= " 0,962064 ~ 77 7 77 7w s

FOR OALR V3ID REGRESSTION 3RD DEGREE POLYNUMIAL FITS BEST
ASPHALUT CONTENT PROVIDING PANPER ATR ¥VQI0S= S.08 - "~ "7
POLYNOMTAL COEF. ACs AL, o.asA{ND)

4. 8226 44,5390 ~-3.1949
TDEGROE - POLYNIMIAL= 2 e T
CORRELATION COEFFICIRNT=  G.97745

POLYHIRTALC CNEF: A0 AL o wwi ATNDT - o CTThrmmm mmm e
~414.4326 22T %216 ~35,2355% 1.8575

DEGREE POLYNOMIAL= 3

TORRELATION COETEICTENT= 097759 7 —~ - 0 o e

POLYHOMIAL COEF. ADiALsaa. s ALND) :

2T 109G 7 <4, 6807 0 7 0.496T I
DEGREE PULYHOMIAL= 2 ,

CORKELATIUN COEFFICIENT=  0.94977

POLYNOMIAL COCF. AN AL ..o ALND)

103.3255 ~45.4830 o F. 6334 ~0.4165
DEGHEL PULYNOMIAL="3 ’ o -
CORRELATION COFRFFICIENT= 0,95972

FOR-VMA- REGRESSTIUN 3RD DEGREE POLYRAMIAL FITS BEST
POLYROSIAL COEFs A0 ALy oo ALND)
47,9516 ~16.4610 1.7531

BEGREE POLYNNMIAL =2 T e e
CORKELATION CORFFICTENT=  0.95212
POLYHUHMEAL COEF. A0y Aliw ads ATND) T s
3G9 .00467 ~12.0003 0.9690 0.0454
DEGREE POLYNGMIAL= 3
CORRFLATION COCFFIGCIENT=  0.08024 - 00 oo o

FOR FLOW REGRESSION 2ND DEGREE POLYNGMIAL FITS BEST
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TABLE 26 (continued)

page 3
A G DR R T T HET W B T MAY S G AT R T T YMAT T VFAT T TS TARTL ETY T CFLOW
_BY WY S.G. THEOR. vQI1DS DIAL ADJUSTED
4.5 1240.6 -723.,3 2.298 2.562 86, 1488.% (O,
LI ADSD T TGN 20369 TR G2 T T T T8 T gk, 9, T
4.5 1250.5%  730.4 2.404 . B%. 1461. 10.
4,5 1267.0 T28.4 2.405 85, 1466, 9,
RYERAGE— T e R O P2 B AS T S G2 T L6265, T T A GG TG, 60
CREGRESS 4N 2,400 2.5%38 5,72 16.3 64,7 1459, 9ot
5.0 245,72 T2H.0 24408 2.537 . 86. 1488, 10.
i I B B e e - Lo T R i A B e & WA - % N B.
S$.0 1240.,0 T22.0 .2.294 ' 83. 1434, Ga
5,0 1239.6 723.7 2.403 80. 1389, 9.
AV ERAGL T T T 2 LAY T2 513 T AL AT 162 TR T TTTTTTI4360 T 9,07
REGRESSIIN 2,408  2.519 4.17 15%.9 74,0 1472, 9,5
5.8 1245.1 T31.8 2.426 2.517 : _ B3, 1450. 1l.
H5TA2A3.6 TTA0. 6 20G267 2 SR T : T UTTUBR 14860 1147
5.5 1239.6 729.1 '2.428 9l. 1554. 11,
5.5 1237.2 T26.7 2.42% . B85, 1499. Ll. .
BV ERAGE T T 2 0q 2% T2 5007 2,99 TL6LS0 T BLL 3T 1496, LT L0
RFGRESS T4 2,412 2.501 3.33 16.3 T9.6 1434, 10,4
6.0 17238.9 724, ? 2,409  2.487 ) T4a 1290. 13.
THELOTTIZ2RL P T UTIRGST T 241l T Rw Al T T T T T 7. 1358, 13,0
.0 12372.0 71L,5 2.354 T7. 1343. 12,
6.0 123R.5 719.3 2,305 ‘ 60. 1064.% 11a
PVERAGE T T T ST 2 AN T T RVR TS T TS 1.0 B2 .6 T TTTTLA30. T2 L3
REGRESSINY Z.410 2.482 2.92 17.0 82.8 1346, 12.5%
6.5 1230,3 Ti6.2 2,393 2,497 68. 11R6. 6.
SOTETCIZ%406  T20.00 Z.349% 2.44as 0 ool T T R STLEAT. LR,
©abB 1220.8 (1l4.3 2.414u : 63, 1119. 14,
6.% 1230G.8 T20.2 2,410 69. 1214, 14,
AV ERAGE s T T 2 AN T R T2 T2 T T LB 0T B T T LT Y 14 .8
RESRESSINN 2:403 2.463 2.64 17.9 85.2 1206, 15,0
T.0 1225.6 T12.3 2.388 2.470 59, 1061, 18,
=IO TL225 2T 713 .8 2,396 24041870 77 : TN B2 T 94D, 20,
T.0 1223.5 Tl2.1 2.392 ' 6Z. 1088, 17.
7.0 1221.1  719.1  2.390 ) 58, 1049. 20.
AVERAGE 2 FE PVEAGT 2,15 1RL5 BB.4 T UUTTID34. 718087
REGRESSTON 200 2.44% 2,21 18,5 88,1 1015, 18.6
# NDETPRMINED AS CUTL YENG PUINT BY ST(JFJT'S TFS? AND OMITTED
KSPHALT CONTENT AT MAXTIMOM STASILITY T GBI i
ASBHALT CONTENT AT MAXIMUM SPECIFIC GLRAVITY 5.57 ’
ASPHAET CONTENT PROVIDIHG PROPFR AR VﬂIDS 5.08
HEEP TSN ASPHALT "CONTONT  AVERAGE*=0 ~— 7« - = g 1go — s e e
NETIHAUK ASPHALT CONTENT= 5.18 :
BOOPTI MM - ’
CEECIFIC GRAVITY = wm ~mm e g 1 o - B et
STABILITY= " 1465,
AR YOINSs ] 3.80
Vﬂ¢1}5__itﬁm_ﬁmm,m_mmjﬁrwﬁmw,,.WM‘WNMF,MfMWﬂHM“ﬁ_d_mw_
FLW= 9,72 .

voIDs FILLE’) WITH ASHPHALT= 76230
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TABLE 27

COMPILATION OF STANDARD BEAD SIZES USED IN TESTS

Bead Bead Individual Coef. of Deviation
Diameter, mm. Type Bead Volume, cc. of Bead Weight
(Percent)

15 glass 1.77 6.5

6 glass 0.133 4.4

5 glass 0.065 6.5

4 glass 0.034 9.9

3 glass 0.014 11.4
6.35 steel 0.134 0.02

3.70 steel 0.033 0.03

TABLE 28

COMPILATION OF STANDARD CONTAINER DIMENSIONS

Calibrated
Nominal Size Height, cm. Inside Dia., cm. Volume, cc.
250 ml. 7.6 6.4 234.1
600 mil. 9.5 8.4 519.9
1200 ml. 12.0 10.2 996.0
2000 ml. 15.2 12.2 1798
4000 ml. 18.0 15.4 3350

(The following cans are not proposed as standards, but
were used for some tests:)

3 oz. 3.5 5.4 77.9
6 oz, 4.8 7.0 184.8
10 oz. 5.2 7.9 249.5

TABLE 29

ANOVA TABLE FOR POURED VOLUME~CAUGHT VOLUME RATIOS 1.1-1.7

Source of Sum of Mean
Variation DF Sguares Sguare P Ratio T
D 9 g 0.95(6,28)
Between Ratios 6 1.6 0.267

0.664 2.42
Within Ratios 28 11.25 0.402



TABLE 30 81
DESIGN DATA FOR MIX I {MDSH&T) i

form 1801 {Rev. SI?O;
{Ganoral

. STATE OF MICHIGAN ,
Control Seclion
DEPARTMENT OF STATE HIGHWAYS kdentification
General
TESTING AND RESEARCH DIVISION :
TESTING LABORATORY SCCTION Job No.
UNIVERSITY GF MICHIGAN
AN AREOR {.abaralory No. 75B-1167 thru 1190
Date . :
REFORT OF TEST May 30, 1975

Shect 1 of 2 —

Rapart on somplo of_ BLTUMINOUS ACGREGATE MIXTURE (Marshalls)

Date saipled May 22, 1975 Dale recaivod May 27, 1975

Source of motericl __ - : .

Samplod from Laboratory Mixture Quontity Represented 77

Submbilad by_. ¥. Carian, Testing Laboratory Section

fntendod use Surfacing (204} Spacification 4.1, 1973 std Specs

TEST REGUILTES
Marchall Test. Results: .
Laboratory No. 75B~ 1167-1170 13171-1174 1175~1178 1179-1182 1183-1186 1187-1190
Marshall No. _177H180 181-184 185-188 189-152 193-196 197-200
Actual Sp. Gr. 2,389 2,399 2,411 2.412 2.403 2.382
Theoretical Max. Sp. Gr. 2.519 2.506 2.484 2.475 2.461 2.428
Air Yoids, % 5.2 4,3 2.0 2.5 2.4 1.9
Voids Filled with Bitumen, % 67 73 8l | 85 87 90
Voids in Mineral Agp., % 15.6 16.0 .15.9 16.7 17.6 18.2
Stability, 1ib, . 1,090 1,160 1,310 1,200 1,120 B27
Flow, 0.0l inch 9 9 11 13 14 15
Ageregate Proportions, %: -

20A Denge Graded 99,0 —— _— —_— e .

3MF (Flyash) 1.0 —_— - —— — 7 —

FEMARKS :
cet
File
! D.¥. Malott
AP, Chyitz See sheet 2
M. Etelamaki '
F. Cariaﬂ/
R.R, llefnedstey

pub




TABLE 31 ) 82

DESICN DATA FOR MIX I (MDSH2ZT)

Fore: 1801 (Rev. 5{70%

STATE OF MICHIGAN Conlrol Soction onelm
DEPARTMENT OF STATE HIGHWAYS Idonlikcation :
General
TESTING AND RESEARCH DIVISION
TESTING LABORATORY SECTION [ dob e,
UNIVERSITY OF MICHIGAN —
ANN ARBOR Laboralory No. 75B-1167 thru 1190
REPORT OF TEST ' Doto Mav 30, 1975
Sheef 2 of 2
 Report on somplo of BITUMINOUS AGGREGATY MIXTURE (Marshalls)
Date samplod : Date received
Sourco of malorial i ;
Semplad from Cuantity Represenied
Svbmitied by
‘Infend'eci use Spacification
TESY REBULTS
“Aggregate Gradation: Calculated
Cumulative Percent Passing
3/4-inch 100 —— - — S -
1/2-inch : 89,6 —-- - T e e -
3/8-inch 78.2 - —— - —— —
No. 4 ) 58.2 -— - —-— —_— -
Ho. 8 47.6 - —- - - -
No. 16 ' 41.0 o Do —— - -
Ko. 30 35.8 s - - . e —
No. 50 . ' 17.0 - _— - - -
¥o. 100 7.4 - - - - -—
No. 200 . 5.7 - - - - ——
Mixture Proportions, % : . .
20A-Retained #8 56.01 C49.75 49,49 49.23 £8.96 48.71
20A-Tassing #8 44,53 44,31 44,07 43,83 43,60 £3.36
3MF (Flyash) .96 0.94 0.94 . 0.94 0.94 0.93
" Bitumen ‘ 4.5, 5.0 5.5 6.0 . 6.5 7.0
Caleculated Max. Theor. Sp.Gr. 2.550 2.530 2.511 2.491 2.473 2,454
Air Voids, % 6.3 . 5.2 4.0 3.2 2.8 2.9
Voids Filled with Bitumen, % 62 69 76 82 84 85
Voids in Mineral Agg, % 16.8 16.9 16.9 17.3 18.1 19.2
Materials s Source App.Sp.Gr. Bulk Sp.Gr. Absorption,%
' 20A-Ret. {14 Lake Constr. Co., Pit #16-69  2.7742 2.6248 2.0518
20A~Pass {4 Lake Congty. Co., Pit #16-69 2.,7132 2.63 1.25
3MF (Flyash) Consumers, Essexville 2.450
85/100 Asp, Trumbull, Detrolt . 1.025
REMARKS : Mix Design, # )
. P8~ 47.0
beslgned for Project No. Mb 10081 / 075444, P200~ | 6.0

