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INTRODUCTION

GAYLE McFADDEN! and WALTER C. RICKETTS?

During the latter part of November
1940, the responsibility for design and
construction of military airfields and
roads was assigned to the Corps of Engi-
eers.

It soon became apparent for many rea-
sons that it would be necessary (1) to
select a simple testing device suitable
for design and field control of asphalt
pavements; (2) to correlate the results
obtained by the use of the selected de-
vice with field performance for various
wheel loads; (3) to establish suitable
criteria for asphalt pavements; and (4)
10 establish the thicknesses of asphalt
pavements of known quality for various
wheel loads.

Among these reasons were (1) the dif-
ference in character and magnitude of
wheel loads of airplanes and military
vehicles as compared with highway traffic;
(2) military airplanes with ever increas-
ing wheel loads were being planned and
constructed; (3) axle loads of numerous
military vehicles exceeded those adopted
and used in the design of public high-
ways; (4) the usual methods employed for
design and control of asphalt paving mix-
tures were not readily adaptable to the
preparation and construction of asphalt
pavements to meet the requirements in
Continental United States and in theaters
of operation for rapid design and field
control; and (5) asphalt pavements of

1Gayle McFadden, Chief, Airfields Branch,
Engineering Division (Milatary Construc-
tion), Office, Chief of Engineers, Wash-
ington, D. C.

Walter C. Ricketts, Runways Section,
Airfields Branch, Engineering Division
(Military Construction), Office, Chaef
of Engineers, Washington, D. C.

high quality, adequate for various wheel
loads without overdesign, mustbe provided.

Asphalt paving mixtures were usually
designed and constructed following cer-
tain criteria and specifications which
had proved satisfactory over a period of
time. Each engineer or designer had his
own empirical design method and employed
in some cases various types of testing
machines to check design. In most in-
stances there was little or no correlation
between the design and field performance
of the pavement under traffic and there
was little experience or engineering data
available in connection with very heavy
wheel loads. The engineer adjusted the
designed paving mixture at the start of
construction based on his knowledge of
materials and traffic conditions. The
compaction of the pavement was often left
to the judgement of the roller operator.

During World War II a different con-
dition developed. It became necessary

to expeditiously design and construct
asphalt pavements for airfields and can-
tonment areas to carry loads far in excess
of those carried by highways and city
streets. Also, the methods of field con-
trol usually employed for pavement con-
struction and plant control were not con-
sidered adequate on jobs which required
the use of one or more asphalt plants
producing 2500 tons or more of paving
mixtures a day to meet completion dates.

A method was needed which couldbe
stated in terms of definite procedures
and criteria correlated with traffic so
that asphalt pavements adequate for the
design load could be consistently con-
structed by the field engineer.

To obtain the necessary :data for
establishing design procedure, pavement
criteria and field control, investigation-
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al projects were initiated by the Offace,
Chief of Engineers. While the projects
were directed toward the design of air-
field pavements, the results obtained are
equally applicable to the design of road
and street pavements, particularly those
which are to be subjected to considerable
traffic of heavy vehicles.

INVESTIGATIONAL PROJECTS

The two initial projects consisting of
a laboratory study and field investigation
were authorized in September 1943 and in
April 1944, respectively. These projects
were assigned to the Corps of Engineers
Flexible Pavement Laboratory, located at
the U. S. Waterways Experiment Station,
Vicksburg, Mississippi, for accomplishment.
The overall objectives of the two initial
‘projects were:

a. To select suitable test properties,
develop laboratory technigques for their
measurement, and by their use establish
limiting criteria for satisfactery asphailt
paving mixtures to meet the meguirements
of traffic for aircraft and heavy military
vehicles.

b. To establish stability and thick-
ness requirements of an asphalt pavement,
adequate for the operation of single
wheel loads of 15,000 and 37,000 lbs.,
and a dual wheel! load of 60,000 1lbs.,
when placed upon base course materials
that range from low to high stability.

¢. To fix gradation limits for as-
phaltic concrete, stone filled sand
asphalt, and sand asphalt mixtures.

d. To investigate types of filler and
select those considered best for asphalt
paving mixtures.

e. To establish criteria for limiting
the amount of filler that can be included
in a satisfactory asphalt paving mixture
for the herein specified use.

SCOPE

The scope of the overall investigation
was to: .

a. Study the existing methods of as-
phalt pavement design and select a method
requiring testing apparatus adaptable to
field design and control. Incorporate

the selected testing apparatus with the
military field CBR test kits, utilizing
all the latter equipment, 1f practical,
conduct a comprehensive laboratory inves-
tigation of the testing :apparatus and
perform such correlations with other
existing apparatus as considered necessary
or adviseable.

b. Conduct a comprehensive laboratory
study utilizing the selected apparatus.
Also compare the test properties of sand
asphalt and asphaltic concrete mixtures
in which such items as aggregate type
and gradations and amount and type of
filler are variables. Conduct studies to
correlate laboratory compaction of asphalt
paving mixtures with densities obtained in
the field at the time of construction.

c. Construct a field test section of
several qualities and thicknesses of as-
phalt pavements including surface treat-
ments on three qualaties of base and con-
duet accelerated traffic tests thereon.

d. Condvet final laboratory studies and
analyze the data cbtained from this im-
vestigation and establish satisfactory
design criteria and control procedures.

LABORATORY STUDY

The first objective to be accomplished
under the laboratory study was to select
or develop, if necessary, a simple and
highly portable testing machine. It was
particularly desirable that the selected
machine could be readily adapted to the
existing California Bearing Ratio Testing
equipment for field use by Engineer Troops.

A testing machine, which had been used
by Mr. Bruce G. Marshall during his em-
ployment with the Mississippi State High-
way Department, met the desired require-
ments and was tentatively selected. The
final selection was to be based on the
ability of the machine to satisfactorily
measure properties of a paving mixture
when compared to an existing machine
known to be suitable for the purpose.
Mr. Marshall, from whom the Marshall
stability machine derived its name, was
employed by the Flexible Pavement Labor-
atory during the initial laboratory
study to further any desirable develop-
ments in the machine or test procedures.
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A report of a study completed in 1943
by the Tulsa District of the Corps of
Engineers of various types of testing
machines in connection with the stability
of rock asphalts and asphaltic concrete
indicated that the Hubbard-Field machine
was typical of those that satisfactorily
measured the pertinent properties of an
asphalt paving mixture.

Comparative laboratory tests were per-
formed on a range of asphalt paving mix-
tures using both the Hubbard-Field and
Marshall machines. This work indicated
that the Marshall machine was satisfactory.
The values obtained could be used for
selecting proper asphalt content and re-
flected variations in gradation of aggre-
gate, character of aggregate, varlia-
tions im filler content, and penetration
of asphalt.

The Marshall machine has been and is
being used to measure the stability and
flow of the paving mixtures used in
connection with all phases of the everall
investigation. However, it was necessary
to redesign the compaction hammer and
make revisions in the procedures orig-
inally used in designing paving mixtures
by this method.

FIELD INVESTIGATIONS

In 1944 a test track was constructed
on a well drained site at the Waterways
Experiment Station, Vicksburg, Mississippa.
The objectives of the test track were as
follows:

a. To compare asphalt pavement mixtures
which have a wide range of physical pro-
perties but equal stability values under
traffic of 15,000, 37,000, and 60,000 1lb.
wheel loads (60,000 1b. load on dual
tires).

b. To determine the stability values
of asphalt pavement satisfactory for these
wheel loads.

c. To establish the minimum thickness
of asphalt pavements based on a specified
stab1lity for the three wheel loads out-
lined above on ahigh quality base course.

d. To determine the thickness of as-
phalt pavements of known stability neces-
sary to support the wheel loads outlined
above for bases of medium and low quality.

e. To compare the behavior of surface
treatment on various type base courses
under the three wheel loads,

f. To determine the relationship be-
tween the optimum asphalt content as de-
termined by the Marshall method and the
optimum required by traffic compaction of
the three wheel loads listed above.

An additional objective formulated
during the test program was to compare
the effect of hot weather and cold weather
traffic.

The reason for the selection of the
above wheel loads was that in 1944 three
types of airfields were being constructed
based on their wheel loads.

TRAFFIC TESTS

Traffic testing was initiated on the
15,000 lb. lane in May 1945 and 3500
coverages were applied as of October 1945.
Tests with the 37,000 lb. single wheel
load were started in September 1945.
Fifteen hundred coverages were applied to
the 37,000 1b. lane in 1945 and summer of
1946. Tests using dual wheels (B-29 air-
plane) installed in the special construc-
ted testing device and loaded to 60,000
Ibs. were started in August 1945. Fifteen
hundred coverages were applied to the
60,000 1b. lane in 1945 and summer of
1946. A coverage is defined as one load
application over every point in a given
area.

All traffic testing was conducted when
the pavement temperature was 90 F. or
higher. At times temperatures as high as
140 F.were recorded and most of the test-
ing was conducted at temperatures ranging
from 100 F. to 125 F. Some limited tests
were conducted at much lower temperatures
for comparison with the effect of hot
weather traffic.

The experience obtained from the traf-
fic testing indicated that 1500 coverages
were sufficient for the purpose of the
investigation. The physical properties
did not change in the unfailed pavement
by the application of additional cover-
ages andas in the case of all accelerated
tests, it is impossible to evaluate the
effect of weather and time.

The tracking pattern was so arranged
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as to elimnate effect of repeated cov-
erage of one wheel on the same area. The
direction of the traffic was reversed at
regular intervals.

Pavement cores were taken at frequent
intervals during the testing for labora-
tory examination and an accurate record
supplemented with photographs was kept of
all unusual conditions that developed 1n
the pavements.

PAVEMENT CRITERIA

Using the data obtained from the labor-
atory study and the accelerated traffic
tests, the following criteria have been
established for asphaltic concrete suf-
face course pavements for wheel loads be-
tween 15,000 lbs. and 37,000 lbs. on
single wheels and 60,000 lbs. on dual
wheels with gross tire pressures between
55 and 100 lbs. per sq. in. and net
pressures as high as 140 lbs. per sq.
inch.

Stability minimum 500 lbs.
Flow maximum 20
Percent voids, total mix 3 to 5
Percent voids, filled
with asphalt 75 to 85
The pavement thicknesses conforming
with the above criteria and considered
suitable based on this investigation for
the wheel loads used in the traffic test-
ing, when placed on base courses of 80
CBR values or better, are as follows:

optimum asphalt content.

All binder courses 1n asphaltic concrete
sections of the test track performed in a
satisfactory manner. Criteria were not
established for binder courses as the
present mold 1s too small to properly
measure mixtures containing aggregate 1in
excess of one-inch maximum.

Flow 1s the only property used in the
criteria established for asphaltic con-
crete pavements suitable for heavy wheel
loads which has not been generally used
in connection with evaluating an asphalt
pavement. It may be generally defined as
the plasticity of the compressed mixture.
However, the numerical values of flow do
not vary a great deal until the mixture
contains an excess of asphalt. Rich mix-
tures have higher flow values and the
limiting values of flow have been esta-
blished for satisfactory surface courses
based on the results of the accelerated
traffic testing with various wheel loads.

DESCRIPTION OF PAPERS

The papers composing this symposium
were prepared with the view of making
available 1n condensed form i1nvestiga-
tional data obtained to date which may be
useful to the engineer engaged in the
design and construction of roads or
streets.

No attempt has been made to present
all of the supporting data used in the
development of the pavement criteria and
the proper application of the Marshall

Surface Course
Thickness-Inches

Binder Course
Thickness-Inches

Wheel Loads Total Pavement
Pounds Thickness-Inches

15,000 2

37,000 3

60,000 (dual wheels) 3

As definite values were secured for mixes
determined to be both on the rich and
lean side of the optimum asphalt content,
the above criteria are considered to be
entirely valid. The criteria for sand
asphalt, which will be discussed in a
later paper, are considered to be less
valid since mixes from the turnaround sec-
tions of the test track are included in
the analysis and in general the sand
asphalt mixes were on the rich side of

1-%
1-%

— e N

-%
-%
machine to the design and control of
asphalt paving mixtures. However, the
comprehensive published report entitled,
“Investigation of the Design and Control
of Asphalt Paving Mixtures”, (1)! consist-
ing of three volumes, which contains all
data, may be obtained from the Flexible

11talnc1zed figures 1n parentheses re-
fer to the list of references at the end
of the paper.
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Pavement Laboratory, Waterways Experiment
Station, Vicksburg, Mississippi.

The purpose of this paper 1s to briefly
(1) review the activities of the Corps
of Engineers in pavement design; (2) de-
scribe how the investigation fits into
the over-all pacture; (3) summarize the
work completed; and (4) outline plans for
future work.

In Paper No. 2, the preliminary analy-
sis made to select test apparatus is sum-
marized and in Paper No. 3, the résults
of the first laboratory study are reviewed.
This study developed information on how
various factors affect the characteristics
of a paving mixture and resulted in a
feasible design and control method based
on the use of indicator tests. In Paper
No. 4, the construction and testing of a
field test section, together with analysis
of the data, are presented. The purpose
of the test section was to develop the
design criteria for the proposed method.
Paper No. 5 presents the adjustments that
were made in the laboratory test proced-
ures to insure that specimens on which de-
signs would be based would closely approach
field conditions. The final detailed test
procedures for the method are presented
in Paper No. 6. Paper No. 7 shows how
the method 1s used in the actual design
and construction of a pavement and the
closing paper discusses the design as re-
lated to other features of a flexible
pavement.

ADDITIONAL INVESTIGATIONAL WORK

Generally as an investigation progress-
es many items develop which merit further
work. This invéstigation is no exception
in this respect.

The present Marshall machine and pro-
cedures are applicable for conducting
tests on paving mixtures containing ag-
gregates of one-inch maximum size or
less. Laboratory and field work are in
progress to develop a mold and procedures
suitable for use with the present Marshall
machine capable of testing mixtures con-
taining aggregates up to 24-inch maximum
size. The larger mold will be used pri-
marily to establish test properties of
asphaltic binder and base courses suit-
able for heavy wheel loads.