Py Bitumen-4.5 thru 7.0

pmb




Cumulative
% Passing

=]

3/4-inch
1/2-inch
3/8B-inch
No. 4
No. 8
No. 16
No. 30
No. 50
No. 100
No. 200

TABLE 32

AGGREGATE BLENDS IN COMPARISON MIXES

83

Mix
T IT 11T TV v Vi vII
100 100
89.6 97.5 100 100 100 100 100
78.2  82.0 99 99 99 99 99
58.2  65.3 63 67 71 75 77
47.6 52,0 46 51 55 60 63
41,0 40.3 31 35 39 42 44
35.8  27.7 21 23 24 27 28
17.0 15.4 12.3 13,1 13 14.6 14.1
7.4 8.0 8.6 8.8 8.9 9.1 8.2
5.7 5.8 6.8 6.8 6.9 6.9 6.0
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TABLE 33

COMPARISON OF CALCULATED QPTIMUM WITH MDSH&T
MARSHALL OPTIMUM

MDSH&T ,
Comparison Marshall Design Table Design Table
Mix Optimum Prediction - Control

I 5.5% 5.5% Min. packing VMA
IT 5.5% 5.5% Min. packing VMA

I1T 5.7% 5.6-5.8% 4% air voids
' (Min. packing VMA)
v 5.6% 5.6% Min. packing VMA

Y 6.0% 5.9-6.0% 4% air voids
(Min. packing VMA)

VI 6.0% 5.9-6,0% 4% air voids

VIT 6.3% 6.5% Min. packing VMA
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Figure 1. Work flow diagram for conenpiate vigcometer tests
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VISCOSITY, POISES
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® 75 B-IT (80-70)
X 75 B-18 {85—I00)
@ 75 B-19 (120-150)
+ 75 B~20 {200~ 250)
e ORIGINAL

e AGED

| ]

100

Filigure 2.

150 200
TEMPERATURE, DEGREES FAHRENHEIT

Viscosity-temperature curves of original and aged
asphalts, L grades, source A-'75.
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X 75 B-7 (85-100)

® 75 B-8 (120-150)
NN + 75 B-9 (200~ 250)

ORIGINAL
o == AGED

| l 1 |

G0 150 200 250
TEMPERATURE, DEGREES FAHRENHEIT

Figure 3. Viscosity-temperature curves of original and asged
asphalts, b grades, source J-'75.



VISCOSITY, POISES
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¥ 75 B-1 (85-100)
@ 75 B-2 (120-180)
+ 75 B-3 (200-250)
ORIGINAL

== AGED

{00 150 200 250
TEMPERATURE, DEGREES FARRENHEIT

figure k. Viscosity-temperature curves of original and aged
asphalts, L grades, source N-'75.



VISCOSITY, POISES

90

® 39 748B-26 (60-70)
x 40 748-27 (85-i00)
B 41 748-28 (120-150)

¢ N + 42 748-29 (200-250)
e ORIGINAL
e~ AGED (ESTIMATED)
02—
10—

| | |
100 150 200 250

TEMPERATURE, DEGREES FAHRENHEIT

Figure 5. Viscosity-temperature curves of coriginal and aged
asphalts, 4 grades, source E-"74.



VISCOSITY, POISES

'S

A

9l

@ |7 74B-1 (80~70)
X 18 74B-2 (85-100)
B (9 74B-3 (120-150)
+ 20 74 B-4 (200-250)
e ORIGINAL

emem AGED (ESTIMATED)

| | |

100 150 200 250
TEMPERATURE, DEGREES FAHRENHEIT

Figure 6. Vigeoslty-temperature curves of original and aged
asphalts, UL grades, source G-'7h,
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@ 28 74B-12 {80-70)
X 29 74B-|3 (85-100)
B 30 748-14 (120-150)
o + 3 74B-15{(200-250)
§ ORIGINAL
= N, = = AGED {ESTIMATED)
.
-
-
=
L
[
@B
> 0%
ol ==

I |
100 150 200

TEMPERATURE, DEGREES FAHRENHEIT

Figure 7. Viscosity-temperature curves of original and aged
asphalts, L grades, source I-"7k.




VISCOSITY AT 60 C (POISES)
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MICHIGAN DEPARTMENT OF 9
TRANSPORTATION LIBRARY
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VISCOSITY AT 135 C (POISES)

Figure 8. Viscosity at 60 C vs. viscosity
at 135 ¢ for A-'Y5 asphalt.



VISCOSITY AT 25 C (POISES)
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VISCOSITY AT 135 C (POISES)

Figure 3. Viscosity at 25 C vs. viscosity
at 135 ¢ for A-'7% asphalt.
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PENETRATION AT 25 C
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VISCOSITY AT 135 € (POISES)

Flgure 10. Penetration at 25 C vs. viscosity
gt 135 C for A-'75 asphalt.



VISCOSITY AT 60 C (POISES)
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VISCOSITY AT 135 C (POISES)
Figure 11. Viscosity at 60 C vs. viscosity
at 135 ¢ for I-'7h asphalt.
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VISCOSITY AT 25 C {POISES]
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VISCOSITY AT 135 C {POISES)

Figure 12, Viscosity at 25 ¢ ve. viscosity
at 135 C for I-'7h asphalt.
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VISCOSITY AT [35C {POISES)

Figure 15. Penetration at 25 C vs. viscosity
at 135 C for I-'7L asphalb,



VISCOSITY AT 25 ¢ {POISES)
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Figure 1lh. Viscosity vs. ?enetration at 25 (¢

for aged asphalts.



VISCOSITY AT 25 C {POISES)
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Penetration  Viscosity Viscosity Viscosity
@25 C @25 ¢ @60 C @135 ¢
{Kilopoises) {Poises) {Centipoises)
38000 ~ 750
24
- 36000 2500 90% Decrease 4 - 740
~730—
25M_34OOO 12000 720
32000 ~ {500 ~ 710
26— — 11000 =700
306@0 -8590
o7 -28000 10500 680
—10000 - 670
-26000 0
28~ - 9500 - 560
~ 24000 —650
5g— —9000 ~640
— 22000 - -630
3,y 8500 Ipes
20000 L8000 10 % Decrease 510
3 i
600
— 32018000 %L - 7500 % =530
- 7000 - 580
33 =570
— 16000 0% Decreose
34— — 6500 b ~ 360
- 550
45— ~2400 ~ 380
-3860 -2300 -370
so-£ 353
= 3000 — 2000 - 350
552800 — 1900 340
- 2600 - 1800 330
8052400 _FI0 oo
— 2200 ~- 1600 - 320
65~ 2000 ~ 1500 - 310
——0-—-1800 ~-1400 200
75— 1600 — 1300 - 290
80— 1400 —t 200 — 280
8o : =~ 1100 - 270
Figure 16. Viscosibty grading chart for 1800-2500

kilepoises asphalt at 25 C, source A-'75.
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Viscosity Viscosity Viscosity

ngg GSOH @25 C gggeg ((fn;t?psoiges)
{Kilopoises) 90% Decreas
P t V8000 - S lolo—
—~ 34000 - 17500 , -~ {000
237 17000 | - 290
L 32000 : — 980
-~ 16500 — 970
26 — 980
- 30000 16000 . 950
| = 153500 - 940
»7t~ 28000 - 15000 — 930
| - 520
000 - 14500 - 910
. - 14000 ~ 900
L. 890
- 24000 - 13500 - 880
29 - B
| 13000 - 860
22000 - 1 2500 — 830
30 - 840
- 12000 — 830
%y |~ 20000 11500 0% Decrease |~ 220
- 810
- s 11000 2 ~ 800
32 | BOOO — 790—
— 10500 - 780
33~ — 10000 0% Decreose : :;g
— 16000 - 750
2800 _ ~ 530
555700 2500 L. 520
~2600 - 2400 | _ 510
290 C2300
602400 | - 500
2300 2200 - 490
210
a5 2100 2100 . 470
. —2000 - 2000 — 460
— 1900 L 1900 . 450
e 70—~ 1800 =440~
— | 700 - 1800 L. 430
75-— 1600 R I700 — 420
1500 — 410
- 1500 |
80— 1400 - 400
—~ 1500 L. 390

Figure 7. Viscosity grading chart for 1800-2300
kilopoises asphalt at 25 C, source J-'75.
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. Viscosity vKiscosiﬁy Viscosity
Peneiration @25 ¢ @60 C ' @135 ¢
@25 ¢ {Kilopoises) {Poises) ' {Centipoises)
. ~ 1080

©36000 5 [714000 909 pecreasey 1070

: - 1060 —-

34000 ~ 13500 - 1080
25+ - 1040

" - 1 030

- 32000 13000 1020

1010

26— 2500
- 30000 - 1000
L 590
: ~ 12000 , L 980
Z?MuQSOOO L. Q70
- 11500 - 960

- 26000 :ggg
28— - 11000 | 530

. 920

24000 10500 (oo
29 - 900

- 22000 - 10000 -gzg
. 9500 8o

20000 “ggg
31— 0% Decrease - 840

- 9000 830
— - 32-1 18000 s % 820
—8500 0% Decrease :2('33
— 3600 ~ 3400
- 460

3400 ~ 3200 o
50— 3200 450

2000 - 3000 L 440

2200 - 2800 a0
55 i .

- 2400 —~ 2600 b 4] ()
60--2200 - 2400 “ggg
65-—2000 — 2200 - 380

- 2000
fO—1- 1600 - 360
75 1400 1800 -0

Figure 18. Viscosity grading chart for 1800-2500
kilopoises asgphalt at 25 €, source N-'75.



) Viscosity Viscosity Viscosity
Penetration o8 ¢ @50 C @135 C
@25 C  (Kliopoises) (Poises) (Centipoises)
saf” 38000 — 790
- o — 780
36000 - 10000 290% Decrease %
— — 770 —
_— 34000
= 32000 - T30
261 30000 - 9000 - 740
- 7 30
27~ 28000 - 8500 - 720
— 26000 — 710
28~ L 8000 — 700
gt 24000 690
2 22000 L 7500 680
B0~ 0% Decrease — 670
3l"m20000 argvisle] — 660
— 650
e B - B500 ? — 620
— 630
33— — 620
35| 0% Decrease _ e00
— 5500 590
553400 - 2300 410
—-2200 - 2200 —400
3000 ~ 2100 = 390
602800 - 2000 — 380
L — 360
2200 - 1700
?O““_ZOOQ | "“‘350
1600 | 220
go-{~ 1600 - 1400 [ 2°0
L 1400 - 520
Figure 19. Viscosity greding chart for 1800-2500

kilopoises asphalt at 25 C, source E-'Tk,
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) Viscosity Viscosity Viscosity
Penetration @ 25 ¢ @60 C @135 C
@25 ¢ (Kitopoises) % (Poises) 90% Decrease % (Centipoises)
‘ IO —
o5 _~34000 — 18000 = {100
= 1090
- 17300
- 32000 , — 1080
-~ 17000 - 1070
26— - 1060
~30000 - 16500 - 1050
28000 — 16000 — 1040
—_ i - 1030
15500 1020
L 56000 — 15000 - 1010
o8] - {000
— 14500 L 990
- 24000 | 14000 - 980
29.] — 970
~ 13500 — S60
= 22000 — 950
()= - 13000 L 940
— 930
5, |~20000 ~ 12500 0%, pecrease | 900
~ 19000 - 12000 — 910
an & — 900
=5 18000 =TT 500 =850
- 1 7000 — 880
33~ - 11000 . L 870
18000 : 0% Decreose L 860
34 ] = 10500 . 850
— 530
- 3700
33—+3200 3600 — 540
- 3000 ~— 3500 — 330
- 2800 C 3380 - 520
2400 &_gégg Bt
B - — 490
65— - 2900 ey
2200 5300 480
- —— = 2700 — 470
7O“L§ggg — 26007 T T e e = 460
e S £ 1010) 200 450
7541700 — 2400 — 440
- 1600 - 2300 L 430
an_ 1500 - 2200 - 420

Figure 20. Viscosity grading chart for 1800-2500
kilopoises asphelt at 25 C, source G-'Th.
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. Viscosity Viscosity Viscosity
Pgezﬁéa?éon @25 ¢ @60 ¢ @135 ¢
(Kilopoises) % {Poises) 90% Decrease % (Cen‘ig)f)gei)n
34000 — 17500 ~ 1200
25— - 17000 -1 190
— 1180
32000 — 16300 | 1 70
. 16000 — 1160
- 15500 - 11 40
— | 130
|~ 28000 - 15000 — 1120
- 14500 e
L 26000
| - 14000 — 1090
28+ — | O8O0
- 13500 | 070
— 24000 L1060
25 - 13000 1050
1040
- 22000 - {2500 - 1030
30 1020
— 12000 - 1010
_ 1000
3] - 20000 = 11500 0% D o 990
_ 19000 o Uetreos _ 980
' = 1000 : 970
""-"_3‘2:-'“" 38000 % - % — 960
— 10500 0% Decrease - L. 950
X | 7000 . 940
55-m=3000___ 13200 ~- 560
L 2800 TE300— - 550
- 3000 T ——e 540
60—~ 2600 — 2900 L 530
- 2400 — 28007 520,
 }-2700 L 510
+ 2000 ~ 2400 — 490
70 1900 - 2300 - 480
———i= 1800l 2200 =470
— | 700 L. 2100 — 460
75—
200 - 2000 oo
B ~ 1900 B
80“—-1400 - 430

Figure 21l. Viscosity grading chart for 1800-2500
kilopoises asphalt at 25 C, source I-'7k.
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_ Viscosity Viscosity | Viscosity
Penetration (525 ¢ @60 C @135 ¢
@25 C (Kilopoises) % {Poises) 90% Decrease % {Centipoises)
7= 38000 - 750
~ 36000 - 12500 - re0
— 34000 - 750
25+ — 12000 - 720
— 32000 —~ i 1500 -~ 710
26-1 30000 - 11000 - ggg
28000 — 10500 _ 680
27
- 10000 50% Decrease - 6§70
= 26000 - 660
28+ -~ 9500
———t= 24000 7 : 1 - 630
26— — 9000 | ~ 640
- 22000 | — 630
s0- 3500 - 620
_+ 20000 — 8000 ~ 610
5] ‘ - 600
e
32-L 18000 7500 - 590
, : i -~ 580
33 7000 Pt
-~ 16000
34 L 6500 — 560
351 - 550
a6l 14000 8000 - 540
- 530
;;:_ 12000 — 95500 10% Decreqse : "" 520
— 510
39+ R - S000 R — 500
40- - 490
——22L 10000
- — 4900 ey pecrease - 480
652200 - 1600 320
- 2000 - 1500 — 310"
70~ 1800 - 1400 - 300
751 gggo - 1300 L. 290
—— B0 | = 1200 280
SSW:é ~ 1100 - 270
ggjjio o‘“ TR0 T T T T T T T - 260
e OO - 90% 900 _ 280
| { O~ 800 - 800 — 240
f20—~— 700 n - 230
130" 600 700 220
— 600 b 21 0)

Figure 22, Viscosity grading chart for 200-1h400
kilopoises asphalt at 25 C, source A-'75,
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Viscosity Viscosity ~ Viscosity

Penetration @25 C @60 C @ 135 ¢
@25 ¢ (Kilopoises) { Poises) {Centipoises}
& 90% Decrease % ~ 1060
—34 " 38000 = T9000 =100
- 36000 18000 ~ 1020
o5~ 34000 - 1000
_ 32000 [ 7000 - 980
261- 30000 - 16000 - 960
- 940
27-{" 28000 - 15000 50% pecrease L 920
og.|~ 26000 4 14000 3 - 900 -
e = 24000 — 880
29 - 13000 - 860
. 22000
30 - 12000 ~ 840
- 11000 — 800
S I0000 [ 789
33— - - 760
34~ 16000 - 9500 | - 740
357 14000 ~ 9000 - 720
37 - gggg 10% Decrease — 700
ag_t 12000 - 660
39 ¢ [ 7588 ? a0
——403 15000 ~ 640
41 — 8500 0% Decrease — 620
~- 430
25—~ 1600 — 1700 - 420
B - 410
1500 - 1600 e
B0~ 1400 —
L. 1500 - 390
- 1300
85- ~ 380
- 1200 — 1400 - 370
9571 1000 - 290
~ (200 — 340
100
e Q00 330
L 800 u
110 L 1000 310
_ 700 - 300

Figure 23. Viscosity grading chart for 900-1400
kilopoises asphalt at 25 C, source J-'75.



, Viscosity Viscosity Viscosity
Penei‘immn @25 ¢ @60 C @L;SS'C
@25 C  (Kilopoises) (Poises) oo bocrease s (Cejﬁlrg?guées)
I N
.38000 1080
— 36000 — 14000 _ 1060
o5~ 34000 L 1040
- 32000 — 13000 ~ 1020
26”;30@00 - 000
. — 12000 50% Decreose — 980
2% 28000 o0
g~ 26000 - 11000 $ - 940
s b 24000 —-920
291 _ — 900
30m“ 2200@ - IQGOO . 880
3| - 20000 — 9300 - 823
- 5000 - 220
ig—«»—- 18000 8500 - 820
- 16000 - 000 - 780
b - 7500 - 760
§Z:mE4®GQ L 740
37~ - 00 e, Decrease - 720
a5 I~ 12000 8500 —  TO0
39— - 680
___mfgl:,.;gcxyg —~_ 6000 % L GAD
41 0% Decrease - 640
851800 - 2100 B
— | 700 — 2000
751300 = 1800 =220
1300 - 1700 - 340)
80200 — 1600 - 330
85-1 1100 — 1500 — 320
g0- 1000 - 1400 310
T 9200 1300 =300
=800 = ——1=T9050D = TR 290
|00 20
- = 1100 =
1O 700 — 270
Figure 2L. Viscosity grading chart for $00-1L00

kilopoises asphalt at 25 ¢, source N-'75.
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Viscosity Viscosity " Viscosity

Penelration @ o8 @60 c @ 135 €
@25 ¢ tKiiGQ@iS@S} % {Poises) 90% Decreqase ? (CentiQOiSQS)
——5z 38000 790

o4 — 780
25—~ 8 — 760

L 32000 9500 | 750
267 20000 ~ 9000 — 740
— 730
27~ 28000 ~ 8500 50% Decrease — 720
- 26000 — 710
28— 4 8000 4 700
———= 24000 .Y
es L 7500 - 680
3 _ — 650
— 19000
32 18000 — 6500 — 640
17000 — 630
33 — 620
— 16000 - 6000
34~ - 610
- 15000 _ &00
397 14000 — 5500 L. 590
iﬁ“m 13000 L 580
— 12000 ~ 5000 10% Decrease —~ 3570
38— — 560
39— | | 000 $ s ' L 550
___%L?;, 10000- = 4500 = 540
0% Decrease - B30
70— 2000 1600 350
80~ - 1400 -
320
g5= 1400————— 1300 —

90 H=-{ 300 — 1200 L 300
= 1100 - 1100 ._
100 1000 ggg

— 2 900 =000, =
F10~-— 800 - 900 — 270
- 700 — 260
120+ - 800 — 250
130~ 600 . 240

Figure 25, Viscosity grading chart for 900-1L00
kilopoises asphalt at 25 C, source E-'7k,
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Viscosity Viscosity Viscosity

Pg?afg’fg" @25 C @60 ¢ @ 135 ¢
{Kilopoises) {Poises) e {Centipoises)
7/
=~ 38000 t 5050 90% Decrease ¢ = 1 140—
— 36000 — | 120
25 _f~ 34000 - 18000 - 1100
- 32000 — 1080
261 30000 17000 . — 1060
»7_F 28000 - 16000 50% Decrease - :ggg
- - 15000 B
og. |~ 26000 % % 1000
me§§:_24000 -9 TeL8) O80T
- 22000 — 960
B0 = 13000 — 940
31 230080 20 - 920
— 19000 — |
32—+ 18000 00 — 900
33 17000 - 11000 — 880
sl 12988 o
' I | — 840
35 13000 10000 [ a0
381 13000
371 15000 — 9000 |0% Decrease — 800
38— 000 - 780
39=r 11 - 760
— 8000
297 10000 1 t =740
0% Decreose — 720
— 1800 — 450
75 1700 ~2400 - 440
— 1600 2300 — 430
go-|~ 1900 2200 - 420
e 1 400 =2 100 e
g5 1300 - 2000
- 1900 — 400
— 1200 _ L
90 - 1800 -390
— 1100 1700 — 380
9§—mEOOO 1600 - 370
mloo—msaoomww_mwwoo_h___ 360-
800 — e —— 4 350
| 10— — 1400 . 340
— 700 — 1300 — 330

— 320

Flgure 26. Viscosity grading chart for 900-1L400
kilopoises asphalt at 25 ¢, source G-'T7h.



. Viscosiiy Viscosity Viscosity
Penetration @ o5 ¢ @ 60 C @135 ¢
@a5 ¢ {Kilopoises) { Poises) {Centipoises)
% 19000 90% Decrease % ~ 1260
“ff?”“BgchG L | 240
~— 36000 - 18000 - 1220
2534000 _ 17000 - 1200
. — | 1 80
32000 1160
. - 16000 B
257 30000 L 1140
o7~ 28000 — 15000 50% Decreose 1120
' = | |00
g~ 26000 4 [ 14000 s - 1080
—| 24000 - 1060—
e C 13000
— 040
— 22000
3y .~ 20000 — 1000
- 11000 - 980
32—~ 18000 - 960
33— = — 240
34+ - 9500 i
5] 900
297~ 14000 - 9000 — 880
36— - 8500 ) _ 860
3?‘:_ 12000 . 8000 1 0% Decreose 840
gg - 7500 — 820
B - 800
m_ﬁﬁﬂim4Ogoowmmfl__ﬁL?OOO ? —etie)
0% Decrease
- 1800 — 2200 ~ 470
— {700 2100 — 460
— 1500 | 1900 ~ 440
801 1400 430 ——
~ 1800 420
g5~ 1900 - 1700 D
— 1200 — 410
- {600 -
90-L 1100 400
~ - 1500 - 390
93—+ 1000 _ 1400 380
o & —TFT00 350
— 340

Figure 27.

Viscosity grading chart for 900-1400
kilopoisges asphalt at 25 C, source I-'T7h.
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) Viscosity Viscosity - Viscosity
Penetrohion @ o8 © @60 C @ 135 '
@a5 ¢ {Kilopoises) { Poises) {Centipoises)

24— 4 90% Decrease & —= 750
— =1 2000 720

- 710

C 53000 o0

- 9000 :228

— 8500

- 8000 - 610

- 7500 -~ 590

= 7000 50% Decrease L 570

¢ L so00 4 30

~ 5500 510

— 3000

4500 - 490

- 470

- 4000 450

. 3500 | 0% Decrease 430

4 |-3000 & - 410

2500 -390

~ o - 370

0% Decrease L 350

— 270

- 260

- 250

— 240

- 230

- 220

~ 210

- 200

n - 190

ig - 300 - 400 - | 80
2'1 a . — |70

Flgure 28. Viscosity grading chart for L00-650
kilopcises asphalt at 25 ¢, source A-'T5.