There are many opinions as to the exact
percentage of material passing the No. 200
sieve that should be used to produce the
most satisfactory pavements. Experience
indicates that pavements containing ex-
cessive amounts of No. 200 mesh material
tend to crack with age. The need to esta-
blish the most suitable percentages of
No. 200 mesh material to use in produc-
ing pavements with long life as required
for military installations is apparent.

The percentage of No. 200 mesh material
1n a runway pavement is particularly
critical as the middle third of a runway
receives most of the traffic. This leaves
considerable areas which do not receive
the beneficial kneading of concentrated
traffic and may crack if not properly
designed.

Some laboratory work has been accom-
plished towards the development of a ma-
chine that will measure the flexibility
of en asphalt pavement. It is hoped that,
with data obtained by the use of a flexi-
bality machine, the most satisfactory
limits for materral passing No. 200 sieve,
may be definitely establashed.

In order to further reduce the personal
equation, decrease the amount of labor,
and possibly cut the time required to
produce a specimen, a machine for mechan-
ically compacting test specimens is being
developed. Laboratory work to date indi-
cates such a machine will be available
for use in the near future.

Since the start of this investigation,
airplanes with wheel loads up to 150,000
lbs. have been designed and constructed
and tires capable of being inflated to
pressures up to 300 lbs. are distinct
possibilities as standard equipment for
future airplanes.

It is not known at this time whether
or not the pavement criteria established
as a result of the work performed in
connection with this investigation are
suitable for use in constructing pavements
to be subjected to wheel loads in excess
of 60,000 lbs. on dual wheels. The re-
sults obtained on a test track construc-
ted and tested at Stockton, California
may preclude the necessity of further
investigational work to establish criteria
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suitable for pavements subjected to very
heavy wheel loads. The Stockton test
track consists of sections of flexible
pavements of varying thicknesses and has
been subjected to the accelerated traffic
of wheel loads of 150,000 lbs. and greater.
It is to be pointed out that asphalt
cement has been used as the binding agent
1n all the work completed to date. It is
considered that the methods and probably
the design criteria with some modifications
are also applicable to the harder grades
of tar. It is contemplated that a study
of hot mix tar concrete will be initiated
in the near future. It is also believed
that with modification of the procedures,
the method can be used for the design of
paving mixtures using cut-backs or other
liquad types of bituminous binders.

CONCLUSIONS

It 1s considered that based on the
data presented in this symposium, the con-
clusions noted below are justified:

a. The Marshall machine measures in a
satisfactory manner characteristics per-
tinent to an asphalt pavement, reflecting
changes in type of aggregate, asphalt
content, penetration of asphalt, plasti-
city, quantity of No. 200 mesh material
and gradation.

b. The design procedures permt the
determination of the ““optimum” asphalt
content for a given mixture.

c. The Marshall machine and procedures
are equally adaptable to design and field
control of asphalt paving mixtures.

d. The design criteria for asphalt
pavements, particularly asphaltic con-
crete, has been validated by traffic
testing and laboratory data.

e. The thickness of asphalt pavement of
known characteristics required for wheel
loads up to and including 60,000 lbs.

(dual wheels) on base courses of varying
quality are valid as the values were esta-
blished as the result of traffic tests on
actual pavements.

f. The use of the highly portable
Marshall machine and the development of
comparatively simple procedures permits
adequate asphalt pavements to be designed
and field controlled in an expeditious
manner, a prime requisite in connection
with the construction of military instal-
lations.

Detailed procedures for the use of the
Marshall machine for the design and field
control of asphaltic concrete paving mix-
tures are now being prepared for publica-
tion in the Engineering Manual of the
Corps of Engineers, Department of the
Army.
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SELECTION OF TEST EQUIPMENT

by JOHN M. GRIFFITH*

The first phase of the general project
“Investigation of the Design and Control
of Asphalt Paving Mixtures” (1) was the
selection or development of a simple meth-
od of asphalt pavement design and control
which would utilize easily portable test-
ing apparatus that could be used in the
field. It was particularly desired that
the apparatus be adaptable to the Calaf-
ornia Bearing Ratio (CBR) testing equip-
ment which was available to Corps of
Engineers troops. This paper covers the
primary aspects of the investigation made
to select a method of design and control
which would fit these requirements.

TULSA REPORT

Prior to the initiation of the investi-
gation described in this symposium, the
Tulsa District, Corps of Engineers, con-
ducted a comprehensive laboratory investi-
gation which 1s summarized in an unpub-
lished report prepared by that office and
titled “Comparative Laboratory Tests on
Rock Asphalts and Hot-Mix Asphaltic Con-
crete Surfacing Materials.” (2) Included
in this report was a comparative study of
the relative merits of four test methods
which were most widely in use at that
time. Comparative tests indicated that
the Hubbard-Field test was the most sat-
1sfactory method of the four for general
utility.

SELECTION OF MARSHALL EQUIPMENT

The results of the Tulsa 1nvestigation
were studied, and their conclusions ap-
peared to be reasonable based on their
data. However, other factors had to be
considered 1n the selection of test

*Engineer, Chief, Bituminous Section,
Flexible Pavement Branch, Waterways Ex-
periment Station, CE, Vicksburg, Miss.

equipment to meet the requirements of the
Corps of Engineers. In addition to sel-
ecting or devising a test method which
was reliable and sensitive to the various
factors entering into the design of as-
phalt pavements, it was also considered
that the test equipment should be adapt-
able to the CBR test apparatus and that
it should be easily portable. The avail-
able test equipment most nearly conforming
to these latter requirements was that
which had been devised by Bruce G. Mar-
shall while working with the Mississippi
State Highway Department. The Marshall
stability equipment, however, hadnot been
included in the Tulsa investigation pre-
viously referenced. In order to deter-
mine the over-all adequacy of the Marshall
equipment in the design of asphaltic
pavements the decision was made to con-
duct a series of comparative tests using
both the Marshall and the Hubbard-Field
equipment. The Hubbard-Field equipment
was chosen for these comparative tests on
the basis of the data contained in the
Tulsa report and because it was one of
the most widely used methods of asphalt
pavement design at that time.

A detailed description of the Hubbard-
Field method and apparatus may be found
in a publication by the Asphalt Institute
titled “The Rational Design of Asphalt
Paving Mixtures.” (3)

The test apparatus required for the
Marshall test is relatively simple and
compact. Figure 1 shows a view of the
testing machine and the Marshall test
head as developed at the start of the in-
vestigation by the Flexible Pavement
Laboratory of the Waterways Experiment
Station. Figure 2 shows the original
adaptation of the Marshall test apparatus
to the CBR testing frame furnished to
troops.
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The sample of asphaltic mixture to be
tested by the Marshall method was prepared
by a standard compaction procedure in a
4-in. diameter mold to a height of 2% in.
This procedure consisted of compacting
the specimens on one side only by 15 blows
of a 10-1b. hammer falling 18 in. on a
2-in. diameter foot, followed by a 5000-
Ib. static leveling load applied over the
surface of the specimen. The prepared
sample is inserted into the Marshall test
head (see Figure 3) after being heated in
a hot water bath to 140 F., and the load
is applied to the peripheral area of the
specimen. The stability of a specimen is
the maximum load in pounds which the com-

.

Figure 1.
Compaction Equipment Available in
Field CBR Testing Kits

Marshall Testing Machine and

pacted specimen will withstand. Load is
applied to the test head by means of a
mechanical jack at a rate of 2 in. per
minute. The load is measured by means of
a calibrated proving ring.

DEVELOPMENT OF FLOW METER

Prior to the initiation of the com-

parative laboratory test series using the
Marshall and Hubbard-Field equipment it
was recognized that some device for the
measurement of strain of the test speci-
men would probably be a valuable addition
to the Marshall stability test. Accord-
ingly, adevice named the “ flow meter” was
originated. The flow meter measures the
total amount of movement between the two
halves of the compression ring, or Mar-
shall test head, as the specimen is fail-
ed. The operating principle of the flow
meter may be observed by reference to
Figure 3. The flow meter is a device con-
sisting of a sleeve within which there is
a cylinder graduated vertically on its
side in units of one-hundredth of an inch.
The internal cylinder fits snugly into
the sleeve so that slight pressure is
required to move the cylinder with respect
to the sleeve. By means of the flow
meter the strain occurring within the
test specimen between no load and maximum
load (Marshall stability) is determined.

COMPARISON OF HUBBARD-FIELD
AND MARSHALL TEST APPARATUS

In the comparative test series three
primary variables were introduced into
the specimens compacted and tested by the
two methods under study. In one series
of tests the gradation of the aggregate
blends used was varied from mixtures con-
taining only 30 percent of gravel (mater-
ial coarser than No. 10 size) to mixtures
containing 70 percent of gravel. In an-
other series of tests two basic sand
gradations were used and the filler con-
tent of the mixtures was varied. The
third variable consisted of changing the
asphalt content in the two test series
outlined above. Specimens were prepared
in quadruplicate for each condition of
test in order to obtain good average data
on which to base the comparison of the
methods.

The test data obtained in this initial
comparative series of tests and in other
phases of this investigation are consid-
ered to be too voluminous for extensive
presentation in this symposium; therefore,
the findings in this comparative test
seriesare discussed only in general terms,
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General View

Close-up

Figure 2. Adaptation of Marshall Stability Testing Head to Field
CBR Testing Frame

and the detailed data are not presented
herein.

Both the Marshall and the Hubbard-Field
equipment were found to be sensitive to,
and to detect by measurement, changes in
gradation, variations in filler content,
and changes in asphalt content. In eith-
er test the stability of the prepared
samples increased with increasing asphalt
content to some maximum value, after
which the stability decreased. Both test
methods indicated that a maximum stabil-
ity was attained when the mixtures con-
tained approximately 50 - 60 percent
coarse aggregate in the particular
blends used for these tests. Both test
methods indicated that in sand-asphalt
mixtures, where filler content was varied,
the stability of the mixture increased
with increasing filler content as indica-
ted below. 'In the coarse-graded sand-
asphalt mixtures, 15 percent filler pro-
duced maximum stability by both methods,
and additional amounts of filler decreased
the stability of the mixtures. In the
fine-graded sand-asphalt mixtures, the
stability by both test methods continued
to increase with increasing filler content
up to 20 percent, the maximum used in
these tests. Results of the tests de-
scribed above indicated that both test

methods were sensitive in a comparable
manner to changes in asphalt content and
to changes in aggregate gradation and
filler content.

Density determinations on specimens
compacted as prescribed in the two test
methods indicated that density of the
compacted specimens increased with incre-
ments of asphalt cement to a maximum
value, after which they decreased, For
any given mix, however, the maximum unit
weight, as determined by the high point
of the curve, was greater in all cases for
the Hubbard-Field than for the Marshall
compaction procedure. A comparison with
a very limited amount of field data
available at that time indicated that
compaction by the method used with the
Marshall test more nearly duplicated den-
sities obtained duringnormal construction
than did compaction by the Hubbard-Field
method.

In general, it was noted that the
amount of asphalt required to produce max-
imum stability was roughly about 2 percent
less in the Hubbard-Field than in the Mar-
shall test. This difference is attribut-
able to the greater densities obtained in
samples compacted by the Hubbard-Field
method. It was apparent that an optimum
asphalt could be selected on the basis of



10 ASPHALT PAVING MIXTURES

Marshall Specimen in Testing
Position

Figure 3.

stability by either test; the questionable
factor being only the density to which the
specimen need be compacted. The develop-

ment of compaction technique was not con-
sidered pertinent to this phase of the
study; however, subsequent laboratory
work, described in a later paper, dealt
very thoroughly with compaction procedures.

Comparative resultson flow values were
not possible in this investigation since
the Hubbard-Field test did not include a
comparable measurement. Flow values were
measured, however, on the Marshall speci-
mens, and it was noted that the flow val-
ue increased in a logical manner with in-
creasing asphalt content. It was con-
sidered that when properly evaluated, the
flow value would be a valuable measure-
ment in the test procedure.

CONCLUSIONS

On the basis of the study briefly out-
lined above it was concluded that the
Marshall equipment compared favorably
with the recognized Hubbard-Field equip-
ment as to measurement of stability,
sensitivity to asphalt content, and re-
production of test results. Since the
Marshall apparatusutilized equipment that
could be readily incorporated into the
CBR test apparatus and would be easily
portable, it was decided to adopt the
Marshall apparatus and to develop and
perfect it for both design and control
of bituminous pavements in the field.
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LABORATORY STUDY OF ASPHALT PAVING MIXTURES

by W. K. BOYD*

INTRODUCTION

This paper summarizes the results of a
portion of an extensive laboratory test
program performed to study the basic fac-
tors that affect the quality of asphalt
paving mixtures. Since only a very limit-
ed amount of work had been done previously
with the Marshall equipment with respect
to its selection for use, the new study
also permitted an opportunity to develop
and improve techniques and procedures for
testing and for making a design analysis.
In this laboratory program the factors
that were studied to determine their
effect on the quality of an asphalt paving
mixture were: (a) amount of asphalt cem-
ment, (b) aggregate gradation, (c) aggre-
gate type, (d) filler, and (e) penetra-
tation grade of asphalt cement. Since
the technique for sample preparatiun was
the same for all tests, the factor of
density produced by different compactive
efforts was not a consideration. It is
recognized that the density of a mix has
an important bearing on its properties,
as will be discussed in considerable de-
tail 1n a later paper.