Viscosity Viscosity Viscosity
Penetration (@) 25 ¢ @ 80 C (@135 ¢
@ 25 C {Kilopoises) { Poises) (Centipoises )

% 90% Decrease ? 1020
18000 inOO
—34000 -
~ 32000 17000 — 980
26-1-30000 — 1 6000 - gig
g~ 28000 L 14000 - 900
— — 880
4022000 | 2000 | 520
5|1~ 20000 - .ggg
- [ 1000 '5
33 — 10000 L 760
- 18000
34+ — 9300 540, pecrease — 740
357 14000 - 2000 — 720
36+ % ~ 8500 f = 700
37 — 8000 — &80
%g: 12000 — 7500 — G60
40 — 70G0 L. 640
|7 10000 . 6500 L. 620
421 9000 L 5000 - 600
447 8000 - 5500 — 580
4 = 560

- 7000 -

48] 9000 her Decrease — 540

= 000 - 4500 — 520

387 00014000 t e

gf‘éi - 3500 0% Decrease | 460

~ 300 — 330

- ggg - 1100 _ 250

MO 558 1000 -33(133
700 950 B

1207 650 900 = 290

— 550 — T == 00— = 270

140-1- 500 - 750 — 260

1501 450 - 700 - gig

— 160 400 = 28% o5

:;?;" 350 - 550 — 220

- =210

190 300 — 500 L 200

Figure 29. Viscosity grading chart for 400-650
kilopoises asphalt at 25 C, source J-'75,
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kilopoises asphalt at 25 C, source N-'75.

Viscosity Viscosity y@iscosify
. @25 ¢ @60 ¢ 135 C
P%ggngm {Kilopoises) {Poises) {Centipoises)
~ 1080
36000 % 14000 90% Decrease ? L nen
o8 34000 L 1040
- 32000 — 13000 - 1020
26430000 - 1000
o7 28000 - 12000 — 980
- 960
- 24000 - 920
29— | - 900
a0 22000 — 10000 8380
3| 20000 - 3300 - 860
2 — 9000 — 840
-1 18000 B — 820
. 8500 | 500
34t 16000 — 8000 L. 780
= (=]
35 L 7500 S50% Decrease L 760
57 = 7000 720
38~ 12000 - 6500 - 700
39— L 680
40-_ 10000 — 6000 - 660
421 5000 ~ 5500 i 2;8
44-L. 8000 — 5000 - 800
46— - 580
e 7000 — 4500 10% Decrease L 560
50~ 6000 4000 i
=5 f ¢ - 520
34+~ 9000 3500 - 5007
0% Decrease 480
90~ ~ 310
g5 900 - 1300 - 300
100 —— 800 - 1200 — 290
{10700 ~ 1100 — 280
120 1= 830 - 900 260
130~ - 850— —— —— — — e e ™ 230
— 450 - 800 - 240
—— 140400 =750
50~} 350 - 290 [0
: L 650 - 220
1601300 - GO0
170 - 210
8O-+~ 290 - 550 - 200
Figure 30. Viscosity grading chart for L400-650
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. Viscosity Viscosity  Viscosity
p@“@ggsﬂgﬁ @25 C @ 60 C @ 135 C
Q® { Kilopoizes) {Poises) { Centipoises)

o L 10500 o - 800
24:3“:3000 % 0000 90% Decrease % -_?80
: — 9500 - 760
26136 - 9000 - 740
— 28 - 8500 720
28~ 28000 - 8000 - 700
L. 22000 — 7500 - 680

30

- 20000 - 7000 - 660
52-1- 18000 — 6300 509, pecrease i ggg
34_ 16000 - 6000 620

. 14000 - B
35~ 14000 4 5500 T 580
3G 12000 — 5000 L 560
40-- 10000 - 4500 - 540
== 9000 B - 520
44-L 2000 4000 oo

p— [

48-{ ;ggg — 3500 | 0% Decreose ngg
——327 5000 f 3000 T 440
9621 4000 - 2500 0% Decrease EQZO
: 400

/001000 - 1050 200

oot EO

| 10~ 800 C 230 - 270

- 700 — 850 - 260
__JZOM_ _ 800 =250

e I -1, _J @40

1407 228 T 1650 - 230

1901, 460 = 600 220

: ?O“’“‘_ 350 — 550 : = 210

| 66 300 - 500 - 200

190~ 250 - 450 - 190

Figure 31. Viscosity grading chart for LO0-650
kilopoises asphalt at 25 C, source E-'7l,



_ Viscosity Viscosity . Viscosity
Penetration 285 @60 C @ 135 C
@25 C  {Kilopoises) (Poises) {Centipoises)
— 36000 90% Decrease % ~ 1120
25 - 34000 — 18000 - 1100
— 32000 | - 1080
- | 7000
26-1- 30000 - 1060
274 28000 ~ 18000 - *]gzg
28" 26000 - 15000 _ 1000
_I- 24000 14000 - 980
&9 22000 — 960
30+ 0000 - 13000 _ 540
3 4 —- 920
32 12398 - 12000 - 900
3z~ 17000 = 1000 - 880
34~ 16000 . - 860
26 14000 % - 820
~—=7q 3000 5000 =800
3g-{— 12000 780
39— OO0 _ 760
20- - 8000
“1- 10000 - 740
- ~ 720
42— 9000 2000 -
. 700
447~ 8000 - 680
46— 7000 3 ' : — 660
48 6900 i 0% Decreagse .. 840
50~ 6000 - 520
52 — 5000 4 - 600
54~ 5000 0% Dec ~ 580
o reqse
100——900 ~ 360
11 0-F 728 - 1400 — 340
- 700 — 1300 — 330
1201 eoq - 1200 =320
L 550 8 — 310
w0fB e
| 40— 450 et - 290
S YeTe) — 280
1SO0=—400 —
350 270
160 | — 800 - 260
70— 300 — 250
180 — 700 — 240
Figure %2. Viscosity grading chart for L00-650

kilopoises asphalt at 25 C, source G-'74.
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) Viscbsi?y Viscosily Viscosity
Penetrahion @ 25 ¢ @GO c @ 135 ¢
@25 € (Kilopoises) 4 (Poises) gpe, pecregse » (Centipoises)

e 21O~

25-34000 —~ 17000 ' - 1190

“’"32000 e 1 I?O
- 15000 B
26=- 30000 1150
28000 -~ 15000 - 1130
27— 280 — 1110
2g-~ 26000 . 14000 ' 1090
5 . — 1070
ag 24000 - 13000 ~ 1050
— 22000 — 1030
30+ - 12000 1010
_ 20000
3 - 990
[~ 19000 - 11000

32—~ 18000 ~ zz%

23+ | 7000 | B

34~ 16000 10000 — 930

- 15000 ~ 9500 509 Decrease — 910
- 9000 L. 890
L8500 1 — 870
L. 850
-~ 8000
800 — 830
- 7500 . B0
. 7000 — 790
- 6500 - 770
750
. 6000 730
L. 5500 - 710
10% Decrease -~ 690
- 5000 - - 870
4500 — 650
% i ‘% f 530}
.- 4000 0% Decrease - 610
» ~ 370
1300 [ 360
- 1200 L =50
- 1100 — 340
1000 550
- - 320
130~ 550 C 339 - 310
SO0 —— —— —t=—gsn " T L 300
140-1 450 -~ 800 — 290
—150-+ 400 - ;gg _ - 280—
- 350 - 270
160 L. 550
- 260
180 — 550 - 249

Figure 33. Viscosity grading chart for EOO—650
kilopoises asphalt at 25 C, source I-'7hk,
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Viscosity Viscosity Viscosity
Penetration @a25 ¢ (@e0 C (@135 C
g 750
o %%%%% - 12000 B f;?g
— 32000 . —
i oo
28~ 26000 C 5200 | :ggg
_ 24000 P
30~ 22000 C 8900 —630
I 20000 — 8000 - & 10
32— 18000 - ?ggg ~ 590
-i. B =570
36 14000 = 8000 B
g - 5500 530
12000 L8510
38
40 10000 oo — 480
B — 4500
= 2000 50% Decrease — 470
441 8000 ~ 4000 — 450
~+ 7000 3500 430
4871 5000 1 05 f 410
%21 5000 - 390
56—~ 4888 — 2500 370
60 i - 350
ggg_ gggg 2000 10% Decrease 330y
722 2500 L 1500 —310
e { Bt 2000 ? , ? : 290 —
80 0% Decrease Lavo
1 40— — 210
- 393 -550 L 200
160-F 400 - 500  To0
180 229 450
2001 300 400 %0
200=- 250 ey - 170
p4Q-y-200 =300 160
2601 50 250 — 150
500 7 00 - 140
320 - 100 — 130

Figure 34. Viscosity grading chart for 150-250
kilopoiseg asphalt at 25 C, source A-'75.
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Viscosity

Viscosity Viscosity
Penetration @) 25 C @60 C @135 ¢C
25 C X ilopoi Poises Centipoises)
@ {Kilopoises) (Poises] o Lecrease 4 (Cen ipolss
— 24 -=38000 19000 1020
34000 — 18000
— 17000 - 980
261 30000 i E%ggg - 940
2826000 14000 - 900
— 13000 — 860
20-~22000 L 12000 | o0
— 20000
32+ OO0 — 11000 -
1800 - 780
34 16000 10000 240
35~ 14000 — 9000 200
38+ 12000 8000 650
4010000 ~ 7000 509, pecrease 620
-1~ 8000 - 6000 - 580
mmmﬁﬁi_gooo % ~ 5000 % — 540
52— 5000 — 4000 — 500
60— = 3000 |Q% Decrease - 420
68:“3000 _ 380
——162 2000 t L2000 I =340
84 - 0% Decrease — 300
- 1000 1000 L 260
— 230
1701 — 600
180 ~>° ~ 550 220
190300 —~ 210
— 300 - 500
0 e~ 450 —_— —— N -1
220 L 400 - 180
240—~ 200 170
260 - 330 L 160
—280=150 300 - 150
00— .
-1 00 - 130
Figure 35. Viscosity grading chart for 150-25C

kilopoises asphalt at 25 C, source J-'75.
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Viscosity Viscosity Viscosity

Penetyation @25 C @60 C @135 C
@25 ¢ (Kilopoises) % (Poises)  gnoy, Decr@ase% {Centipoises)
24— 38000 14000 | OO wmer
_ 34000 ~ 1060
- 30000 - 12000 - 980
281~ 26000 — 11000 - 940
30~ 22000 — 10000 - 900
- 20000 5000 - 860
32— 18OO0 — 820
3¢ 16000 — 8000 ~ 780
36 14000 L 2000 L 240
35 12000 L 700
40-1- 10000 - 6000 - 660
50% Decrease n
- 5000 620
% — 580
~1= 4000 540
— 500
- 3000 0 — 460
1 0% Dec%?ase _ 420
— 380
2000 -
0% Decrease 340
) 850 — 250
13071450 - 800 - 240
40 ——400 - 750
150350 - 700 - 230
160 — ' ~ 6350 - 220
— 300 — 600 -
{70~ 210
—— an—— 250 =550
| 80 — 200
1901 - 00 L 190
200 — 450
220 e ~ 400 — 180
240" T 170
260 _ 308 =~ 160
280 —- 00 150
300~ - 250
— 140

Figure 36. Viscosity grading chart for 150-250
kilopoiges asphalt at 2% C, source N-'75.
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' Viscosity Viscosity Viscosity
Penetrotion @ 25 C @60 ¢ @135 C
@25 C  (kiopoises) { Poises) {Centipoises)
90% Decregse = 800
—na - 3BOOO - —10500
24 30 10000 - 780
: - 9500 - 760
2618 - 9000 - 740
- 28000 - 8500 - 720
28—~ 32999 - 8000 — 700
30~ 22000 ~ 7500 680
~ 20000 - 7000 - 660
32— 18000 - 6500 - 640
54| 16000 - 5000 - 620°
- 14000 - - 200
361 140C 5500 580
3g.~ 12000 - BO00 - 8560
40—+ 10000 — 4500 50% Decrease 940
44— 8000 - 500
-+ 7000 - 3500 - 480
¥ 6000 f = 460
27 5000 3000 - 440
56+ B - 420
" 2500
22:; QOCKD - 400
Pl 3000 — 2000 1 0% Decrease - 380
68 - 360
76 2000 340
80~ - 1500 O% Decrease - 320
450 -850 230
:gg-—-f’: 400 - 600 220
1701 300 - 500 - 200
—— 190+ 250 450 =190
200 - 400
240t 150 200 =0
560 —3050 L 160

~ 140

Figure 37. Viscosity grading chart for 150-250
kilopoises asphalt at 25 C, source E-'7h,
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Viscosity