In order to evaluate and compare the
quality of two or more asphalt mixtures
it was necessary first to develop tools
or yardsticks for measuring certain prop-
erties of each prepared test specimen.
The selected Marshall test provided a
means of measuring the strength and
plasticity of a test specimen #hich could
be expressed as numerical values. In
addition, the specific gravity of each
specimen could be determined and used in
the computation of such properties as
total weight, unit weight of aggregate

*Engineer, Chief, Flexable Pavement
Branch, Waterways Experiment Station, CE,
Vicksburg, Miss.

only, from which such properties as ag-
gregate and total weight, the percent
voids in both the aggregate :and total
mix, and the percent of the total voids
filled with asphalt. In all cases the
properties named were determined for each
specimen prepared and tested and they
were used to compare and evaluate one
specimen with respect to another. The
effects of the different variables studied
are presentedin the following paragraphs.
EFFECT OF ASPHALT CONTENT

In the entire laboratory study the var-
iations produced by changes in asphalt
content were the first variables to be
compared. That is, for a given type and
gradation of aggregate, a number of test
specimens were prepared under exactly
comparable conditions at each of several
asphalt contents. The results of changes
in asphalt content on the seven test pro-
perties chosen for study are presented
for a typical example on Figure 1.
Stability - It can be seen on Figure 1
that the stability of a mixture increases
with additional increments of asphalt to
a maximum value and then decreases with
further addition of asphalt. It is there-
fore possible to express, as numerical
values, the comparative strength of any
given mix for various asphalt contents.
In the laboratory study the amount of
asphalt required to produce maximum stabil-
ity was the sole criterion for determin-
ing the asphalt content at which the other
properties of asphalt mixtures would be
compared. Later in this symposium it will
be shown that other criteria for selecting
optimum asphalt should alsobe considered.
However, for the purpose of this labor-
atory investigation the properties at
maximum stability provided a definite

“basis by which all mixtures could be

evaluated and compared.
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Flow - The amount of plasticity inherent
1n a paving mixture for various percent-
ages of asphalt may be measured with the
Marshall equipment by the flow test.
This test measures, in unmits of 1/100 of
an 1inch, the amount of deformation requir-
ed to produce farlure of the test speci-
mens. Referring to Figure 1, the flow
value increases with the addition of
asphalt. Referring to both the stability
and flow curves, it can be seen by inspect-
ing the stability curve that values of
equal stability can be selected both be-
low and above the optimum asphalt content.
The flow curve shows that such values do
not represent equally stable mixtures,
since a mix with a lower flow value may
be entirely stable, while the mix with
the higher flow may be plastic and dis-
place badly under traffic. For this rea-
son stability must be associated with
flow when comparison between two mixes is
made. At optimum asphalt, however, the
flow value of the mixes studied in the
investigation varied only within a very
narrow range. Since comparison of the
other variables, aggregate gradation and
aggregate type, will be at optimum, the
flow value w1ll not be a factor. It will
be shown later in another paper that flow
is considered an important measure of the
quality of an asphalt mixture under traf-
fic.
Density

Total weight - The total weight curve
shown on Figure 1 indicates that the total
weight of an asphalt mixture increases
with additional increments of asphalt to
a maximum value beyond which it decreases.
The increase i1n total weight 1s account-
ed for by the fact that more asphalt pro-
vides greater lubrication which permits
the aggregate to be seated together more
compactly and each added increment (up to
a certain limit) occupies a greater per-
cent of the voids between aggregate parti-
cles, thus adding weight to the mass.
For a given compactive effort a point is
reached where the asphalt replaces aggre-
gate 1n the mass and, being a lighter
material, causes a reduction in the total
weight of the specimen. For extremely
coarse and open gradation, particularly
asphaltic concretes, 1t was not possible

to develop a typical asphalt versus total
weight curve, because the voids between
aggregate particles are excessively large.

Aggregate werght - With the total
weight of the specimen determined by test
and knowing the percent of asphalt that
has been added, the unit weight of the
aggregate portion may be found by compu-
tatron. A typical curve in which the
aggregate weight 1s compared with varia-
tion in asphalt 1s shown on Figure 1. In
all cases the amount of asphalt required
to produce maximum aggregate density was
less than that required for maximum total
density. By examining the aggregate
weight curve it can be seen that there is
a small range of asphalt contents over
which the aggregate structure remains
approximately constant. Any 1ncrease 1n
the amount of asphalt in this range is
utilized in filling additional voids and
adds weight to the total mix. Further
additions of asphalt above this range sep-
arate the particles and cause a loss 1n
aggregate weight, but because this loss
may be offset by an increment of asphalt
which fills a greater amount of the re-
maining voids, the total weight may in-
crease. Therefore, in all cases the curves
based on aggregate weight reached a maxi-
mum value at a lesser amount of asphalt
than did the curves based on total weight.

Percent voids totel mix - The portion
of the total volume of a specimen occupied
by aggregate and asphalt comprises the
solid fraction and may be termed the per-
cent by volume of solids in the paving
mixture. The complement of percept sol-
1ds is percent voids total mix. Fig-
ure 1 a curve for this test property 1s
plotted with a scale showing the percent
voids total mix on one side and the per-
cent solids on the other side. Referring
to these curves, it is apparent that as
asphalt 1s added the voids in the aggre-
gate fraction become less until a peint

1s reached where the mass contains a min-
imum of voids, and any further increase

in asphalt spreads the aggregate particles
apart leaving the percent voids virtually
unchanged. Therefore the point on the
curve where the rate of curvature changes
indicates the percent asphalt required to
secure the maximum practical density.
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Percent voids aggregate only - Aggre-
gate weight of a test specimen may be con-
verted to volume by calculation and ex-
pressed as a percent of the total volume
of the mxture. The ratio of the volume
occupied by aggregate to the total volume
of the mass 1s termed percent solids
aggregate only. The complement of this
value 1s termed percent voids aggregate
only. The amount of asphalt that produtes
the greatest aggregate weight 1s the same
as will produce the least percent voids
1n the aggregate.

Percent voids filled with asphalt - The
rat1o of the volume of asphalt 1n a mx to
the aggregate voids may be expressed as
the asphalt-void ratio. For exanple, 1f
the aggregate occupires 80 percent of the
volume of a test specimen, the voids
available for asphalt are 20 percent. If
asphalt fills 15 percent of the aggregate
voids, then 15/20 or 75 percent of the
avallable voids are filled.

From Figure 1 it can be seen that a
higher percentage of voids is filled with
each additional increment of asphalt.
Since it has no peak value as 1s the case
with some of the other properties, and
bacause the values at optimum asphalt for
satisfactory graded mixes vary only with-
1n a narrow range of values, the property
is of lattle importance in this paper.
However, the property will be shown to
have considerable importance in the papers
to be given later.

Importance of asphalt content - It is
evident from the discussion just present-
ed that the test properties are affected
a great deal by the amount of asphalt
that is included in an aggregate mixture.
If a very small amount 1s used, the re-
sulting mx is brittle, has low strength
or stability, the weight 1s comparatively
low, and the voids excessively large. If
too much asphalt 1s used, the resulting
mix is too plastic, has little strength
and also may be considered unsatisfactory.
It 1s considered that asphalt content 1s
the most critical variable 1n a paving
mixture. In the following paragraphs
asphalt mixtures will be compared 1n whach
other factors are variaules. In all cases
the values shown will reflect the test
properties of an asphalt mixture at its

optimum asphalt content as determined by
the stability test. The data presented
are summaries only. In all cases a series
of test specimens was prepared in which
asphalt content was the variable and from
which optrmum asphalt was selected.

EFFECT OF AGGREGATE GRADATION

Sand Asphalt - In order to investigate
the effect of aggregate gradation on sand
asphalt, nine blends of fine aggregate
covering a wide range of gradation were
prepared. The blends are designated
gradations 1 through 9, with gradation 1
the finest and gradation 9 the coarsest
mix. These blends provided fine aggre-
gates, all of which passed the No. 10
sieve, varying from a coarse to a very
fine gradation. In general, the principal
difference between the nine gradations
occurred 1n the amount of material pas-
sing the No. 40 sieve with minor differ-
ences in the amount of material passing
the No. 8 sieve. Sufficient limestone
dust was added to each of these nine
basic blended materials to give mixtures
having a total of 10, 15, and 20 percent
of filler. In addition, limestone dust
was added to gradations 1, 3, 5, 7, and 9
to give mixtures havinga total of 25 per-
cent filler. The gradations of these
blends are shown on Figure 2.

On Figure 3 the results of variation
1n fine aggregate gradations are shown
by curves for all test properties. In all
cases the curves drawn through the plotted
points represent the changes that result
when the gradation of the fine aggregate
1s varied with the quantityof filler held
constant. The curves representing flow
(Figure 3) indicate no significant trend
and for the purpose of this analysis 1t
is assumed that they are all satisfactory.
Al]l curves representing stability show a
progressive 1ncrease 1n numerical value
from gradations 1 through 7 with a ten-
dency for lower values on gradations 8
and 9. Unit weights (both total and
aggregate) show a progressive increase in
numerical value from gradations 1 through
8 with a tendency for lower values for
gradation 9. The percent voids (total
mix and aggregate) generally decreased
progressively from gradations 1 through 7
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with a tendency to remain constant or in-
crease for gradations 8 and 9. The curves
representing asphalt-void ratios indicate
a slight trend to fill more of the voids
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with asphalt progressively from gradations
The data indicate that in-
creasing the amount of fine aggregate re-
tained on a No. 40 screen to #s much as
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about 55 to 65 percent of the total aggre-
gate 1mproved a sand asphalt mixture, the
exact ameunt being contingent on the
amount of filler present in the mixture.
It is not inferred that sand asphalt mix-
tures containing finer gradatians are un-
satisfactory, as no limits for the test
properties have been established.

Effect on optimum asphalt - On Figure 4
the amount of asphalt determined as opti-
mum 1s shown by a curve for each variation
in aggregate gradation and for each of
four filler contents. It can be seen that
the amount of asphalt required for optimum
was reduced with incremental increases 1n
the amounts of coarse sand until about 50
to 60 percent of the total aggregate 1s
retained on the No. 40 screen. A further
increase in coarse sand again increased
the optimum asphalt content. This trend
was duplicated by the curves for percent
vords aggregates only shown on Figure 3,
and suggests that the amount of asphalt

required is dependent on the available

voids. If the four curves on Figure 4
are compared, 1t is seen that they are in

the order of filler content. That is, a
given aggregate gradation with 15 percent
filler required less asphalt for optimum
than the same gradation with 10 percent
filler, still less for 20, and least with
25 percent filler. It is apparent that
“oth asphalt and filler are void filling

materials and will supplement each other
(wathin limits) in a paving mixture.
Asphaltic concrete - In order to investi-
gate the effect of aggregate gradations
on asphalt concrete mixtures, ten blends
each were prepared for the 3/4 and %-in.
maxamum aggregate size and eleven blends
for the 1-in. size. Blends have been de-
signated gradation 1 through 10 (or 11),
blend 1 being the finest. Gradation curves
for the blends are shown on Figure 5. Test
series conforming to the gradation curves
shown were prepared using uncrushed gravel
and slag as the coarse aggregate. Also,
test series were made conforming to the
gradation curves for 3/4 in. maximum size
us1ng crushed limestone and crushed gravel,
in addition to the series for uncrushed
gravel and slag. In all cases the fine
aggregate fraction consisted of a blend
of two local sands. Limestone dust was
used as the filler. In general, the prin-
cipal variation in the gradation curves
occurred 1n the coarse aggregate fraction.
If the gradations of the fine aggregates
were replotted on the basis of 100 percent
passing a No. 10 sieve, they would be
reasonably comparable.

Uncrushed gravel - Summary test results
on specimens prepared with uncrushed
gravel in which the percent of coarse ag-
gregate varied from about 15 to 80 per-
cent of the total aggregate and for three
(%-, 3/4-, and 1-in.) maximum size ma-
terials are shown on Figure 6. With each
added increment of coarse aggregate the
stability and all density properties were
improved until the mixture was composed
of approximately 60 to 70 percent coarse
aggregate. There was a rather indefinite
trend 1n the percent voids filled with
asphalt to increase until more than 70
percent coarse aggregate was included in
the mixture; beyond 70 percent the value
dropped markedly. It is clear that in
these tests stability was dependent on
density, which means that (for any given
aggregate type) the gradation which per-
mits the least aggregate voids, or the
highest density, will usually possess the
highest structural strength. From visual
inspection of the test specimens, it was
observed that those containing more than
70 percent coarse aggregate would not
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produce a desirable wearing course paving
mixture because of their open texture.
The curves for ¥, 3/4, and 1 in. maximum
size aggregate also show that there was
an 1improvement in both stability and den-

sity (slight) as the maximum size increas-
ed. Therefore, in general, both for econ-
omy (less crushing, screening, etc.) and
greater strength, the largest maximum
size aggregate consistent with pavement
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thickness and construction should be used.
Slag - In general, the statements concern-
ing uncrushed gravel, are true for mix-
tures containing slag as the coarse aggre-
gate fraction, as shown on Figure 7. How-
ever, maximum values for stability and
density were secured at about 60 percent
coarse aggregate for the slag rather than
the slightly higher range 1ndicated for
uncrushed gravel. This was due to the
facts that slag was a much laghter mater-
ial and that all percentages were based
on weight, the volume of slag being great-
er for equal weights of the two materials.
The specafic gravity of a material should
therefore be considered when any state-
ment concerning maximum amounts of coarse
aggregate 1s made.

o
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Effect on optimum asphalt - On Figure 8
is shown the amount of asphalt indicated
as optimum for different aggregate grad-
ations and aggregate types. All of the
curves have the same general character-
istics and show that less asphalt was re-
quired with each additional increment of
coarse aggregate added to the paving mix-
ture until the total amount of coarse
aggregate exceeded about 55 percent for
slag and about 65 percent for crushed
Iimestone and gravel. Below these limits
the trend for less asphalt corresponds
directly with the reduction in the aggre-

gate voids (Figure 9). Since at optimum
about the same percent of the aggregate
voids was always filled with asphalt, the
amount of asphalt at optimum must be re-
duced with each incremental increase in
coarse aggregate. It may be noted that
there was a point (65 percent for slag
and 70 percent for crushed limestone and
gravel ) where the ratio between aggregate
voids and percent asphalt in the mix was
not constant. Apparently the voids be-
came excessively large so that they were
not filled to the same extent as were
smaller voids, and the amount required
for optimum asphalt was sharply reduced.
As previously discussed, all test speci-
mens in the laboratory study were com-
pacted at one compaction effort. It will
be shown in later papers that this com-
paction effort was low. A greater com-
paction effort will produce higher den-
sities, reduce aggregate voids, and any
given mixture will consequently require
less asphalt for the optimum value than 1s
shown by these data. Therefore, the data
should be compared only from a qualitative
standpoint.