_ Viscosity Viscosity
Penetration @25 ¢ @60 C @ 135 ¢
@25 C  (Kilopoises) 5 (Poises) g0, pecrease f {Centipoises)
—34000 — 18000 = 1100
26130000 12900 - 1060
2826000 15000 — 1020
— 14000 — 980
30--22090 — (3000 -~ 940
- — 12000 -
32+~ 18000 900
244 16000 — 11000 860
35- 14000 B 59%%000 — 820
38 12000 B o - 780
20 10000 - 8000 30% Decrease L 740
ag-1~ %888 — 7000 — 700
- - — 660
it peco
- Bel)
52~ —~ 5000
2271 5000 | san
60~ gggg 090 159, Decrease ~ é’{gg
| gfg- - $ 3000 $ o
76| 2000 oo - 430
~ B850 — 270
160350 — 800 — 260
| 70-+-300 129 - 250
{ 80— 250 650 — 240
ZOOMP ZOO —— pr = ' ,__ 220
220 L 500 — 210
2ne=— 150 450 200
260 — 400 - :28
2801 | _ ~
5004 109 330 - 170
Figure 38. Viscosity grading chart for 150-250

kilopcises asphalt at 25 C, source G-'7h.
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) Viscosity Viscosity Viscosity
P%ﬁéﬂﬁé‘m @25 C @60 ¢ @135 C
{Kilopoises) { Poises) o {Centipoises)
f lannn | 90% Decrease %
g 38000 1260
~ 18000 - 1220
— 34000 ~ 17000 1180
~ 15000
25— 26000 - 14000 — 1100
L 23000 - 13000 - 1060
30-‘_ 20000 - 12000 = 1020
32-1- |BOOO - 11000 —980
24 16000 — {0000 940
36~ 14000 - 9000 900
38 12000 — 8000 jggg |
40-- 10000 - 7000 50% Decrease 780
— 5000
Gbf=1.. %888 — 6000 — 740
ag.l~ B _ - 700
6000 5000 1 660
co-~ 4000 . — 580
- 3000 — 3000 i0% Decrease —~ 540
68: -% — 500
e PG 2000 2000 =450
' ‘0% Decrease ~- 420
150 4400 — 280
160~ 350 700 270
. — 650 - 260
170--300 — 600
180 _ 550) — 250
~— |90 -+ 250 =5 240
200~ i - 230
200 90 499 - 220
— =400 - 210
240 1 50 350 =200
260~ —~ 190
2804 300 - 180
300 100 — 170
Figure 39. Visccsity grading chart for 150-250

kilopoises asphalt at 25 C, source T'7h.
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Figure 40. Tracing from a strip chart
recorder (example).
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Example of Marshall mix design curves using

regression analysis, AIMIX procedure.



MOSH&T MARSHALL MIX OESIGN

24, 30

- ed.20

U, 10

4. 00

SPECIFIC GRAVITY (X101 )

23.80

:523.80

Figure 43.

©5.00 5.50 | 6.00 5.50 7.00
7 AC BY WGT. OF MIX_ ’

Specific gravity vs. asphalt content for MICHMIX example.
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MDSH&T MARSHRLL MIX DESIGN

1600.00

1500.00

1400.00

1300.00
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1200. 00

g \
u.50 5.00 - 5.50  5.00 . 6.50 2.00
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Figure 44. Marshall stability vs. asphalt content for MICHMIX example.
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MAX. THEOR. S.G.
2,48 2.50 2.52 2,54 2.56 .58

2.46

2.4

= 2. ie

MOSH&T MARSHALL MIX BESIGN

4
\\\
.50 5.00 5.50 .00  6.50
-7 AC BY WGT. OF MIX
Figure 45. Maximum theoretical specific gravity vs. asphalt

content for MICHMIX exampie.
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¥ AIR VOIDS
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Figure 46. Air voids vs. asphalt content for MICHEMIX example.
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Figure 47. Voids filled with asphalt vs. asphalt content
for MICHMIX example.
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Figure 48. Voids in mineral aggregate vs. asphalt content
for MICHMIX example.
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MOSH&T MARSHALL MIX BESIGN
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Figure 49. Marshall flow vs. asphalt content for MICHMIX example.
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PACKING VOLUME =AGGREGATE PARTICLE VOLUME +VOLUME OF SURFACE VOIDS

Figure 50. Illustration of particle packing volume,

135



CAUGHT WEIGHT OF AGGREGATE (GRAMS)

310
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304

302

300

et

/
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CAUGHT WEIGHT

298

VS,
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o /
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/ Caught Weight = 0.912 (Height} +298.4
e
°/
o/
4
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2 4 s 8 10 12
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Figure 21. Caught welght vs. mean pouring height for #8-#10 crushed gravel.
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CAUGHT WEIGHT OF BEADS (GRAMS)

3244

o)
(o}
322 o
Lo
o)
: CAUGHT WEIGHT
3200 vs.
POURING HEIGHT
FCOR 3mm GLASS BEADS
318 o
3G
O
314 1. 1 1 | i | i
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Figure 52,

MEAN POURING HEIGHT (INCHES)

Caught welght ve. mean pouring height for 3 mm glass beads.
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" APPROXIMATE ZONE OF
PARTICLE STAGNATION

Pa

3
PLATE TYPE ORIFICE
CONE TYPE ORIFICE

Comparison of cone type and plate type orifices.
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R so o RATIO OF CONTAINER VOLUME TO VOLUME
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RATIO OF CONTAINER VOLUME TO BEAD VOLUME

Figure 54. Packing Tactor vs. ratio of container volume to individual

bead volume for selected beads and conbainers.
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Figure 56. Inside dimensions of "250 m1" and "600 ml" containers.
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APPENDIX A

AGGREGATE PARAMETER PROGRAM

The'program shown on the following pages calculates
and tabulates aggregate parameters using pouring test data
and data for bulk specific gravity, water absorption, maximum
theoretical specific gravitj, and asphalt content for each
aggregate fraction and each aggregate fraction-bitumen mix.
The factor to correct packing specific gravity as calculated
in Appendix D is also included.
The procedure for determination of input aggregate
parameters can be as follows:
(a) Select the sieve sizes to be used in analyzing
the aggregate composition. |
(b) Obtain sieved fractions and pefform the pouring
test for each fraction. If a fraction'encompasées
a large range of aggregate sizes, the fraction
should be sub-sieved to provide a one-size1 ag-
gregate fraction for the pourin§ test. Results
of this test may represent the whole fraction.
(c) Obtain packing specific gravity adjustment factor
as described in Appendix D based on standard

beads and their relation to the catch container

lTons and Ishai (8) defined a one-size fraction as
one in which the passing-retained sieves differ by a factor
of 2.
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(a)

{e)

144

employed.

Obtain bulk specific gravity and water absorption
values for each fraction.

Produce an aggregate-bitumen mix for each fraction.
Calculate its theoretical maximum specific gravity

and associated asphalt content.
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TABLE A-l1

2

AGGREGATE PARAMETER PROGRAM

- S e e et e S
C .
C ERxRPAGGREGATE FACTURS' IN BITUMINOUS MIX DESIGN, STAGE 2ZWii%xxk

I i*%f”uJ'"' o TESTING "DATA ANALYSTS TReERE j T
C : ‘
C

L0 READ(S Y 2R OTEND =YY TSI ZE TS STZEZS FACTOR ] ) T ‘“
READ (5+202) N
WRETE (6,100) SIZEL,SIZE2
T O S S ¢ A o ** T T
WRITE (6,102}
MRITE 16,103)

m—p=g - —
C
c _ ACTHAL PROGRAM
e e e il — _ _— o
20 I=1+1
IF (1.GF.M) GO TO 1O v
T TTTREADTS 20T RGG W GAGT AR GPETGNMACT T T T = . T
C
€ ADJUST PACKING SPECIFIC GRAVITY FOR V-RATIO , DBEADWT
i Ak SLitiL BRAVIT VTRATAY p UEEAUWY N
GPE=GPE/FACTOR
GAC=1.02 ,
PR TR - e - e S . — e
DIA= {6 #VPES3. 1416 55 [ o/3.) ,
" GAP=1./(1./GAG-WAB/100.) .
CUSRVE(GAPLGPEY R0 /GAP T T T T T e T - T
GEO=GPE/ GAP
TEM={ACT-100.=GAC/GHMM) =100, /(lOOa-ACT! °
T RRWETEM 4100 DkGACY GFETTTTTT ™ T
BRV=8RUEGPFE/GAC
SAT=BRV¥100,/SRY )
e TSGR EA(GAGEGPEFRIOTL7 GAG -
C ’ :
C .
T TUUHRITE {ESTUS T AGG W DAY GG, CAP T WAR, BAS T VPE Y GPE, SRV, GED, BUW, BRV, SA
LT:S5UR
60 TO- 20
S e . - I
C " OUTPUT FORMATS
C i
“ 1007 Fﬁﬁnmrr—rflrrsqx—TFRﬁrTiTﬁv"“IZE‘”T,Azzf'T'ﬁzl‘—”' . -
101 FORMAT (1'%, 20X, '"COMVENTIGNAL PARAMETERS ', 42X, *PACKING VOLUME PARA
IMETERSY ) )
IO T FORFAT (YO TAGG L Ty 5K VAVERAGE S B G TEQUIVALENT L X Y BUTK Y J 5 X Y AP, o
LY X s "WAT o 33X 3 TASP ., TX P PACKINGY y X, TPACK . *y2X s VSPEC . " 42X, *GECOM. ‘
23X ASP LT 3KV ASP LY X, TASPL T 33X, YSURFL )
CLE T TFORMAT U Ty TR T PAR  WEIGHT Yy 3 TSPHERE DAY Y A YSPLGRE I, VSPLGR ’ o
B 305 ANS .y 3X 3% ABS. 6 X "VCLUMET 4 X e "SPLGRT, 2X, "RUG. YT, 2X, TFACTOR
22X TRUGH T3 2X s TRUG. V' 32X 1SAT. P33, PRUG. V?}
TlO4 T FORMAT U I A Y2 X FTT LG Y AX ET L. 5y 3K, F5L 373X F 53, AN FAL 2 3N Fh. ?,5 T
IX3ELLo5¢2XsF5.3,2X3F5.292X3F6.434(FT7.2)5/)
c )
I TRPUT FuRHﬂ11r“*“**"******f"”“*** : —
C .

200 FORMAT (244 ,F10.0)

TTR20LUTTTFORMATLASSEIDSOG5FTOLOT T T o - . ~
202 FORMAT (12) '
C
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TABLE A-1 {Continued)
Page 2

T 99T TSTOF
END
VAR IABLE LIST '
c N = NUMBER OF AGGREGATES TO 8E AN«LYZED AND
C TABULATED .
—"r—*"“‘SIZFr*‘*‘nFerNATTUw ‘UF UPPER™SIEVE"SIZE e
¢ SIZEZ = DESIGNATION OF LOWER SIEVE SIZE
C AGG = TYPE (F AGGREGATE L
T W TETAVERAGE PARTICLE WEIGHT -
c GAG = BULK SPECIFIC GRAVITY
In WAB = PERCENT WATER ABSORPTION ] :
T T GPETTTTETPAGKING TSPECIFIC GRAVITY T T o T
c GMM = MAXEMUM SPECIFIC ORAVITY OF THE MIXTURE :
C ACT = ASPHALT CONTENT (PERCENT OF TOTAL MIXTURE HEEGHT)
CTCOUTTTUGALT T TTETUSPECTFIC GRAVITY OF THE ASPHALTTT A T T
c VPE = AVERAGE PACKING VOLUME OF THE PARTICLES
C GAP = APPARENT SPECIFIC GRAVITY )
O UTSRY U ETPERCENT SPECTFIC RUGGSTTY o -
€ GEQ = GEOMETRIC [RREGULARITY NUMBER :
n BAB = PERCENT ASPHALT LOST BY ARSORPTION
TCCTTTTTBRHCTT 2 PERCENTTASPHALT UGSTTRY RBUSUSITY (WETTHTTRASISY -
C BRY = PERCENT ASPHALT LOST. BY RUGHSITY (VOLUME BASIS)
I SAT = PERCENT ASPHALT SATURATION
T USUR TTTTSTPERCENT MACREG SURFACE VOIDS _ -
e U 2
CTTTTTT CPERAT RS INSTRUCTIUNS
T TN FORTRAN TV PRUGRAMTUANGUAGE FS USED o R T
C [1)  INPUT DATA
C A} THERE ARE THREE TYPES OF DATA CARDS FOR
I EACH TUNE=STZE FRACTIGN - 0
c 1} ONE CARD T{t SPECIFY THE UPPER AND
c LOWER SIEVE S{ZES FOR THE FRACTEION AND
T - THE PATKING SPECIFIC GRAVITY ADJUSTHENT
C FACTOR FOR THE FRACTION UNDER COUNSTOERATIGN.
C 2} ONE CARD T0 SPECIFY THE AGGREGATE TYPES
LT T T T T TBE ANALY ZET WITHEN EACHTFRACTIONTINT . ;
c FORMAT IS GIVEN IN STATEMENT 202. ¢
C 3} A GROUP OF N CARDS TO SPECIFY THE
o AGGREGATE TYPE AND THE MEASURED UONE=STZE —
C AGGREGATE FACTUKS. FORMAT 1S GIVEN
IN SFATEMENT 201. -
TC T BT THE PRUGRAMTCAN HANDLE ANY NUMBER OF FRACTIONS
c AND ANY NUMBER OF AGGREGATE TYPES WITHIN
C THE FRACTION., THE FACTOR TO ADJUST PACKING
—C T SPECTFIC GRAVTITY TS ALSOTINCORPORATED.
C THIS FACTOR SHUULD BE SET TO 1.0 FOR
C FRACTIONS PASSING A #10 SIEVE.