EFFECT OF AGGREGATE TYPE

A sunmary of test properties for four
types of coarse aggregate 3/4 in. maximum
size, 1s presented on Figure 9. It should
be noted that the various density curves
show the same trends with change in amount
of coarse aggregate and, with respect to
each other, reflect the difference in
thear specific gravities. Slag had the
lowest apparent specific gravity and the
greatest amount of voids in the aggregate
of the four types compared. It also had
the highest stability. Crushed limestone
was the heaviest material; yet the aggre-
gate voids were high, being exceeded only
by the slag. It is apparent that compari-
sons of types of aggregate on a weight
basis for specification purposes are not
necessarily valid while limiting values
for stabilaty, flow, percent voids aggre-
gate only, percent voids total mix, and
percent voids filled with asphalt may be
established which apply toall aggregates.
However, as has been discussed in prev-
ious paragraphs, a weight basis 1s of
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considerable importance in the design
analysis and construction control of a
specific asphalt paving mixture. With
regard to stability (see Figure 9), the
stability curves were grouped closely to-
gether when the coarse aggregate was less
than about 40 percent of the total mix
(th1s assumes that about 34 percent slag
by weight was equivalent in volume to 40
percent of the other materials)., For mix-
tures containing more than 40 percent
coarse aggregate, the curves begin to
spread with the stability for crushed
materials higher than for uncrushed mat-
erial, slag being the highest of all mat-
erials tested. Apparently when the coarse
aggregate was less than 40 percent of the
total, 1t was effective principally an
reducing the voids and increasing the
density with each particle floating in
the matrix independently of the others.
When present in excess of about 40 percent,
the quality of the material became effect-
ive by particle to particle contact, as
reflected by higher stability values for
crushed materials and slag when compared
to uncrushed gravel.

FILLER

Effect of amount of filler - From Figure
3 it can be seen that 15, 20, and 25 per-
cent filler in the nine basic gradations
show progressive improvements in the pro-
perties over those secured for respective
gradations with 10 percent filler. The
data on Figure 4 show that as the amount
of filler is increased, optimum asphalt
content is reduced. The function of fil-
ler 1n a mix is readily apparent from a
review of these two figures. Incremental
increases in filler up to about a maxi-
mum of 20 percent increased the stability,
increased the total and aggregate weight,
reduced both the aggregate and total
voids, and required less asphalt. It is
believed that the amount of filler sel-
ected for a particular design should 1n-
clude the following considerations: (a) the
amount required to produce satisfactory
stability, (b) the amount required to pro-
duce satisfactory void values, (c) the
gradation of the aggregate, and (d) rela-
tive cost of asphalt cement, aggregate,
and filler. There are other considera-

tions which may modify the maximum amount
of filler thatis desirable in a mx, such
as the flexibility of a mix or the ten-
dency to check and crack during construc-
tion rolling; however, these factors were
not determined by the laboratory study.
In Appendix B of Waterways Experiment
Station Technical Memorandum No. 3-254(1)
a method of analysis is presented which
indicated that, based on laboratory tests
only, the maximum amount of filler for
any of the mixes shown was about 2C per-
cent.

Effect of type of filler - The test re-
sults obtained by substituting 10, 15, 20,
and 25 percent sand passingaNo. 200 mesh
sieve for equal quantities of limestone
filler are shown for a typical case on
Figure 10. It is apparent that equal
amounts of sand filler do not improve the
desirable properties of a mixture (in-
creased stability and density, decreased
voids) to the same extent as limestone
filler. Increasing the quantity of lime-
stone filler (up to a certain point) in-
creased stability and density and decreas-
ed the voids; however, this was not nec-
essarily true for sand filler, and it can
be seen in some cases that additional in-
crements of sand filler were actually de-
trimental. A gradation curve for each
type of filler is shown on Figure 2. The
sand filler was composed largely of mat-
erial between 0.07 and 0.03 mm in size,
whereas the limestone filler was well
graded with approximately 17 percent fin-
er than 0.004 mm. If the properties of
an asphalt mixture are to be improved by
adding filler, 1t is essential that the
filler be well graded and that it include
material finer than 0.01 mm 1n size.
Otherwise, filler may become a void-pro-
ducing rather than a voad-filling material.

EFFECT OF PENETRATION GRADE OF ASPHALT

Tests were conducted to determine the
effect of penetration grade of asphalt
cement on the test properties. Four grades
of asphalt cement having penetrations of
53, 80, 117, and 135 were used. Results
of these tests are summarized on Figure
11. All tests were conducted at optimum
asphalt content. It can be seen that the
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use of different grades of asphalt cement
had little or no effect on any property
except stability. Increased Marshall
stability can be secured by using a low-
er penetration asphalt.

CONCLUSIONS

The conclusions given in the following
paragraphs are believed warranted on the
basis of the information and data presen-
ted 1n this paper. A more complete dis-
cussion and analyses of the laboratory
study, together with additional conclu-
sions, may be found in Appendix B of
Waterways Experiment Station TM 3-254(1).

The Marshall stabilaty test 1s an
empirical test whereby the relative
strength of basically different asphaltic
mixtures can be compared.

The flow test, an integral part of the
stability test, measures the relative
plasticity of asphaltic mixtures.

Incremental increases of asphalt cem-
ent to asphalt mixtures will increase
the amount of flow; therefore, mixtures
of equal stabality which contain unequal
amounts of asphalt cement may be com-
pared on the basis of flow.

Incremental increases of asphalt to a
given aggregate mixture will produce an
increase in the total weight to same max-
imum value, after which further increases
of asphalt will cause the total weight of
the mixture to decrease.

In general, an increase in the density
produces an increase in the stability of
a mixture.

Density, expressed as unit weight,
cannot be used in a relative comparison
of different types of aggregate mixtures;
however, 1t is considered to be of prac-
tical value in the design analysis and
control of a specific asphalt mixture.

The amount of asphalt required to
produce maximum density of the aggregate
only is less than that required to pro-
duce maximum total weight.

The percent voids total mix is depen-
dent on (a) asphalt content, (b) aggregate
gradation, {c) filler content, (d) com-
pactive effort, and (e) aggregate type.

Where the asphalt content 1s the only
variable, the selection of a percent

ASPHALT PAVING MIXTURES

asphalt required to produce maxamum
aggregate density may be made on the basis
of the amount of aggregate voids.

The quantaty of asphalt cement requir-
ed for optimum asphalt content decreases
as the aggregate voids decrease.

Well graded fine and coarse aggregate
mixtures prepared at optimum asphalt and
with a prescribed compactive effort will
have an asphalt-void ratio that varies
within very narrow limits.

Very open or harsh-graded aggregates,
when used 1n asphaltic mixtures, give an
asphalt-void ratio at optimum asphalt
content considerably less than that of
well-graded aggregates.

The addition of coarse sand (No. 10-40)
up to about 60 percent of the total aggre-
gate improved the test properties of sand
asphalt mixtures for the materials tested.

While the addition of coarse sand up
to about 60 percent improved the test
properties, the definite limit of coarse
sand depends on the gradation of the fine
fractions of the aggregate (No. 40-200)
and the amount and type of filler.

The measured properties of an asphalt-
ic concrete mixture were improved Ly the
addition of coarse aggregate to a maxi-
mum of between 60 and 70 percent of the
total aggregate.

An increase in the maximum size of
aggregate (from )% to 1 in.) improved the
test properties of the mixture.

The test properties of a mixture were
not changed by the type of aggregate
(slag, crushed gravel, uncrushed gravel,
or crushed limestone) when present in the
mixture in amounts less than 40 percent.

When the amount of coarse aggregate
exceeded 40 percent, the type of aggre-
gate became effective; slag produced the
highest stability, crushed gravel and
crushed limestone were about equal and
produced the next highest stability, and
uncrushed gravel produced the lowest
stability. ’

The addition of filler to an aggregate
mixture increased the stability, total
and aggregate weight, and reduced the
aggregate and total voids and the amount
of asphalt required for optimum.

The maximum amount of filler to be
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added to an asphalt mixture was not de-
termned and 1s dependent on several fac-
tors: (a) amount necessary to produce a
satisfactory stability, (b) amount nec-
essary to meet specified void require-
ments, (c) aggregate gradation require-
ments, (d) relative cost of asphalt cement,
sand, and filler, and (e) other possible
factors not consideredin this study, such
as durabi1lity and flexibility.

The addition of a well-graded filler

to a sand asphalt mixture improved the
measured test properties.

The addition of a poorly-graded sand
filler did not improve the measured test
properties of a sand asphalt mixture.

The use of different penetration grades
(between 50 and 135) of asphalt cement
had no effect on any measured property
except stability which was increased with
each decrease in the penetration grade of
asphalt.
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ASPHALT STABILITY TEST SECTION

by C. R. FOSTER*

INTRCDUCTION

In the studies discussed by IMessrs.
Griffith and Boyd, the significant prop-
erties of an asphalt paving mixture were
discussed and 1t was shown that each blend
of aggregates has an optimum asphalt con-
tent. Procedures were developed for de-
termining the optimum asphalt content and
for comparing various mixes which appeared
reasonakle on the basis of the laboratory
tests. It was recognized, however, that
before laboratory tests can be finally
evaluated and before the results obtained
from such tests can serve as design
criteria, the tests must be correlated
with actual behavior of pavements under
traffic. Accordingly, a test section
containing a wide variety of pavements
was constructed and subjected to traffic
with simulated airplane wheel loads.
Specimens of the pavements were obtained
and tested, and observations of the be-
havior of the pavements were made at re-
gular intervals. This paper described
briefly the test section, the application
of traffic, and the analysis of the data
to determine design criteria. More com-
plete details are gaven in Appendixes C
and D to Waterways Experiment Station
TM 3-254 (1).

Seven objectives for the test section
were embraced in the formal statement.
Without repeating the wording of that
statement, 1t will suffice to say that the
essential objectives were to obtain test
data necessary for the development of de-
sign criteria for mixture and thickness
requirements for pavements on bases of
various qualities. In this paper the
term “mixture” is used when there 1s no
reference to a component part of a flex-

*Engineer, Assistant Chief, Flexaible
Pavement Branch, Soils Division, Water-
ways Experiment Station, CE, Vicksburg,

Miss.

ible pavement cross section; the term
“pavement” 1s used where a reference 1s
made to the component part of a flexible
pavement section. Wheel loads of 15,000,
37,000, and 60,000 pounds were specified
in the objectaves.

TESTS

Test Section

Figure 1 shows a plan of the test
section and Figure 2 shows a view of the
completed project. The plan for the test
section and the subsequent testing pro-
gram were prepared by the Waterways Expera-
ment Station 1n conjunction with person-
nel of the Office, Chief of Engineers and
the Engineer Board (now the Engineer
Research and Developnent Laboratories).
As shown on Figure 1, the test section
consisted of two parallel straight tracks,
each 850 ft. long by 60 ft. wide, joined
at each end with turnarounds 175 ft. by
175 ft. The straight tracks were divided
longitudinally into three lanes, desig-
nated a, b, and ¢, for the three wheel
loads.

Subgrade - The test section was construct-
ed 1n an upland area where the natural
soil was a loessial clayey silt wath an
average liquid limit of 47 percent and
plasticity index of 23 percent. Thesoil
was compacted to 93 percent modified AASHO
density and the CBR (unsoaked) was eval-
uated at 30 percent. Since the project
was a study of pavements and not a study
of subgrades, it was desired that no
failures develop in the subgrade. In
order to insure that no failures would de-
velop 1n the subgrade, the total thick-
ness of base and pavement was set at 9,
13, and 16 in. for the 15,000, 37,000,
and 60,000-1b. wheel loads, which was
about 20 percent greater than called for
by the Corps of Engineers’ design curves
current 1n 19435. No failures occurred in
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Figure 2. View of Completed Test Section
the subgrade which affected these tests.
For ease of construction, the turnarounds
were made 11 in. thick over the entire
extent.

Base - In order to provide the necessary
range, four different base materials were
used. Crushed limestone was placed
throughout the entire length of one test
track. This base was built up in layers
using procedures similar to those for
waterbound macadam. No failures occurred
in the crushed limestone base during
traffic. Two blended base materials, de-
signated sand-loess and sand-clay-loess,
were placed in the other test track. The
sand-loess consisted of 80 percent river
sand and 20 percent loess. The resultant
mixture had practically zero plasticity.
The sand-clay-loess consisted of 60 per-
cent washed river sand, 30 percent clayey
silt, and 10 percent loess. These two
base course materials were difficult to
compact and it was necessary to use rub-
ber-tired rollers with 37,000-1b. wheel
loads. Failures developed in certain por-
tions of the blended bases during traffic.
The fourth base material, called turn-
around gravel because it was used solely
in the turnarounds, was a fairly well
graded gravel with fines. It gave
very good service in the traffic tests.
The following table shows average liquid
limit, plasticity indexes, density, and
CBR value at which the base materials were
evaluated upon completion of the traffic
tests. (Top, Page 31.)

Variables included in test section - The
test tracks were divided into eight sec-
tions in each of which was a major varia-
tion in the base or wearing course. Three
base materials and four types of pavement
were used. Designation of the sections
and the variations in each are found on page

31, center table. . :
In order to establish the minimum

thickness of asphalt pavements for the
three wheel loads, each of the sections,
except the two surfaced with double-sur-
face treatments, was subdivided into
three subsections each 90 ft. long. A
different thickness of pavement was placed
in each subsection. Designations of the
subsections and the pavement thickness in

each are given on page 31, lower table.
In this symposium the subsection de-

signation is combined with the section
number and the combined symbol hereafter
designates a section of the test tracks.
To determine the stability values of
asphalt pavements satisfactory for the
three wheel loads, each subsection was
divided into three units, each 30 ft.
long. A different stability value for
the pavement was used in each unit. De-
signations of the units and stability
values used in each are as follows:

Unit Design Stability

1 Low (Marshall valueof approximately
150 1b.; no filler added)

2 Medium (Marshall value of approxi-
mately 350 lb.; some filler added

3 High (Marshall valve of approxima-
tely 550 1b.; high amount of filler
added)

In order to determine the relationship
between the optimum asphalt content as
determined by the Marshall stability test
and the optimum required by traffic com-
paction by the three wheel loads, each
unit was divided into three items 10 ft.
long. A different asphalt content with
respect to optimum was used in each item.
Experience gained from previous use of the
test procedure (test section at Marietta,
Georgia) indicated that the optimum as
determined by the Marshall stability test
would approach the maximum permissable
for traffic use; therefore, all variations
in asphalt content were made on the low
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Base Liquad Limt Plasticity Index % Mod. AASHO Density CBR
Crushed limestone NP NP d 80+
Turnaround gravel 26 5 96 60
Sand-clay-loess 22 7 95 50
Sand-loess NP NP 99 40

*Characteristic compaction curve could not be determined.

Section Base Material Pavement
1 Crushed limestone  Asphaltic concrete, limestone aggregate
2 Crushed limestone Asphaltic concrete, gravel aggregate
3 Crushed limestone Sand asphalt
7 Crushed limestone Double surface treatment
4 Sand-clay-loess Asphaltic concrete, limestone aggregate
S Sand-loess Asphaltic concrete, limestone aggregate
6 Sand-loess Sand asphalt
8 Sand-loess Double surface treatment
Pavement Thickness
Asphaltic Concrete Sand Asphalt
Subsection Sections 1, 2, 4, end § Sections 3 and 6
A Surface course, 1%-1n. 2 an,
B Surface course, 1%-in. 4 in. (2 equal courses)
Binder course, 1%-1n.
C Surface course, 2 in. 6 in. (2 equal courses)

Binder course, 3 an.

side of the Marshall optimum. Item desig-
nations and variations in asphalt content
are presented below.

tem Asphalt Content With Respect to
Marshall Optimum®

1 20 percent below optimum
2 10 percent below optimum
3 Op t2mum

*Determined as that amount of asphalt
which i1ndicated maximum stability based
on specimens compacted with 15 blows of a
10-1b. hammer 18-in. drop, one side only,
plus 5,000-1b. static load held for two
minutes.

Although the turnarounds were intended
primarily to provide a means of turning
the heavy traffic equipment, they were
also used in the general study. Only one
type of base and one thickaness of
pavement (2 1in.) were used in the turn-
arounds, but different mixtures with vary-
1ng physical characteristics, stability,
and asphalt content were used. Accord-

ingly, the turnarounds were divided into
25 sections for the different types of
pavement. Where feasible, these sections
were subdivided similarly to those in the
straightaways.
Asphaltic mixtures - Three basic types of
paving mixtures were used in the pavements
of the test section. These were asphaltic
concrete 1n which the coarse aggregate
was a 3/4-in. maximum size crushed lime-
stone, asphaltic concrete in which the
coarse aggregate was a 3/4-1in.maximum
size uncrushed gravel, and sand asphalt
which, asisimplied, contained principally
fine (sand) aggregate. The fine aggre-
gate in the majority of cases consisted
of a blend of washed, siliceous sand from
a sand and gravel pit blended with a fine
sand from a Mississippi River sand bar.
A commercial limestone dust was used as
filler in all mixes. Asphalt cement,
penetration grade 120 to 150, was used in
all pavements.

To fulfill the requirements of the test
section it was necessary to use 27 differ-
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ent mixes which have been designated numer-
ically. Mixes 1-6 were asphaltic concrete
Mixes 7, 8, and 9 were
sand asphalts, and mixes 10-15 were
asphaltic concretes. Mixes 7-15 com-
prised the wearing courses in the main
test tracks and assume primary importance
in the analyses in this report. Gradation
curves for these mixes are shown on Fig-
ure 3, and a typical pavement core for
each of the three types of aggregate is
shown on Figure 4. Mixes 16-27 were
placed in limited quantities in the turn-
arounds. Characteristics and location of
each of the mixes are shown in table, page
34.

binder courses.

followed to vary the stability of the sand
asphalt, except the total filler in the
sand mixes was higher, about 7, 13, and
19 percent, respectively, for low, medium,
and high stability mixes. In the turn-
arounds gap-graded asphaltic concrete
mixtures were obtained by deleting the
material from one plant bin. For the
gap-graded sand, a poorly-graded river
bar sand was used. The stone-filled sand
asphalts, which were mixtures with a low
percentage of coarse aggregate, were
obtained by reducing the coarse aggre-
gate to about 25 percent of the total.
Also, a few mixes in the turnarounds were
varied as to the amount of filler in-

Figure 4.
Note:

The pavements listed were all obtained
from the basic aggregate types described
above. For asphaltic concrete, the
coarse aggregate, both crushed limestone
and uncrushed gravel, was about 50 per-
cent of the total aggregate weight. Var-
iations in stability were achieved by
varying the percent of the filler. No
limestone filler was added to the low
stability mixes, a moderate amount (suffi-
cient to bring the total te about 5 to 7
percent) was added for the medium stabil-
ity, and sufficient to bring the total to
about 10 percent was added for the high
stability mixes. The same method was

Typical Cores from Completed Pavement in Test Section
Line shows Boundary Between Wearing and Binder Courses

n
cluded as shown in the table.

All asphalt mixes were prepared in a
standard hot-mix plant and transported to
the project in trucks. The material was
placed using a standard Barber-Greene
spreader in 10-ft. lanes at right angles
to the center line of the test section.
Compaction was accomplished with a 10-ton
tandem steel roller.

TESTING PROCEDURE

In these tests, traffic designated as
“warm weather”, was applied only when the
pavement temperature was in excess of 90
F. because it was desired to apply traffic
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Mix No. Aggregate Stabilaty Range Location®*
- Asphaltic Concrete Binder Course
1, 2, 3 Limestone Low, Medium, hagh 1BC, 4BC, SBC
4, 5, 6 Gravel Low, medium, high +2BC
Sand _Asphalt
7, 8, 9 .-a Low, medium, high 3ABC, 6ABC, 9A
13ABC, 14ABC
16, 17 Gap-graded Medium, high 10A \
22, 23 25 percent and 15 Extremely high, 9A
percent filler medium high
Asphaltic Concrete Wearing Course
10, 11, 12 Limestone Low, medium, hagh 1ABC, 4ABC, SABC, 17A
11ABC, 12ABC
13, 14, 15 Gravel Low, medium, high 2ABC, 20A, 15ABC
16BC
18, 19 Gravel, coarse aggre- Medium, high 21A
gate gap-graded
20, 21 Gravel, fine aggregate Medium, high 21B
gap-graded
24, 25 Gravel, 12 percent .- 20A
and 15 percent filler
Stone-filled Sand Asphalt
26 Limestone, only 25 percent Medium 18A
coarse aggregate
27 Gravel, only 25 percent Medium 19A

coarse aggregate

*Section and subsection an test project.

when ¢onditions would be the worst from
the standpoint of the pavement displacing
under traffic. In some instances tem-
peratures as high as 140 F. were recorded
in the pavement duping the application of
traffic, and a major part of the traffic
was applied when the pavement temperature
was above 100F. In addition to the warm
weather traffic, a limited amount of
traffic was applied during cold weather
to determine the effects of cold weather
traffic on the pavements, especially those
with the higher percentages of filler.
The only effect of the cold weather traf-
fic on the analysis was to indicate that
the maximum permissable amount of filler
may be slightly less on the basis of cold
weather than warm weather traffic. De-
tailed results of the cold weather traf-
fic are not given.

As previously stated, it was speci-
fied that traffic should be applied with
15,000 and 37,000 1b. single wheel loads,
and a 60,000-1b. dual load. A Model
Super C Tournapull connected to a 12-cu.
yd. scraper (see Figure 5) was used for
the 15,000-1b. wheel load tests. The
scraper of this unit was loaded in such
a manner that each of the four wheels
carried 15,000 lbs. Traffic was applied
to produce uniform coverage across a 12-
ft. width of the lane. A total of 3,500
coverages was applied. A Model Super C
Tournapull connected to a specially con-
structed load cart (seeFigure 6) was used
for the 37,000 and 60,000-1b. wheel load
tests. This cart was constructed in such
a manner that 56-in. diameter single or
dual wheels could be mounted in the center
of the cart and the weight adjusted in the



ASPHALT PAVING MIXTURES 35

Figure 5. View of Model Super C Tournapull
Connected to 12 Cu. Yd. Carryall Used for
15,000-1b. Wheel Load Traffic Tests

load boxes on each end of the cart to pro-
duce the desired wheel load. It may be
seen that in addition to the main load
wheel in the center of the cart there are
four other wheels on the load cart and
towing unit; the two wheels of the towing
unit and the two wheels on the stabilizing

Figure 6. View of Model Super CTournapull

Connected to Specially Constructed Load

Cart Used for 37,000-1b. Single and 60,000~
Ib. Dual Wheel Load Traffic Tests

yoke of the load cart. The Tournapull
towing unit wheels each carried approxi-
mately 14,000 lbs. while the stabilizing
wheels on the yoke each carried approxi-
mately 10,000 lbs. The load on these
wheels was small in comparison with the
test load, and their effect has been
considered negligible. The 37,000-1b.
wheel load traffic was applied to produce
uniform coverages over a 4-ft. width and
the 60,000-1b. dual wheel load over a

6-ft. width of their respective lanes. A
total of 1,500 coverages was applied with
each load. Figure 7 shows tire print data
for the three wheel loads.

The performance of each pavement item
under traffic was recorded throughout the
test in the form of visual observations.
The observations have been standardized
into groups listed as tire printing, rut-
ting and shoving, cracking, settlement,
roughness, upheaval, and longitudinal
movement (see Figures 8-13 for typical
views of several of the conditions). Each
of these observations was qualified as to
degree, so that one of four notations was
possible for each: “none,” “ faint,” “well
defined, ” or* pronounced. ” The performance
of each pavement item subjected to the
traffic in the test was recorded for com-
parison in this manner and is presented
in detail in Appendix D of Waterways
Experiment Station T™M 3-254 (1). Table 1
is a typical sheet of these observations.
In addition to these observations, move-
ments of the pavement surface were recor-
ded by level measurements at intervals
during the traffic tests. A few deflec-
tion gages were installed in order to
obtain factual data relative to the amount
of surface deflection that was produced by
the several wheel loads. The deflection
recorded by the gages was that normally
expected in flexible pavements.

Pavement cores were obtained from with-
in the traffic lanes prior to the traffic
testing and at frequent intervals through-
out traffic testing. Cores of 4 in. dia-
meter and of a height equal to the pave-
ment depth were obtained in triplicate for
laboratory testing. From these cores the
stability, flow, and the unit weight total
mix in lb. per cu. ft. were obtained. The
other test properties, unit weight aggre-
gate only, percent voids aggregate only,
percent voids total mix, and percent total
voids filled with asphalt were computed.
The complete record of test properties
for each pavement item during the traffic
tests is listed in Waterways Experiment
StationIM 3-254 (1). Table 2 is a typical
tabulation of data.

In addition to the pavement tests, a
number of inspection pits were excavated



36

ok

;

15000 LB WHEEL LOAD
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GROSS CONTACT AREA 276 SQ IN
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37000 LB WHEEL LOAD

56"- 6 PLY GENERAL SMOOTH
CONTOUR TIRE

INFLATION PRESSURE 110 P.S |
ROLLING RADIUS 245 IN

GROSS CONTACT AREA 375 sQ. IN.

543 PS| NET CONTACT AREA 253 SQ N
AVERAGE NET CONTACT PRESSURE AVERAGE GROSS TONTACT PRESSURE
1056 P S | 987 PSS
AVERAGE NET CONTACT PRESSURE
62 PSI
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215~

60,000 LB DUAL WHEEL LOAD

567-16 PLY GENERAL SMOOTH CONTOUR
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INFLATION PRESSURE 110 PS |

ROLLING RADIUS 248 IN

GROSS CONTACT AREA RIGHT TIRE 329 SQIN
GROSS CONTACT AREA LEFT TIRE 328 SQIN
NET CONTACT AREA RIGHT TIRE 216 SQ IN
NET CONTACT AREA LEFT TIRE 215" SQ IN
AVERAGE GROSS CONTACT PRESSURE 913 PS|
AVERAGE NET CONTACT PRESSURE 1392 PS |

26"

2

into the base and subgrade both during
and after completion of traffic testing.
Test measurements included density,
moisture, and CBR tests, the results of
which are not presented here.

Figure 7. Tire Print Data

test section it was necessary to study
the behavior of the various items under
traffic and determine (a) which mixes were
or were not satisfactory from the stand-
point of resisting displacement under
traffic, and (b) which pavements were or
were not satisfactory from the standpoint
of preventing shear deformation in the
underlying base. Evaluations for these
conditions were made using the observa-

ANALYSIS AND DISCUSSION
Evaluation of Mixes and Pavements

In the analysis of the data from the
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" PRONGUNCED

MINUS '0

CPTIMUM ASPHALT

View Showing Typical Tire Printing, Sect.:on 2B=2, Mvt 14,
2024 Coverages, 15,000-1b. Lane

WELL-DEFINED

Figure 9. View Showing Typical Rutting, Section 3C-1, Mix 7,
122 Coverages, 37,000-1b. Lane
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Figure 10. View ShowingPronounced Upheaval
in Pavement Section 6B-1, Mix 7 Optimum As-
phalt, 620 Coverages, 15,000-1b. Lane

tions and measurements during traffic as
“tools.”

Figure 11.