APPENDIX B

COMPUTER PROGRAM FOR MIXTURE DESIGN TABLES

The program shown on the following pages uses input
from aggregate analysis and from the aggregate parameter
program to construct design tables for prediction of optimum
asphalt content. Procedure for use of the design tables is

outlined in Appendix E.

147



10

21

DO 10 I=lsN

l4g

TABLE B-1

PROGRAM FOR MIX DESIGN

uwkor REVISEDR BEZSIGN TABLE PROGRAM s%Ex

ARRAYS DIMENSEIUNED TO HANDUETUP TU 10 ONE<STZE FRACTIONS™ e

DEMERSIUN ACWMILSIIZGRTX{Y LY XT IO ISP ITOT s BRY ITO IS GAGIIOT (HAGI{0), T
LVP L0 Y {1 0) ,VAGLED) ,VBAGLLO) +CFVILO),FRIL10) B8RV (10)
GrIx(1)=1.800

A MINIMUM VMA IS5 ESTALISHED TO LIMET QUTPUT

VMAMTIN=STY, 7 7T T T T e T T

THE ACTUAL PROGRAM

DO 2 I[=1:96
GMIX(I+1)=CMEXIE)I+0 .01

READ(5,2Z00:ENO=91TNTGByACGyASHIN;ASMAY ™ T
ACWM {1 }=ASM]N
DO 1 I=L:1%0

ACWMIT+11=ACWM{T)+0. L e . — - -
TA=[+1 .
IF{ASHMAX-ACHMITIAIILE,E5,1

CONT Thug™ -7 e T - - _"_'_' -

COMTINUE

READ AGGREGATE DATA FOR EACH FRACTION

READISY ZOT IXU TGP T BRI VT BRVIT T, GAG T, BAGT 177
ARLTE(S,LG0) AGG,GB
ARITE(6,1CLIN

WRITELS, LOZFIXITIT=1,101] o
WRITEL6,103)
VPT=0.

VAGT=0."" T ] T
BAGT=0,
DO 20 I=1.N

VLD =XUEy /6Py
VPT=vPT+vP (]} .
VAGE T =X{1)/GAGL1) :

CVBAGL T =BAGUTIEX{IT/ T TOOTRGE)” e o i -

VAGT=VAGT +VYAG([ I} !
BAGT=BAGT+X{ [} =P3AG(I)/100. ‘

CONTINYE™ ~ 7 e
DU 21 I=1,N
Y1) =100.5VELT) /VPT

GPT=LOO0/VPY 0 T T T - - -
GAGT=100./VAGT :
Bl 90 L=EsIA

ACWASACWMILY/ (L .—ACWMNILYI /1005 T — T T e e e e -
ACVASACWARGPT/GH
CACHAE=ACWA=-BAGT

VOT=ACWAZGS e - ‘ Sl T T
M=ti—1
D0 50 I=1yM

VYPETT= Uﬂ — T - i T T T R
Li=[+1
DO 30 J=LL,N
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TABLE B-1 (Continued) #
Page 2
ANV PTT=YPTTHVECTT B - T e T T T e e
VAAGTT=0,
DI 40 K=t . P .
LT VBACTT=YRBAGTTHYEAGTK T T T e e e e e e e

CFY{TI=VPTT/{VBT~VBAGTT)
FR(1)= GP(IJ*(BPWfE)—dAG(!)}/(1004*(8*(1 +1. /CFVIT}}Y) - ) )
50T CONTITNUE R Tt T P
FRIN)=0.
ACVAL=0. .
511 T 1 = 0 “i
60 ACVAL=ACVAL+Y (L) R{ERV{I)-100.%FR{(}}} /100,
ACVAE=ACVA~ACYVAL _ _
ST CACWAE=ACYAERGR/GPT T T T T T T T T
FRT=0, -
DO 70 I=lsN
TV FRTEFRTHFRITIRYIT/I00. T - T T
EVP={VPi~- VPTJFR?)*IOOQIVPT
ACVEF= A(Vﬂt$160 /EVP
C1p=0 R Segtes oo S — SO
DO 89 I[=1,91
YMIX={1lU0.+ACWA/GMEXTT Y ,
T ATRVEAV I X-{ 100 S GAGTFCACHARE/ GRYTRIOGU . /VHE I~ T
IF{ATRY-T7.01 6,6, B0
& FF({AIRV-=2. 019G, 7,7
T CVMA= (VT X-100.YGAGTIRICO L /VRTX T T T T T T T
[F{CYHA-yMAM INTIQD; B :
8 EVPOGT=VMMIX-VMEXRATRVY/ 100 .-ACWALC/GB : : :
CTEPVMA={VMIX=EVPGT IR IO/ VMT Y — 7 T T T T T e T e e e e
IF(ED}4 %5
4 ARITE(G.IOA)I\CWMH},Arugrz R
D=1 . U
5 WRITE{G6,105)0MIX(L)« AIRV;CVMA,; ERPVHA
80 CUONTINUE

90 CONTINUE — & 7 T T T T ’ T T T T T
GO TG 3 .
91 STDP S o . -_,.“kfngﬁmﬁ__ﬁ_ e
C . OUTPUT FURMATS
TI00TFORMAT (1 ,//7yaXy TAGGREGATE TYPE =V A2y 3%, VASPHALT 5.6, ‘}?BTST"_—"""”__‘"_”"__“wf
LOL FORMAT(?D NUMBER GF FRACTILIAONS N =1,12}
102 FURMAT('Q X(Ll¥saooX(NI=1,9{Fa&, l, 1" e F4h, 192X9'(FRACTIUNS - WEIbH ‘
- 1T BASISY* /) — 7 T _. —

103 FORMAT{'E ASPHALT s 3X,: %% FLOWT ;6X,"SPECIFIC 43X, 4% AIRY ;10X V%%,
LIOXs T/ CONTENT " pSXp VASPHALT V50X 1GRAVITY? 34X, 'VOIOSY, TX,
C2VSTANDARD T, AX P PACKTNGY/7BY WEIGHT ™ 33, PBY VOLUME T 3XVTOF MTRY 5K, — 77—~
38AY VOLUMEY ;5X, PYMAT, 8X, PVMAT ]
104 FORMATIFT.2,8X,F5.2) .
OS5 FORMAT{ 25X, FOT 26X PS8y 6 F6L 276X, F6.2) i T T T

C iNPUT FURNAFS

200 FURMAT{IE;lX:FS 3y lXsA251XsF4e141XyFa.a1l)
201 FURMAT(F4 1;1X7F5 3le:F5 25 1XvF5 2 1X FS 5rlX7Fé 2)

- END L L VS S S Sia  Ai Sa e SV

VAR!ABL& L[SI

C AC UM = ASPHALY CONTEN? (PERCERT oF THTAL MIXTURE WEIGHT).
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TABLE B-1 (Continued)

Page 3
CASMEN = MENIMUMTASPHALT CYANTENT YO BE CONSIOERED. — 77— -
ASMAX = MAXTHMUM ASPHALT COMTENT T BL CUNSIDERED. '
GM X = SPECIFIC GRAVITY OF THE COMPACTED MIXTURE.
TN = NUHMBER UF ONE-STIZE FRACTIGNS IN FHE MY,  ~— 7 mmrrmmomrr o o mes ee
GB = SPECIFIC GRAVITY OF ASPHALT.
AGG = AGGRELATE TYPE DES IGNATICGM.
KTy =TPERCENT BY WEIGHT UF THE T=TH FRACTTON TN THE MIXTURE. R
GPLTY = PACKING SPECIFIC GRAVITY OF THE I~-TH FRACTION.
BRUWLEY = PERCEMT ASPHALT LUST RY RUGDSITY FOR THE i-TH
T T T FRACTIONT A WEIGHT C3ASISY.T T M ST
BRVI{I) = PERCENT ASPHALT LO5T RY RUGHSITY FOR THE 1-TH
FRACTION (VOLUME 8ASIST.
GAGUTY = BULK SPECTIFIC GRAVITY FOR THE {=TH FRACTIONS -
BAG{I) = PERCENT ASPHALT LUST BY ABSURPTION FOR THE I-TH FRACTION.
VvPL1) = JUTAL PACKENG VOLUME OF THE [-TH FRACTION.
Y{I1} - ="PERCENT BY VOLUME OF THE 1~TH FRACTION [N THe ~ =

MIXTURE {PACKING VOLUME UNITS).
VAGILY = TOTAL BULK VOLUME OF THE 1-TH FRACTIONM.
VEAGY L) =TTOTAL VOLUME OF TIFE “BSPHACT "ABSORPTION” WITHIN T
‘ THE [-TH FRACT N,
CFV{K) = FINES CJNCENTPATIUN OF THE I-TH FRACTION IN THE
o T UOMTRTURES, T . o i
FR{IY = FINES LOST BY PUGAOSITY FUR THE I-TH FRACTION IN
THE MIATURE. .
TOTAD PACKTING VOLUPE UF THETAGGREGATE TN THE MIXTURe, ™ — 77—

CypT =
VAGT = TOTAL BULK VOLUME OF THE AGGRLGATES IN THE MIXTURE.
3AGT = AVERAGE ASPHALT LOST BY ASSURPTION IN THE MIXTURE,

TACHA = ASPHALT CONTENT (PEFRCENT OF TOTAL AGGREGATE WEIGHTT.”
ACVA = ASPHALY CCNTENT (PERCENT OF TOTAL PACKING VOLUME

OF THE AGGREGATES). .
TTUCACWAE = EFFECTEIVE CASPHALT CONTENT (PERUENT CF TOTAL AGGREGATES

WELGHT ).
Vo T = TUTAL VGLUME UF ASPHALT IN THE MIXTURE. R
ERT - "=TVCTAL FINESUOST BY RUOGOSTITY IN THE MIXTURE TPERCENT L
UF TOTAEL PACKING VOLYME OF AGGREGATES).
EVH = ACTIVE PARTICLES InN THE MIXTURE (PERCENT OF TOTAL
T TP ACK INGT VIILUME OF  AGGHREGATESRT S . -
ACVAL = ASPHALT LOST 1M THE MACROD SURFACE VOUIDS UOF AGGREGATES
{PERCENT UF Toral PACKING VOLUME OF AGGREGATES).
CTUACWALTT = ASPHALT ETAST IN THE MACRG SURFACE VOTDS OF AGGREGATES . -
{PERCENT OF TOTAL WEIGHT OF AGGREGATES ). . '
AChAE = FLOW ASPHALT (?JTENT {PERCENT OF TOTAL AGGREGATE .
T T T UUTREIGHT I T -
ACVAE = FLOW ASPHALT [N THE MIXTURE (PERCENT OF TOTAL .
PACICING VOOLUME OF AGGKEGATES) .
TACVYEF = FLOW ASPHALT CENTENT H{PERCENT "OF PACKING VOLUME - -

CF THE ACTIVE PARTICLES IN THE MIXTURE).

oadononnonoonodondandononanaoagnanantoodnndoodonon

VMIX = TUTAL VCLUME OF THE COMPACTED MIXTURE.