Evaluation of Mixes - Observations of
tire printing, rutting and shoving, up-
heavals, and surface cracking, were used
in evaluating the capacity of the mixes
to resist displacement under traffic. A
definite significance was attached to each
of the standardized adjective ratings
(none, faint, well-defined, pronounced)
for each of these observations. The de-
termination of the significance attached
to each of these ratings was based on
field observations and was generally
agreed on by all concerned, including
personnel of the Office, Chief of Engin-
eers and the consultants. Complete de-
tails and discussions of the significance
attached to each rating are given in
Appendix D of Waterways Experiment Sta-
tion TM 3-254 (1) but they are too volum-
inous to be repeated here. For illustra-
tion, the significance attached to the

OUMNIT Xy
DPTIMUM asPHALY ¢

NUs 2oy

View Showing Surface Cracking, Section 3B, Mixes 7 and 8,

1500 Coverages, 37,000-1b. Lane
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. OPTIMUM ASPHALT
" MINUS 20%

Figure 12. View Showing Pronounced Case of Condition Designated as
“Rough Surface.” Photo also Shows Upheaval at Sides of Traffic
Lane Section 5A-1, Mix 10, 2024 Coverages, 15,000-1b. Lane

OPTIMUM ASPHALT OPTIMUM ASPHALT
MINUS 10%

Figure 13. View Showing Pronounced Longitudinal Movement, Section
6A-1, Mix 7, 200 Coverages, 15,000-1b. Lane
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TABLE 2°
RESULTS OF LABORATORY TEST ON FIELD CORES OBTAINED DURING TRAFFIC TESTS

15,000-1b Lane /
Unit Weaght Voids
Wearing Flow Value Lbs Per Cu Ft Percent Total Voids
Asphalt  Course Marshall Umts of Total Aggregate Total Aggregate  Filled Wath
Section Unt Item Cement Thickness Coversge Stabality 1/100 Inch Mix Only Mix _ _Only Asphalt
% s Lbs %

Max No. 10 (Continued)

5B 1 1 5.6 1.5 0 172 15 1411 1332 93 21.7 571.2
312 291 13 143 2 135.2 79 205 61.5
1452 502 11 146.5 138 3 5.8 187 69.0
2100 943 11 147.9 139 6 4.9 17.9 72.7
3500 810 14 1457 1315 63 191 61.1
2 6.3 1.5 0 229 13 143.1 134.1 71 21.3 66.6
312 470 15 145.8 136.6 53 19.7 73.1
1452 159 15 147.7 138.4 4.1 18.7 78.1
2100 950 14 147.8 1385 4.0 18.6 55
3500 1002 14 148.2 138 9 317 18.4 799
3 70 1.5 0 367 14 1446 1345 5.1 210 75.17
312 556 16 1449 1348 48 20.7 76.9
1452 713 20 147.4 137.1 3.2 190 83.1
2100 1152 21 148 6 138 2 2.4 18.7 87.2
3500 781 18 148 3 137.9 26 18.9 80.3
SC 1 1 56 2 0 80 17 140.5 132.6 9.6 220 56)1
312 247 14 144.6 136.5 7.1 19.8 64.2
1540 331 10 145.7 137.5 6.3 190 66.8
2100 596 11 147.2  139.0 5.4 18 4 70.6
3500 628 15 146 8 138.6 5.6 18.5 69.8
2 6.3 2 0 170 17 144.5 135 4 6.2 20.5 69.7
312 175 13 147.2 137.9 4.4 190 76 8
1540 §33 13 1471 137.8 4.4 19.0 76.8
2100 847 13 148.5 139.1 3.6 18.3 80.3
3500 967 14 149.3 139.9 3.1 17.9 82.7
3 70 2 0 245 16 144.7 134 6 5.0 20.9 76.1
312 415 15 146.2 136.0 40 20.1 80 1
1540 654 18 146 2 136.0 4.0 201 80.1
2100 698 17 147.4 137.8 32 19.4 835
3500 755 17 148 3 137.9 2.7 19.0 85.8
Mix No. 11
1A 2 1 4.8 1.5 0 349 15 146 1317 8.3 19.2 56.8
136 666 17 148.1 1410 58 17.0 65 8
520 809 13 149.4 142 2 5.2 16.5 68.4
800 837 14 1491 1419 5.5 16.8 67.2
1652 97 12 150.4 143 2 4.6 15.9 1.1
2100 1381 12 1507 M35 4.5 15.9 71.6
3500 1440 13 150.1 142.9 4.9 16.2 . 69.8
2 5.4 1.5 0 315 15 1451 137.3 12 195 63.1
136 568 16 147.8 1398 54 17.9 69.9
520 846 14 149.7 141 6 4.2 16.9 15.1
800 972 13 1497 141.6 4.3 170 4.7
1652 1287 13 150 3 142.2 3.8 16.6 71.0
2100 1347 12 150 2 142.1 3.9 16 6 6.6
3500 1253 16 150.7 142 6 3.6 16.4 0
3 6.0 15 0 482 17 146.5 1377 54 19.2 71.9
136 611 18 148.1 139.2 43 18.3 76.5
520 67 17 150.0 141 0 3.1 17.2 82.0
800 826 15 149 4 140.4 35 17.6 80.1
1652 1091 17 150.5 1415 2.8 170 83.5
2100 1303 16 149.7 1407 3.3 17.4 810
3500 1032 18 150.3 1413 2.9 171 83.0

Thia 18 a ssuple page from Teble 2 for 1llustrative purposes
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four degrees of tire printing is given.

a. None. Mix may be approaching an
unsatisfactory condition from the stand-
point of brittleness.

b. Faint. Not considered detrimental,
in fact faint tire printing may be bene-
ficial.

c. Hell-defined.
trimental.

d. Pronounced. Considered an indica-
tion that the mix is approaching an un-
satisfactory condition from the stand-
point of displacing under traffic (plastic)
but 1s not considered sufficiently detri-
mental to warrant eliminating an other-
wise satisfactory mix.

Not considered de-

tic,” and*plastic.” Figures 14 and 15 show
typical evaluations, and table 3 lists
the evaluations. In this table mixes
with the same aggregates are grouped to-
gether. Separate evaluations are made for
items 1n the main tracks and the turn-
arounds. The behavior of any given asphalt
content for a mix is indicated by its
place under the colum headings. For ex-
ampleMix 11, the ninth entry in the table,
was placed at asphalt contents ranging
from 3.0 to 8.0 percent although in the
main track the range was only from 4.8
percent to 6.0 percent. In the main
track, Mix 11 was evaluated as ‘“approach-
ing brittle” when the asphalt content was

T OPTIMUM ASPHALY
MINUS 20%.

Figure 14. View Showing Typical Mix Evaluation, Section 2A-3,
Mix 15, 2024 Coverages, 15,000-1b. Lane

On the basis of the significance at-
tached to the observations, each mix at
each asphalt content was evaluated. In-
dividual items were evaluated initially,
but it was determined that thickness of
pavement, wheel load, and type of under-
lying base were not factors: therefore,
all items of the same mix number and as-
phalt content were evaluated as a group.
Four evaluations were used: ‘“approaching
brittle,” “satisfactory,” “border plas-

4.8 percent, as “satisfactory” when the
asphalt content was 5.4 percent, and
“border plastic” at 6.0 percent asphalt
content. The evaluations in the turn-
arounds are indicated in a similar manner.
The last column in table 3 shows the
range of acceptable asphalt contents.
This range is based only on the items in
the main track. In the study of the be-
havior, there was relatively little in-
formation on brittleness; hence, it was
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SATISFACTORY OPTIMUM ASPHALT
- MINUS 10X

PLASTIC . v LT OPTIMUM ASPHALT

Figure 15. View Showing Typical Satisfactory and Plastic Mixes
Section 2A-1, Mix 13, 1100 Coverages, 37,000-1b. Lane

TABLE 3
EVALUATION OF MIXES

Aaphalt Contens, at Ind: d_Beh

Approaching Border Acceptable
Opt umm Brittle Satisfactory Plastac Plastic Range of
Mix Asphale Main Test Turna- Main Test Turna- Moin Test Turna- Mman Test Tarne- Asphalt
Material Nurber Content Sectaen Tracks _ rounds Trocka rounds Tracka rounds Tracks pounds Contenta
%
Sand 7 106 3,6 - - - - 85 - 95106 - 71685
Asphalt 8 88 3,69 13 14 - 50 - 60 70 70 79-88 79-100 6370
9 80 3,69 - - 64 64 12 12 80 - 64-72
23 68 9 - - . 60-68 - . - - -
22 83 9 - - - - - - - 1583 -
Sand 16 90 10 - - - BO . - - 90 -
Aaphalt 7 75 10 - - . 7 - 15 - - -
(Gap-graded) ! 6 .
Asphaltic 10 70 1, 4,5 56 - 63 - 70 - - - 6370
(("‘;:“’h: 11 60 1,4,5 11,1217 48 30-40 5¢ 4858 60 6070 - 80 S 460
Lormatone) 12 60 1,4,5 17 - - 4854 48 - 54 60 - 4854
Asphaltzc 13 15 2 - - 60-68 - - - 15 - 60-68
mc::;.d 13 71 2, 1s, 16, 20 - - $7-64 5064 - 6566 71 7080 5764
¢
Grovel) 15 55 2, 20 45 - 5055 4550 - - - - §0-55
% 45 20 . - - 4045 - . - - -
2 51 20 - - - 4451 - - - - -
Asphaltac 18 §1 2 - - - $157 - - - - -
Cancrete 9 - - - 4854 - - - - -
{Uinc 1 54 2l
Gravel 20 60 21 - - . 5460 - - - - -
Gap-graded) 21 50 21 - - - 4550 - - - - -
Asphaltic 26 717 18 - - - - - 68 - 717 -
Concrate 7 17 - - . - - 68 - 71 >
(25% Conrse !
Aggregate)
Binder 1,2 3,4 - - - - Al} - - - - - -

Courses 5 6
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not possible to pick out definitely brit-
tle mixes except in the turnarounds.
There were certain indications (primaraly
lack of tire printing) of mixes having
brittle characteristics; therefore, mixes
having these characteristics are classi-
fied as *‘approaching brittle.” The clas-
sification “satisfactory” includes those
which did not have detrimental behavior.
It should be realized that this includes
mixes with a range of asphalt contents
and from the standpoint of durability the
ones with the higher asphalt contents may
be more satisfactory. The classification
“border plastic” includes mixes which are
approaching a rich mix. They represent
the maximum asphalt contents that could
be allowed in the test section without
having a detrimental displacement. The
classification “plastic” includes mixtures
which are definitely rich.

Evaluation of Pavements - Observations of
rutting and shoving, upheaval, cracking
(other than surface cracking), rough sur-
face, and longitudinal movement were used
1n evaluating the capacity of the pavement
to prevent shear deformation in the under-
lying base. In addition, profiles of
trenches cut across the traffic lanes
were used in identifying when shear de-
formation had occurred. In general the
same procedures were used for evaluating
the pavements as for evaluating the mixes
using a definite significance for each of
the adjective ratings. The significance
attached to the adjective ratings of the
varying degrees of “rough surface” is
given below as an example.

a. None. A good indication that the
pavement is adequate to prevent shear de-
formation in the underlying base.

b. Faint. Not considered sufficiently
detrimental to warrant labeling an other-
wise satisfactory pavement as unsatis-
factory on the basis of this observation
alone, but it does indicate that the pave-
ment is approaching the condition of
being inadequate to prevent shear deform-
ation in the underlying base material.

c. Well-defined. Pavement is not
quite adequate to prevent shear deforma-
tion in the underlying base material.

d. Pronounced. Pavement 1s definitely
inadequate to prevent shear deformation
in the underlying base material.

By analyzing the observations as a
whole it was possible to evaluate the
different pavements on the basis of their
ability to prevent shear deformation in
the underlying base. Clear-cut evalua-
tions of* satisfactory” or“unsatisfactory”
could be made in many cases; in others it
was necessary to evaluate the pavement as
“border-line.” The wheel load, thickness,
and type of underlying base were definite
factors in this analysis and individual
evaluations for specific items of pave-
ment were necessary in many instances.
Table 4 shows the evaluations. No eval-
uations are presented for pavements on the
crushed limestone or the turnaround gravel
as no shear deformation occurred in these
bases. On table 4, the asphalt contents
are given in percent of Marshall optimum
(at peak of stability curve). The actual
asphalt contents at this optimum are list-
edin the third colum of table 3. Asphalt
contents at 20 percent and 10 percent be-
low optimum can be computed readily (for
Mix 11, optimum was 6.0 - 20 percent be-
low was 4.8 percent and 10 percent below
was 5.4 percent).

Effect of Traffic on Test Properties

In the following paragraphs the changes
that took place in the test properties
during traffic are studied and the data
obtained on the mixtures are analyzed to
determine pertinent test property values
for use in selecting limiting criteria and
for other analyses.

At the time the test section was con-
structed and at intervals throughout the
traffic testing, cored samples were re-
moved from each item in the section for
laboratory tests. These tests consisted
of the measurement of the stability, flow,
and density of each specimen. The magni-
tude of this phase of the work can be best
appreciated by a review of the work in-
volved. There were 486 items in the two
main tracks. Each item was cored from
four to seven times, and three specimens
were removed at each interval. Assuming
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TABLE 4*

PAVEMENT EVALUATION - INFERIOR BASES

Pavement  Wheel

Evaluation at Indacated
Asphalt Content®

Thickness  Lead Mix Marshall Marshall  Marshall

Section Unit Type Base Inches Kips Nuarber Optimum-20% Opticum-10% Optioum
4A 1 Sand-clay-loess 15 15 10 S S s
1 7 10 B R U
1 60 10 B B u
A 2  Sand-cley-loess 15§ 15 11 S S S
2 37 11 B B u
2 60 11 ] B U
4A 3 Send-clay-loess 15 15 12 S S R
3 37 12 B B U
3 60 12 B U u
4B 1 Sand-clay-loess 30 15 10 S S S
1 37 10 S S B
. 1 60 10 S s B
48 2 Sand-clay-loess 30 15 11 S s ]
2 37 11 S R u
2 60 11 S B u
4B 3 Send-clay-loess 30 15 12 S S S
3 31 12 B u Li]
3 60 12 B u u
4C All  Sand-cley-loess 50 15, 37, 60 10, 11, 12 S s s
SA All  Send-loess 15 15, 37, 60 10, 11, 12 u U v
sB 1 Sand-loess 30 15 10 u u u
1 a? 10 v 1] U
1 60 10 U u U
SB 2  Sand-loess 3.0 15 11 S B V]
2 k1 11 s u u
2 60 1l S u u
5B 3 Sand-loess 30 15 12 s s B
3 37 12 S S u
3 60 12 s S u
SC 1 Sand-loess 50 15 10 S B v
1 7 10 S B u
1 60 10 ] S H]
5C 2 Sand-Joess 50 15 11 S S S
2 37 11 S s s
2 60 1 s s ]
5C 3 Send-loess 50 15 12 s s S
3 37 12 S s S
3 60 12 S s S
6A Al)  Sand-loess 20 15, 37,60 7,8, 9 u u u
[} All  Sand-loess 40 15 37,60 1,8,9 u U u
6C 1,2 Send-loess 60 15 37,60 7,8 )] ] v
[ 3  Sand-loess 60 15 9 B u u
37 9 B u u
60 9 B U L]
8A 1 BSand-loess 0175 15, 37, 60 Surface )} U U

treated

“Thas 18 » sacple pagoe from Table 4 for 1llustrative purposes

Abbreviations

15 cores were taken from each item, more
than 7,000 were subjected to laboratory
test. If the turnaround items are in-
cluded, the total exceeds 10,000 speci-
mens. In order to reduce this volume of
statistical data toreasonable proportions
for analytical purposes, it was necessary
that the data be summarized. The steps
taken to condense the data for one mix
are presented in the following paragraphs.

The basic data showing the results of

S « Satasfectory, B - Borderline,

U - Unsatiefactory

the laboratory tests on the pavement cores
for each test itemare presented in tables
of which table 2 is a sample sheet (out
of 66). These results are the average of
at least three test specimens, represent-
ing the first step in sunmarizing the data.
Mix 11, which is an asphaltic concrete
containing about 50 percent crushed lime-
stone as the coarse aggregate fraction,
is used to illustrate the method whereby
the data were further summarized. On
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Figure 16 the data summarized in table 2
representing the results for Mix 11, opti-
mum asphalt, Ll;-in. pavement, are plotted,
and curves are drawn approximately through
the plotted points. (Flow values are
plotted to nearest 10th, values in table
have been rounded off.) Also included on
this figure are curves obtained in the
same manner for those 1tems of Mix 11,
1)i-in. pavement that contained minus 10
and minus 20 percent asphalt. The varia-
tionin three test properties - stability,
flow, and unit weight total mix - 1s shown
for the various pavement mixtures with the
application of coverages of a 15,000 lb.
wheel load. Since the other density and
void properties are computed from the
unit weight total mix, they would reflect
the same changes and need not be included
at this time. Similar plots were made
for Mix 11 from other locations in the
15,000-1b. wheel load lane. It should be
remembered that Mix 11 was placed in the
1%-, 3-, and 5-1n. sections on the crushed
rock base, the sand-clay base, and the
sand-clay-loess base so that in all, Mix
11 appears in nine locations in the 15,000-
1b. wheel load lane.

Figure 17 shows, for all but one loca-
tion, changes in stability, flow, and
unit weight total mix, respectively, with
coverages for Mix 11 at 6.0 percent as-
phalt. On Figure 17 1t can be seen that
the unit weight total mix varied between
146 and 148 lbs. at the time of construc-
tion for the eight items shown. The umt
weight total mix of all items increased
with coverages and at the end of 3500
coverages was 150 lbs. with a tolerance
of one-half lb. plus or mnus. A simlar
comparison of unit weight total mix 1s
also possible for Mix 11 at other asphalt
contents. At all three asphalt contents
an average curve would include with one
or two exceptions all curves 1f a toler-
ance of plus or minus one lb. 1s permit-
ted. The same comparisons are made for
the curves for stability and flow. In
the case of stability, similar trends are
indicated for all curves at a given as-
phalt content. However, there appears to
be a wider scattering of the data. Since
a test of this type will inevitably show

variation, 1t is considered that the
curves are in reasonable agreement and an
average curve would in general be satis-
factory. Some of the flow curves on Fig-
ure 17 show somewhat different trends
from the others; however, the flow curves
for the other asphalt contents for Mix
11 are more consistent. For this reason,
1t 1s believed that for the purpose of
developing a general case, an average
flow value 1s satisfactory.

The summation of all the data for
Mix 11 in the 15,000-1b. lane 1s presen-
ted on Figure 18. On this figure the
difference producedby a change in asphalt
content is demonstrated. Each of the
curves represents the weighted average of
eight 1tems (one of the nine original
1tems was deleted because base failure
occurred). Each 1tem was cored about six
times with three specimens being secured
each time. This represents a total of
approximately 150 test specimens; there-
fore, the average curves developed in this
manner are considered reliable. Thas pro-
cedure was followed to establish the
average curves for Mixes 7 through 15 and
in each of the three wheel load lanes.

From the summaries of the data as
plotted on Figure 18, 1t is possible to
secure the points required to develop the
several test property curves in which
asphalt content is plotted as one of the
coordinates. Curves of the various test
properties versus asphalt content may be
drawn for any given number of coverages
during traffic testing. Figure 19 shows
curves for a range of coverages for Mix
11 in the 15,000-1b. lane. Similar
curves were plotted for the other mixes.
With the data summarized as shown on Fig-
ures 18and 19 it 1s possible to study the
changes that occurred in the test proper-
t1es during traffic. These changes are
discussed in the following paragraphs.
Stability - On Figure 18 the variation in
stability with coverages is shown for
three asphalt contents. As constructed,
the pavement 1tems placed at optimum as-
phalt (determned in the preliminary de-
signtobe 6 percent) and the items placed
at 10 percent less than optimum asphalt
(5.4 percent) both had an average stability
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of 440 lbs. Items placed at 20 percent
less than optimum asphalt had the lowest
stability, averaging about 330 lbs. as
constructed. As the pavement 1tems were
subjected to coverages of a 15,000-1b.
wheel load, the stability of all items at
the three asphalt contents increased con-
stantly to 3,500 coverages. The items
that contained minus 20 percent asphalt
increased in stability more rapadly than
the others so that they not only equalled
but exceeded items with optimum and minus
10 percent asphalt. The 1tems containing
optimum asphalt increased the least, so
that at the end of 3,500 coverages the
order of the items from lowest to highest
was completely reversed from their order
at the start of the tests.

Flow - The flow values of the three as-
phalt contents for Mix 1l as constructed
were 14, 15, and 16 for minus 20, minus
10, and optamum asphalt content, respec-
tively. These variations are considered
negligible. As can be seen on Figure 18,
the pavement items with optimum asphalt
increased slightly in flow and at the end
of 3,500 coverages amounted to 19, or a
gain of three points. Items placed at
minus 10 percent asphalt changed scarcely
at all during the entire test and were
15 upon completion of tracking. The
minus 20 percent asphalt items actually
decreased somewhat and had a flow of 13
at the end of test. The observations made
of their performance under the action of
the 15,000-1b. wheel load show that the
1tems containing optimum asphalt had well-
defined or pronounced tire prints, showed
indications of very slight rutting and
shoving, and otherwise gave 1indications
that the asphalt content was slightly
high. The fact that the flow increased
with trafficis believed to be significant.
The items containing mipus 10 percent
asphalt performed satisfactorily under
traffic without appreciable movement or
marking. It is pointed out that the flow
in this case neither increased nor de-
creased with traffic coverages. The items
that contained minus 20 percent asphalt
also were entirely satisfactory and did
not move under traffic. Since the flow
decreased slightly, it is suggested that

the amount of asphalt was a trifle defic-
1ent and the pavement was becoming more
brittle with coverages.

Unit werght-total mix - As shownon Figure
18, at the time of construction the items
placed at optamum asphalt had the greatest
density, 146.5 lbs; those placed at mnus
10 percent were next at 145.9 lbs; and
items placed at minus 20 percent had the
least density, 145.0 lbs. As was the case
with stability, the total weight for all
items increased with the application of
traffic coverages but at different rates
for the three asphalt contents. Upon
completion of 3,500 coverages, the density
of the 1tems at the two lower asphalt
contents was nearly identical at 150.7
and 150.8 lbs. per cu. ft., while optimum
asphalt items had increased to only 150.3
1bs. In round numbers the gain 1in density
amounted to 6, 5, and 4 lbs. per cu. ft.,
respectively, for the minus 20, minus 10,
and optimum items. The curves were still
showing a slight increase at the completion
of the test, but it is believed that the
increase in density with additional cov-
erages would have been negligible.

Test properties versus asphalt content -
On Figure 19 the changes that take place
with coverages of a 15,000-1b. wheel load
on pavements containing Mix 11 placed at
three asphalt contents are shown for sev-
en test properties. In this figure the
data are shown as typical test property
curves versus asphalt content at 1, 100,
500, 1000, 1500, and 3500 coverages. It
is clearly shown by these curves that if
optimum asphalt were to be based on the
peaks of the stability or unit weight
curves, the amount indicated would be re-
duced as the coverages increased.

Summary - Both the density and the stabil-
ity of all items increased with traffic.
The increase in density must result in a
tighter packingof the aggregate particles
and a reduction in both the aggregate
voids and the air voids. This increase
in the density of the aggregate resulted
in greater interlock of the particles
which produced higher stability at all
asphalt contents. Since the voids are
less at higher density, the asphalt-void
ratio must also be higher in all cases.
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The increase in flow is believed to in-
dicate that the voids are becoming over-
filled and is reflected by a more plastic
condition of the pavement.

With the possible exception of flow,
the numerical values for all test prop-
erties are variables which are dependent
entirely upon the amount of compaction
that has been applied. Still referring
to Mix 11, the density of the 1tems with
minus 20 percent asphalt varied between
145.0 and 150.8 lbs. per cu. ft. This
change can also be expressed as an in-
crease in the percent of maximum theore-
tical density (percent solids) from 91.9
to 95.6 percent. To say that this par-
ticular mix was designed to have, say, 95
percent density is true only for one par-
ticular condition or time in the life of
the pavement. At all other times, it is
either more or less than this value.
Therefore, it is apparent that if values
are to bhe established for the test pro-
perties, they must be made with respect
to a very definite compactive effort
which must be specified and used to qual-
ify such values.

Limiting Criteria

Curves similar to Figures 18 and 19
were developed for the mixes in each of
the three traffic lanes. From these
curves, values of the test properties were
determined at intervals of traffic and
were tabulated. Table 5 is a sample
sheet; others were prepared for each mix.
It can be noted on Figure 18 or in Table
5 that the test properties changed consid-
erably between 0 and 500 coverages, but
they do not change as rapidly between 500
and 1500 coverages. The rate of change
between 1500 and 3500 coverages is even
less. It was desired to select criteria
which would be representative of a pave-
ment that had been subjected to a reason-
able amount of traffic. Since the changes
were not great between 500 coverages and
1500 coverages and because data for 3500
coverages were not available for the
37,000-1b. single wheel and 60,000-1b.
dual wheel, the test property values de-
termined for all mixes were selected for
study at 500 and 1500 coverages. It also
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can be seen in Table 5 that the unit
weight showed very little variation in
the three traffic lanes after 500 to 1500
coverages. At 1500 coverages the maximum
variation in the unit weight of any mix
(only two are shown on the sample sheet)
under the three wheel loads was one lb.
per cu. ft., while the average variation
was about .5 lb. per cu. ft. As shown on
Figure 7, the net contact pressures for
the 15,000-, 37,000-, and 60,000-1b.
wheel loads were 106, 146, and 139 psi.,
respectively. Within the limits of the
data presented, it is shown that the total
load on the tire was not a factor in pro-
ducing a differential in unit weight of
the pavement. It is considered that the
respective test properties for the three
wheel load lanes could be averaged.
Tables 6 and 7 show the summarized
test properties for the various mixes. In
this summary values are shown only for 500
and 1500 coverages. Also, the values for
all three wheel loads have been averaged
and maximum and minimum values shown.
Values for unit weight have been deleted,
since it was known from previous labora-
tory tests that they could not be used as
limiting criteria. In these summaries,
the data are grouped in accordance with
their performance evaluation; that is,
all mixeswith asphalt contents which were
judged to be “approaching brittle” are
grouped, as are those that are “satisfac-
tory,” “border plastic,” and *“plastic.”
The ““border plastic” mixes represent the
extreme upper limit for satisfactory mixes.
In the following paragraphs the data are
analyzed to determine limiting values for
flow, percent voids total mix, and percent
voids filled with asphalt. Because traf-
fic was spread over a wider area in the
turnarounds than in the straight tracks,
the number of coverages applied in the
turnarounds was less than in the main
tracks and the exact number could not be
determined. For this reason it is con-
sidered that the turnaround data are less
reliable than the data for the straight
tracks. The range of data on asphaltic
concrete from the straight tracks was
adequate and the turnaround data have not
been used, although they show similar
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trends. However, the sand asphalt pave-
ments i1n the straight tracks were all
classified as plastic or border plastic
and 1t was necessary to utilize the turn-
around data to cover the range from brit-
tle to plastic.

Asphaltic concrete.

Flow value - As shown inTable 6, there
1s no great difference in the flow values
between the brittle and the satisfactory
mixes, but at 500 and 1500 coverages all
the plastic mixes have flow values higher
than 20. This fact indicates that the
flow value should be. used as an upper
limt only; that 1s, to indicate a trend
towards too plastic a mx.

Percent voids in total mix - An in-
spection of the summary, Table 6, for
asphaltic concrete shows that at from 500
to 1500 coverages the values of percent
voids in the total mix ranged from 4.6 to
6.6 for mixes classed as approaching brit-
tle with only one value less than 5.3.
For satisfactory mixes, the maximum value
was 5.3 and all other values were less
than 5 percent. A division between satis-
factory and approaching brittle mixes
for the asphaltic concrete is fairly well-
defined at about 5 percent voids in the
total mix. The division between satis-
factory and plastic mixes is not so well-
defined and there are overlapping values.
The absolute minimum value for satisfac-
tory mixes was 2.1 percent, but, in gen-
eral, the minimum values are around 3
percent or greater. For plastic mixes, the
maximum value is 3.7 percent, but the
average is slightly under 3 percent. The
maximum values for border plastic mixes
at 1500 coverages which are considered

Test Property Brattle

Flow value

Percent voids total
mix

Percent voids filled Less than 75
with asphealt

No lower limit
More than 5§

significant valuesare 3.3 and 3.4 percent.
It appears that the boundary between plas-
tic and satisfactory mixes for these tests
is, in general, between 3 and 3.5 percent.
To permit as much asphalt as possible and
to assure maximum durability, a value of
3 percent is recommended as the minimum
limit of percent voids total mix for sat-
isfactory mixes.