ATRY ™ 7 = PERCENT ATRTVGIOS TIN THE™ COCMPACTED MIXTURE. T T
CVHMA = PERCENT VMA (LONVENTIONALY).

EPVMA =

PERCrNT PA(K[NG VHAH

e b —_———— e e e e o h e 4 e e ————— it o —

_HPERATING INSTRUCTIONS
17 ENPUT DATA .
Aj RANGE OF ASPHALTS DETERMINED BY ASMIN, ASMAX. '

TTEYTTHERC VARET TWOTGRUUPS TGF DATA TARDS FOR EACH AGGREGATE MIX -
11 ONE CAKD TO SPECIFY THE AGGREGATE TYPE, NUMBER :
OF FRACTIONS; AND ASPHALT RANGE. : : '
T T T T T T AT TUATGREUP T OF TN ARDS IO USPECTRY AGRREGATE T T ) -
, PARAMETERS FOR EACH FRACTION, _ .
, L3} THE PROGKAM WliLL PRONDUCE DESIGN TABLES SIMILAR
T T T T U THOSE D SHOWN TN TAIUE TRIT FOR CANY TRUMBER TF B ﬁ* —
MIXES, ANY RANGE OF ASPHALT CONTENTS FGR EACH MIX,
AND ANY NUMBER OF FRACTIONS PER MIX. '

1
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PARTTAL MIX DESIGN TABLE OUTPUT FOR MIX T

- TABIE B-2

151. |
z

e et e oo —-
AGOREGATE TYPE -~ XI ASPHALT S5¢G.= 1.025
MiIMG ER OF FRACT (00HS M =10
— R Py A MY S A b e 520 03NN ETET SS2 k8.8 95y FLTYT 527 T IFRAGTIONS ~ WEIGHT BASIS)
ASPHALT WoOFLOW SPECIFIC % AIR % %
CONTEMT- -~ —ASPHALT—— GEAVITY VO T0S " — "7 " STANDARIF ~" “PACKCTNG 7 m = wm oo oo s e oo
BY WEIGHT BY VOLUME OF MIX BY VOLUME YMA YMA
4,09 3.00 _ ;
s S E R e
2.41 6.29 12.03 9. 03
2a47 5.99 11-67 8.65
- — 2o 5,52 0T T T UL, B30T T TR, 2T T T T T
2.40 5.13 Y 10.94% 7.89
C 2.45 4o Th 10.57 7.52
- B A A q—-“35- e “}_ [ 9 Zi i 7‘.“14"”"‘ T T T T T T T T T e e —
2a4%7 .95 A 65.76
2.48 3.57 .45 4,38
— — S5 B TR - T CgLil, 6,01 7
2450 279 BoT5 5,63
2.51 2. 41 B8.38 5.25
--- - A %< I ¢ s I s I T g BT T T
4,10 3.21
2.39 5.93 12.45 9. 83
—_ i vl 3 GoBg T T YT T guEs T e
Zabl 6.15 12.12 9. G7
2.42 53,76 i1.76 8.70
s S ey CTTELAT v 11,3 T gy S —
2ottt 4,98 11.03 T.9%
. 2.45 4,59 10.67 7.56 g
- e 2, b T, 20 10.30 Y A - S e
24T 3.%31 9,54 F: %
2 .48 3.42 9,57 6.43
- gL K0 1 < R I 4 - -
750 266 " 8.84 5,68
2.51 L 2.25 8,48 5.30
—— & 70 3243 - ST e T T T S e e
£.39 6.78 12.94 9,848
2. %0 65,37 12.58 9,50
_ - Lkt AT B B g e ekl P - — o b e
2.42 5.61 11.85 8.74%
2.43 5.22 11.49 8.37
- S g : Y Rl B O B~ R T.99 - - o -
2 45 by b4 10.76 Ta61
2ott 4,05 10.39 T.24%
- SRRl Py AR TA TS e B ¢ 5 S O - 1 M — T
2.8 3,27 A, 67 6. 48
2 .49 2.28 9.30 65410
— TSN T T, AT T T T8, 98 - £ S T N
: 2.51 2,10 8.57 5,35
.30 3.6%
— - - 259 B - - R B T 1 S~ B e
2.40 bo24% 12,67 9.55
ol 5. 85 12.31 9,17
e - Ay TTUSYVRE T UUITL 9% B TY T T
2.63 5,07 11.58 8.42
2okt 4,68 11.22 8.0%
i
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APPENDIX C

POURING TEST AND PROPOSED STANDARD APPARATUS

The pouring test is used to directly measure the
packing specific gravity of an aggregate fraction. This test
was developed by Tons ana Ishai (8) for six one-size fractions.
The basic pouring test assembly is shown in Figure C-1, and
the two stages of modification prior to the present proposed
standard apparatug are detailed in Table C=1. Table C-1 also
presents the proposed standard apparatus based on current
knowledge of the pouring test. The following should be noted
in connection with the proposed a?paratus:

(a) A conical bin is used for all aggregate sizes.

This is accepable because aggregate head within
the aggregate holding bin was found to be in-
significant in determining paCking,efficiency.of
the caught sample.

{b} Orifice diameter is variable tb allow selection
of an orifice for each fraction and each aggre-
gate type within the fraction for greatest test
efficiency.

{c) A fraction range, rather than a specific fraction,
is specified for each container assembly. The
entire range of aggregate size likély to be

encountered in bituminous mix design is considered,

MICHIGAN DEPARTMENT OF

2 TRANSPORTATION LIBRARY

LANSING 48909
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and the individual user may tailor his sieving
and any necessary sub-sieving, as explained in

Appendix A, to his own needs.

Egu‘i’gm‘ent
Equipment necessary to perform the pouring test is
as follows:
{(a)- Pouring apparatus as shown in Figure C-1, in
cluding:
(1) aggregate bin with adjustable orifice,
{2) catch container of standard volume,
(3) pan to contain particle overflow.
(b) Metal straightedge to level aggregate in catch
container.
(c} Balance, 5 kg. capacity, sensitive to 0.1 g.
{d}) Standard beads of known size, specific gravity,
and with known coefficient of deviation of in-
dividual bead weight,' Beads should be free of

oil and dirt.

Testing Procedure

The following testing procedure may be used for each
aggregate fraction and each standard bead size:
{(a) Select an orifice which will allow particles to
flow slowly out of the cone without bridging.
(b) Fill the aggregate bin with enough material to
fill the chosen catch container about 1.3 to 1.5
times. |

(¢) Open the bin shutter and allow particles to flow
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into the catch container,

(d} Carefully level particles to the top efge of the
container with the metal straightedge.

(e} Weigh the contents of the container and record
this as the tegt response.

(f) Repeat this procedure for as maﬁy replications

| as desired.
(g) Repeat for as many different aggregate fractiens-

as necessary.

Calculations

Calculation of packing specific gravity can be per-
formed as follows: |
{(a) Perform the desired number of replications of the
pouring test for standard smooth particles.
Average the test results. Divide the apparent
épecific gravity of the beads by average caught
- weight and obtain the packing specific gravity
factor, Q. | |
(b) Using the same container, perform the pouring
test for the aggregate fraction represented by
- the standard beads. Average the test responses
for the replications performed and multiply this
average by the packing specific gravity factor
to obtain the packing specific gravity of the

test aggregate.
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(c) In eguation form:

Q zws pr =;;%§'EW = QIW,.
S s
where

pr = packing specific gravity of the test aggregate,

G‘pS = packing specific gravity of the standard beads,
(packing specific gravity = apparent specific
gravity for perfectly smooth particles),

EWX = caught weight of test aggregate filling the

catch container,
EWS = caught weight of standard particles £illing
the catch container,

Q0 = packing specific gravity factor.




TABLE C-1

POURING TEST ASSEMBLY: 1ST STAGE TO PRESENTl

Pirst Stage

Dimension Fraction

1/2 in.- $3~- #8- ¥20-

5/8 in. #4 #10 #30
Aggregate Bin Diameter (cm.) 10.0 10.0 7.5 .5
Orifice Diameter {cm.) 7.5 5.5 1.5 1.5
Aggregate Height in Bin (cm.) 12.5 15.0 g.0 9.0
Pouring Height {cm.) 20.0 17.5 20.0 20.0
Catch Container Diameter {cm.) 12.5 10.0 5.0 5.0
Catch Container Height (cm.) 6.5 7.5 8.5 9.5
Glass Bead Diameter {mm.) 6.0 6.0 3.0 2.0

Second Stage

Dimension Fraction
1/2 in.- #3~ #8—- $#20- #60-~ #200-
_ 5/8 in. " f4a - #10 "~ #30 $+80 ¥270
Aggregate Bin Diameter (cm.) : 16.0 16.0 16.0 8.5 8.5 8.5
Orifice Diameter {cm.) 7.6 3.6 1.6 1.1 0.9 C.8
Aggregate Helight in Bin {(cm.) 12.0 12.0 1z.0 12.0 12.0 12.0
Pouring Height (cm.) 21.0 21.0 21.0 21.0 21.0 21.0
Catch Container Diameter {(cm.) 12.2 10.3 8.4 6.4 6.4 6.4
Catch Container Height (cm.) 15.2 11.8 5.5 7.3 7.3 7.3
Glass Bead Diameter {(mm.) 16.0 6.0 3.0 0.5 0.25 0.075

8qT



TABLE C-1 ({(Continued)
page 2

Proposed Standard

Dimension Fraction Range
1 in.~ 5/8 in.—- 3/8 in.- F4- #16- #50- P#100
5/8 in. 3/8 in. #4 #16 #50 #100
Orifice Diameter (cm.) = sme—m——————-— variable, choose to match material flow2 ——————————
Pouring Height (cm.) 21.0 21.0 21.0 21.0 21.0 21.0 21.0
Catch Container Diameter (cm.) 15.4 12.2 10.2 8.4 6.4 6.4 6.4
Catch Container Height (cm.) 18.0 15.2 12.0 9.5 7.6 7.6 7.6
Glass Bead Diameter {(mm.) 20 16 6 3 0.5 0.25 0.075
Catch Container Volume {(ml.) 4000 2000 1200 600 250 250 250

lFirst and second stage tables given in "Design Factors for Bituminous Concrete” by Tons and

Ishai.

2About 6-8 times the diameter of the largest particle.

LST
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0 0
A = L CONICAL AGGREGATE
/am
H
|2||
|
/ I*"f" ADJUSTABLE ORIFICE AND SHUTTER
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¥ _ i
_ OVERFLOW
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CATCH CONTAINER — CONTAINER
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Figure C-1. Propoged standard pouring test apparatus.
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INTERCHANGEABLE ORIFICE PLATE SLIDING SHUTTER™

Figure C-2. DPossible orifice-shutter arrangements.



APPENDIX D

CORRECTIONS TO PACKING SPECIFIC GRAVITY

The following factors were found to be.significaht in
determining porosity of the caught sample in the pouring test:

{(a) Pouring height.

(b) Pouring time.

{c¢} Ratilo of container volume to individual bead

volume.,

(d) Variability of bead size within a single nominal

bead size.

An additional factor was the ratio of container area
to container volume. It/was not known whether or not this
factor wasg significant. This factor was included as a
variable and will be showp to be insignificant within the
range encountered.

The variables of pouring height and pouring time were
held constant by using the same pouring height for all tests
and by choosing an orifice size which would just preclude
bridging of beads in the cone.

A variety of bead types and sizes was employed to
provide a wide range of container-bead volume ratios, bead
variability values (defined as the coefficient of deviation
of bead weight}, and container area-volume ratios, Table D=1

shows the containers and beads used. Note that three small

160
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non-standard sample cans were used in this test to increase
the range of container-bead volume ratlos considered,

Table D-2 shows the appropriate data values from the twenty-
eight tests used to predict the regression equation.

The Michigan Interactive Data Analysis System (MIDAS)
was uged to predict a multivariate redgression eguation to fit
the data poinﬁs (9). 1In particular, the SELECT command was
used to select the relevant variables in order of their
importance. Table D-3 shows output from this process. Note
that a parameter for container—-bead volume ratio is selected
first, followed by selection of the parameter representing
bead size variability. The parameter representing volume-
area ratio of the container was not selected at any confidence
level.

Based on this analysis, the following equation was
used to predict packing:

P = 0.6169 + 0.01079(1n(V/vx10"%)) + 0.001382 (D

il

bead)

where

P = the ratio of total caught bead volume to
container volume

V = container volume
v = volume of a single bead

Dycag = coefficient of deviation of bead weight, percent.

Any combination of bead variability and container-pead
volume ratio could have been chosen as a standard. Since the
pouring test and allied packing theory assumes perfect beads,
a bead variability of 0.0 was chosen as the standard. 1In

addition, observation of many pouring tests indicated that
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container-bead volume ratios had little effect at values
greater than 15,000, so that value was chosen as a standard.

With these corrections available, any standard bead
can be used in conjunction with any catch container and the
results modified to negate container size effects and bead
imperfection. We may illustrate the procedure with an

example. In the "second stage" pouring apparatus used by

Tons and Ishai (8), 15 mm. glass beads were used as standard

beads for the P5/8"-R1/2" aggregate fraction. With the catch
container and beads used, container-bead volume ratio is 922,
Coefficient of deviation of bead weight for the 15 mm. glass
beads was found to be 6.5%. Using the regréssion eqguation,
predict packing for this situation as:

P = 0.6169 + 0.01079(in(0.0922}) + 0.00138(6.5) =

0.6001

and the predicted packing for the standard caée is,

P = 0.6169 + 0.01079(1n(1.5)) + 0.00138(0}) = 0.6212.
Dividing the second by the first, we get a correction factor:

_0.6212 _
CF :'6_"'6_6"61'_ 1303529

Now, the adjusted packing specific gravity for aggre=
gates may be obtained by dividing the unadjusted packing
specific gravity by this factor. Aggregate parameter tables
are shown in original and adjusted form in Table D=4,

It should be noted that the correction factor will
not always be greater than 1.0. If container-bead volume ratio
is greater than 15,000, no correction should be made for that

parameter, but generally a correction will be necessary for

bead variability.



TABLE D-1

163

COMPILATION OF BEAD AND CONTAINER PARAMETERS

FPOR STATISTICAL TEST

Beads
Bead , Bead Individual Coefficient of Deviation
Diameter Type Bead Volume of Bead Weight
*(mm. ) {cc.) {Percent)
) glass 0.133 4.4
5 - glass 0.065 6.5
4 glass 0.034 9.9
3 glass 0.014 11.4
6.35 steel 0.134 0.02
3.70 steel 0.033 0.03
Containers
Nominal Size Height Inside Diameter Calibrated Volume
(cm.) (cm.) (cc.)
250 ml 6.4 234.1
600 ml 8.4 519.9
3 oz 5.4 77.9
6 oz 7.0 184.8
10 oz 7.9 249 .5
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TABLE D-2
DATA FOR PACKING REGRESSION

Packing V-ratio Varatio D=bead

JFE223 4480, 14764 4.4
L6160 2020, 1,1323 4,4
L6102 2190, 1.1026 &,
L6 06T 1600, 1.0087 4.4
.5916 690, LTH07  BLb
L6275 9450, 1.,8761 6.5
L6262 B260, 1.1323 6.5
L2210 4610, 1.1026 6.5
L6162 3389, 1.0087 6.5
L6095 1980, L7807 6.5
L6317 15300, 1.4761 9,0
. 6311 63890, 1.1223 9,9
. 5256 T860, 1,1026 9,9
L6216 5470, 1.0087 9.4
L6180 2360, L7407 9.9
L6345 INTO0, 14761 11.4
L6317 16900, 17,1026 11.4
6296 12400, $,0087 11.4
. 6294 5340, LTU0T 11,4
L 6056 3880. 1.8761 .02
, 5970 1787, 1,1323 ,02
L5000 1890, 1.1026 .02
L5860 1390, 1,0087 ,02
. 5687 =98, L7807 .02
L6190 7005, 1.1322 ,031
L6150 TERQ, 1,1026 ,031
L6124 5630, 1,0087 ,031
L6300 2830, L7807 L0319

Packing = Total volume of caught beads/Volume of container

V-ratio = Volume of container/Volume of a single bead

Varatio = Volume of container{cc.)/Surface area of container(sq.cm. )
D-bead =

Coefficient of deviation of bead weight.
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TABLE D~3
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RECRESSION ANALYSIS FROM MIDAS:SELECT

< SELPCT V=1,2-6 Ma¥=5 LEVRLS=,05,.15 OPY=STEPHISE,FORWARD >

SELECT ION OF REGRTESSION

ANALYSIS OF
SOURCE
REGRESSTON
FRROR

TOTAL

MULTIPLE R=

VARPIABLE

CONSTANT
LNYRED

REMATNING
¥YrA™I0
TARATIO

DRERDWT
V27104

ANALYSIS OF
SNURCE
RRGEESSION
ZRROR

TOTREL

HULTTPLE R=

VARIABLY

CONSTRNT
DBFEDRET
LNVRED

ERMATHNING
VRATID

VARATIO
V271040

CVARTANCF OF PACKING
DF  SUM OF SO0RS
1 L50575 =2
26 L1877 =2
27 .69348 -2
. 85368 R-SQR= ,72929 ST
PARTTAL  COEFFICIENT
L62T5S
, 85208 L4326 =1
PARTTAL STGNTF
- HTURE ., 0314
-, 23447 ., 2391
LH0128 .0009
- UTHBE . 0314
VARTANCT OF PACKING
nyE S0 OF SQES
2 L57382 =2
25 S11985 -2
27 L69348 =2
.90948 R=-SOR= .B82716 S
PARTTAL  COEFFTCIRNT
LE16ON
.60128 S13823 =2
. 7BRA6 L11792 =1
PARTT AL STGNTF
-, 61910 L0007
L N08A T . 9667
~.61910 . 2007

N= 28
MEAN SQUARE
# 50575 -2
0 72205 =4

= ,B4I74 =2

STD ERROR

22507 =2
17118 =2

N= 28

MEAN SQUAERE

28681 =2
LUTIBL -4
= ,R9242 -2

S3TD ®WRROE

233732 -2
L38739 =2
16816 =2

EQN= 1
F=-STATISTIC SIGNIF

7O, 043 L0003

T-STATISTIC SIGNLIF

278.83 0000
8.3692 . 0000
EQN= 2

F=STATISTIC STGNIF

59,822 0003

T=STATISTIC SIGNIF

182 .88 L0200
3.7626 0009
6.4180 L2000
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TABLE D-h

] AGGREGATE PARAMETER TABLES FOR ORIGINAL AND ADJUSTED PACKING SPECIFIC GRAVITY FOR 1/2"-5/8" FRACTION

s ' ORIGINAL

FRACTIGN SI2E:  1/2- 5/=

CONVERTIANAL PAYANMETLRS FACKING VolLlIMT PARAMETERS
505 . 3 ROUIVAL GLILE ARF., wal. LSP . PALKING Pale.  SPEL.  GuTM, AL L3P, ASF. AR
. " et T Skt nD 52L6R Seaus ARD, nAd., VALY Uy UGy FAUTL: RJbB.a AUL.y EAT. AUG LY
T
! NG GahLuTOFYS] Taln233E¢01 Z.old 24735 Labtd g.31 ve L8392+ 31  2.504 Da%Y La.wlil Z.11 S.1T &l.33 4.28
oL Cati2lared] De 185428 +01 2,802 2829 0.33 Q.21 SLlyddyiedl 2,519 LU.we J.u%02 .21 1dazS YT7L0% 0 10,13
SE D.384a0T+g) SHI5CTLT+0L 2.179 2.564d 60 P QalTF25E+31  Wel%d  lheswd  S.u351 3.21 £.T8 4TSS l.e1
[5] J.e31135t+3) Jalbl3eEr3l | 24491 2.9 Jedl 2.51 Ooludlectldl 2.435 Lll.4s  D.8ch2 G.sd 1L TL 23031 EPEY i
SL CL2es20r+0L D.153995+01 2,229 fewdT  w.32 I C L9t el 1.9ln 22,70 LadPzr Lla4T Pil.id whRL1Z2 14.3C !
i Savya i vyl Ua15570F+C L 2.53%  £.931  Tl.ll 0 0.0°% CLl%TEBDFAL 20533 14,39 J.es6l 4,77 1L.73 &1l.%9  1l.39
LS SL.45098E01 O« 15501r+0t Zob%4 2,597 S.7% Q.3 CL1950LF#0L  2.383 1.3 L.4TLe 4.vh Ll.de FE.ed li.el '
g RIS LV | S LTRSS 2.856 2.6%4 T.53 3.32 0.197Llr+31  2.6238  Z.45  Z.9755 5.73 1.8y T7.329 1.05
ADJUSTED
e TERACTION S128:  1/2- 5/8
- CURYFNTIONAL PAXAMETERS . - PACKING VOLUME PARASETEXS
450. FOULVALENT atLK APk, WAT . ASF. PACKING PALK.  SPES.  GEOM. 5P, ASP. ASE. SURF.
R SETHFRE fla, SPLGR SBLOR ARS, T ABS. YILUME SF.UR - RUGLVY . T RUs..W  RUG.Y SaT. RUG.Y
HG Jal3379E+01 2.ula R 1.69 0.7 GL19045860L 20419 pl.al 3.5% .40 TZ.3% T.S2
TTODE TR LAR5L00+01 J.357232+01 2.0332 2,529 Ja33 0.21 0.2035;0401L 245323 1%.00 D0.8503 5.7 13.6%9 97«76 13.1% }
hmwignme-3H4«p€%01___0f15;46&+pi 2.1749 2.568  b.3%  2.40 CLIBS56EYIL Z.072  19.33 0.306T7  4.89  9.93 51l.36  4.9%
TG Cuenlluledi 0, 15413601 2.691 Z.TH2 9.81 C.51 O L9170 r0l  2.353 14,49 0.3351 S.95 13,75 9%.85 12.57
TSV TTTOL3eAs0Ee T U DLLBSTYESQ] T 2,229 2.467  4.32 3.9, CLISTYIEFOL LeB4L 21040 D.T260 Ti3.35  Z4.1H 0 F4.91 7 1T.44 ;
MR 0.49000EwJl 0413798401 2.839 2.930 loild 0. 6% De20%31E+0Y 2.434  1T.20 QL8270 6.20 14,72 83.13  14.6C ‘
L3 D.40G90F+0] 0.130808+01 2.85%4 2.69T  O.T4 0,36 0.201875«01  2.283%  15.3% 0.84866  b.4d  1a.45 94.2% 13.465 |

TTEP T UL 51310E«QL 7 T GJVIBTITESODL 2.65%a 2.554 0.53 0.32 0.20405E+01 2,539 ° 5.T6  0.9424 2,10 7 5.23  90.869 T 442

s

99T



APPENDIX E

SELECTION OF OPTIMUM ASPHALT CONTENT FROM DESIGN TABLES

An acceptable procedure for selection of optimum
asphalt content using the design tables produced by the
design table program is as follows:

{a) Obtain actual mix specific gravities for a

variety Qf asphalt contents. Specimens made

in conformance with Marshall specifications are
convenient for this purpose. The range of
asphalt contents considered should ideally have
as its mean the optimum content. A good esti-
mation for optimum asphalt content can be made
from analysis of the design tables alone.

(b) Enter the design tables at the respective asphalt
contents and mix specific gravities as obtained
from the experimental specimens. "At these points,
note and record the packing V.M.A. calculated by
the design table program.

(¢} Plot packing V.M.A. versus asphalt content.

Tests to date have shown that optimum asphalt
content is indicated at minimum packing V.M.A.

{d} In some cases, packing V.M.A. will not reach a

minimum, but will continue to decrease as asphalt

content is increased. 1In such cases, asphalt

167
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optimum prediction should be made based on the
value chosen for minimum air voids. This value
may vary. The aér void value used herein is the
value used by the Michigan Department of State
‘Highways and Transportation, 4%.

Figure E-1 shows a typical example of the relation-

" ship between Marshall data and computed packing V.M.A.
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Figure B-1. Marshall data for Mix I.