Percent voids filled with asphalt - As
shown in the summary, Table 6 values at
500 and 1500 coverages for the percent
voids filled with asphalt were 70 or less
for all mixes classedas approaching brit-
tle. For satisfactory mixes, the minimum
values range from 68 to 79 with only one
value less than 73. It appears that the
division between satisfactory and brittle
mixes is between 70 and 75 and to be con-
servative, a value of 75 is used. In the
satisfactory mixes, the maximum values
range from 74 to 88. In the plastic mix-
es, the percent voids filled with asphalt
was generally above 80 with the bulk of
the values higher than 83. The division
between satisfactory and unsatisfactory
mixes is not well-defined, but it appears
that the boundary is between 80 and 85
percent. It is recognized that the traf-
fic in these tests was severe and also
that a maximum amount of asphalt is de-
sireable from, the standpoint of durabil-
ity. Therefore, in order to obtain the
maximum permissible amount of asphalt, a
value of 85 percent is recommended for
the maximum limit of voids filled with
asphalt for satisfactory mixes.

Limiting values - Based on these ob-
served trends, limiting values for the
test properties are assigned as follows:

Satlafactorx Plastic

20 or less More than 20
5to3 Less than 3

75 to 8S5 More than 85
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Sand asphalt - The trends indicated by
the surmarized data for the sand asphalt
at 500 and 1500 coverages (Table 7) are
similar but not identical to those found
for the asphaltic concrete. In general,
a flow value of 22 appears torepresent the
boundary between satisfactory and border
plastic mixes; however, a flow of 20 is
recommended as a rounded-off value. The
boundary between approaching brittle and
satisfactory mixes appeared to be around
7 or 8 percent voids total mix and be-
tween 60 and 65 percent voids filled with
asphalt. To be conservative, values of
7 and 65 percent are recommended. The
division between satisfactory and plastic
mixes appears to fall at about 5 percent
voids total mix and ebout 75 percent voids
filled with asphalt. It is noted that the
border plastic mixes have values for per-
cent voids total mix slightly less than
5 percent and values for percent voids
filled with asphalt that are generally a
little above 75 percent. The data from
the border plastic mixes are considered
significant in establishing these limits.
The recommended limits are summarized in
the following table.

Test Property Brattle

Flow value No lower limt

Percent voids total More than 7
m1x
Percent voids filled Less than 65

with asphalt

Binder course mixes - The same procedure
was followed for the binder course mixes.
The indications ohtained were that the
criteria for asphaltic concrete also ap-
plied fairly well to the binder course
mixes; however, it is believed that wider
limits could be permitted for binder
courses, particularly toward the brittle
side.

CRITERIA FOR SELECTING OPTIMUM
ASPHALT CONTENT

The followang paragraphs present a
study made to determine which test proper-
ty or which combination of test proper-
ties is most applicable for selecting an

optimum asphalt content. This is done by
comparing the asphalt content selected by
the test properties with the asphalt con-
tent determined as satisfactory on the
basis of the field behavior. The average
limiting value of flow, percent voids
total mix, and percent voids filled with
asphalt are used for these test proper-
ties. For the stability, unit weight
total mix, unit weight aggregateonly, and
percent voids aggregate only the peak
(or minimum point) in the curve of test
property versus asphalt content is used.
Table 8 shows the asphalt content read
from the field curves of test property
versus asphalt content for Mixes 7 through
15. The asphalt contents are those which
correspond to the specific test proper-
ties listed on the table (peak of stabil-
ity curve, etc.). The table is arranged
to show a ready comparison of the aver-
age asphalt content for different group-
ings of the test properties. At the bot-
tom of the table is shown the range of
acceptable values based on field behavior.

From a study of the table it is seen
that there is no trend for the asphalt
content to vary with wheel load, which

Satisfactory Plastic

20 or less More than 20
7¢to$ Less than 5
65 to 75 More than 75

corroborates other analyses made of these
data. Also, the asphalt content at 500
coverages is only slightly higher than at
1500 coverages, which indicates that the
optimum asphalt content selected by these
criteria will be suitable for a consider-
ably greater number of coverages.

The values for asphalt content selec-
ted on the basis of a flow of 20, percent
voids total mix of 4 percent (6.0 for
sand asphalt), and percent voids filled
with asphalt of 80 percent (70 percent for
sand asphalt) are in good agreement with
the asphalt contents determined as satis-
factory under traffic, but are generally
on the low end of the acceptable range,
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TAFLE B*

ASPHALT CONTENTS SELECTED BY TEST PROPERTY CRITERIA

Asphaltic Conerete

Coorse Aggregote - Uncrushed Gravel

Coarse Aggregate - Crushed Limestane
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particularly for asphaltic concrete: In-
clusion of the asphalt contents selected
at the peak of the stability and unit
weight total mix curves gives average as-
phalt contents that are in better agree-
ment with the satisfactory values than the
preceding average value. The inclusion of
the nearly i1dentical values obtained from
the peak of the curve for unit weight ag-
gregate only and the minimum point on the
curve for percent voids aggregate only
tends to reduce the over-all average.
On the basis of this study 1t was con-
cluded that the asphalt content which
best fitted the field conditions was the
average of the asphalt contents at the
peaks of the stability curve and unit
weight curves and at 4.0 percent voids
total mix (6.0 percent for sand asphalt)
and at 80 percent voids filled with as-
phalt (70 percent for sand asphalt). A
secondary criterion was that the asphalt
content should not be high enough to give
a flow value in excess of 20. These val-
ues were selected to give an optimum as-
phalt content as near the upper range of
the acceptable values as possible. An
attempt was made to develop one set of
criteria for both asphaltic concrete and

tion plus measurement of stability and
flow 1s considered desirable to avoid
erroneous assumptions or determination of
specific gravities from unrepresentative
samples.

It 1s thus seen that criteria were
established for selecting an optimum as-
phalt content for asphalt paving mixtures.
In summation, these criteria are repeated
below 1n tabular form.

STABILITY AND THICKNESS REQUIREMENTS

In addition to the analysis of criteria
for evaluating mixtures and selecting
optimum asphalt content, analyses were
also made to determine minimum stability
and thickness requirements for pavements
placed over high, medium, and low quality
bases. The basic data and detailed analy-
ses are not presented. The results, how-
ever, are summarized as follows:
Stability - In sections 1, 2, and 3,
where the base was high quality, it was
found that stability alone was not a sat-
1sfactory criterion for evaluating the
ability of a pavement to resist dis-
placement under repetitive wheel loads.

Basis for Selecting Asphalt Content

Test Property Asphaltic Concrete Sand Asphalt
Flow Not applicable® Not applicable*
Stabalaty Peak of curve ' Peak of curve
Unat weight total mix Peak of curve Peak of curve
Percent voids total mix 4 percent 6 percent
Percent voids filled with asphalt 80 percent 70 percent

*Must not be above 20.

sand asphalts, butall compromise criteria
resulted in a reduction i1n asphalt content
for the asphaltic concrete and an increase
in the asphalt content for the sand as-
phalt, which were undesirable. It should
be noted that the voids in the total mix
and the percent total voids filled with
asphalt are derived from the specific
gravities of the aggregates. Any error
in the determination of these gravities
might lead to serious erroneous conclu-
sions. The inclusion of values obtained
by a simple weight per cu. ft. determina-

A reason for this is that the curve of
stability versus asphalt content peaks,
making it possible to obtain equal stabil-
ity values in any mix, one on the rich
side and one on the lean side. The mix
on the rich sidewill displace under traf-
fic, whereas the one on the lean side will
not. Using the criteria of actual be-
havior under traffic to eliminate those
mixes on the rich side, an analysis was
made to determine the effect of variations
in stability value for those mixes that
did not displace under traffic. This
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analysis showed that the minimum stability
values that were tested were satisfactory
and there was no apparent advantage in
obtaining higher stability mixes. On
this basis, it was not possible to deter-
mine 1f mixes composed of widely differ-
ent physical properties are equal 1f the
stability values are equal. In this test,
satisfactory mixes did not necessarily
have the same stability. A minimum sta-
bility requirement of 500 lbs. was tenta-
tively established, although the perfor-
mance of the test section under purely
rolling traffic indicated that somewhat
lower values would have been satisfactory.
The selection of 500 as a minimum design
requirement has merit, since it can be
obtained easily and economically and will
provide a safety factor for pavements
subjected to the impact and twisting
action of airplane operations. Also re-
quiring this minimum value will insure
better gradation, closer control, and a
mix that may be laid and rolled satis-
factorily. The minimum value was generally
substantiated by the data from the turn-
around areas where the base was of reason-
ably high quality.

effect of increasing the pavement thick-
ness. For this reason no attempt was
made to assign variable thickness require-
ments depending on the stability of the
mix.

Thickness - Evaluations of the thicknesses
required to prevent shear deformation in
the underlying base were made for each
section, which assumes that the thickness
will be composed of a good-quality mix,
i.e., one which conforms to the recommen-
ded design criteria outlined in preceding
paragraphs. The following table summarizes
the evaluation.

It shouldbe noted that 1% in. is shown
as adequate for the 15,000-1b. wheel load
on a 60 CBR base. Actually, no pavement
thinner than 2 in. was placed on this
base. However, since 1% in. thickness
was found to be satisfactory for both a
50 and an 80 CBR base, the assumption that
1t would also be satisfactory for the
bracketed case is reasonable.

A study of the variation of settlement
with thickness shows that, in general,
the settlement was less under the thicker
pavements. The following table shows the
thickness required to limit the settlement
to less than 1 in. (Table, top of page 61.)

Thickness Requirements to Prevent

Base Shear in Underlying Base - Inches
CBR 15,000- 1b 37,000- and 60,000-
Base Percent Wheel Load 1b. Wheel Loads
Sand-loess 40 3.5 3-5
Sand-clay-loess 50 1-% 3-5
Gravel 60 1K 2
Crushed limestone 80 1-X% 1-4%

In the evaluation of pavements on the
sand-clay-loess base there was no trend
for high-stability mixes to be more ef-
fective in preventing shear deformation in
the underlying base; however, on the sand-
loess base there was atrend for the high-
stability mixes to be more effective in
both asphaltic concrete and sand asphalt
mixes. This trend was only general, and,
because of inconsistencies in individual
results, specific ratingsof given stabil-
ity values could not be made. Also, the
beneficial effect of a high-stability mix
was not as pronounced as the beneficial

It is noted that for the 37,000- and
60,000-1b. loads a 3-in. pavement limited
the settlement to less than 1 in. on the
crushed limestone base, but for the other
two bases it was necessary to go to the
5-in. pavement to achieve the desired re-
duction. For the 15,000-1b. wheel load,
there was no advantage gained in going to
the thicker pavements for any base.

The following table combines the data
for thickness requirements to prevent
shear deformation in the base with those
required to prevent pronounced consolida-
tion. (Table, center of page 61.)
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Thickness Requirements to Limit

61

Base Settlement to Less Than 1 Inch - Inches
CBR 15,000- 1b 37,000~ and 60,000-1b
Base Percent Vheel Load Wheel Loads
Sand-loess 40 1.5 )
‘ Sand-clay-loess 50 1.5 5
Crushed limestone 80 1.5 3

The pavement thicknesses recommended in
the table above are based on an asphaltic
concrete of good quality conforming to
the limiting criteria given in preceding
paragraphs. For bases with CBR values in
excess of 60 where there is no problem
of preventing shear deformation in the

EFFECT OF AGGREGATE TYPE, GRADATION,
AND FILLER

In addition to the determination of
limiting design criteria and thickness
requirements, analyses were made of the
effect of aggregate type and gradation
and of the effect of quantity of filler.

Summary of Thickness Requirements

CBR 15,000-Lb Wheel Load 37,000- and 60,000-Lb Wheel Loads
of Consola- Recommended Consola- Recommended
Base Shear dation Thickness Shear dation Thickness
40 3.5 1.5 4 3-5 5 S

50 1.5 1.5 3 3-5 S 5

60 1.5 - 2 2 - 4

80 1.5 1.5 2 1.5 3

base, sand asphalt can be substituted for
the asphaltic concrete on an inch for inch
basis. The thickness of good quality sand
asphalt (conforming to the criteria given
1n preceding paragraphs) required to pre-
vent shear deformation in bases with CBR
values of 40 and 50 was not determined in
these tests, and to be conservative as-
phaltic concrete is recommended for these
bases. The values recommended in the
table above represent thicknesses that
are considered reasonable even though in
some cases they are in excess of the
values indicated by the data. A minimum
thickness of 2 in. is recommended for the
15,000-1b. wheel load (or for lighter
loads) because a construction tolerance
is believed desirable. It also should
be noted that 3 in. is recomended for the
15,000-1b. wheel load on the 50 CBR base.
This was done because a differential on a
sliding scale for bases with CBR between
40 and 60 is reasonable. The selection
of a 4-in. thickness for 37,000- and
60,000-1b. wheel loads on a CBR of 60 also
was based on obtaining a differential on
a sliding scale for bases with CER values
between 50 and 80.

The results are summarized as follows:

Aggregate type - Where the underlying base
was of high quality, properly proportioned
asphaltic concrete pavements containing
either crushed limestone or uncrushed
gravel performed satisfactorily. The
sand asphalt pavements placed on high
quality base in the main test track show-
ed more tire printing and slightly more
rutting and shoving and were, in general,
not the equal of the asphaltic concretes.
However, this comparison may not be
strictly valid since almost all the sand
asphalt pavements contained an excess of
asphalt cement and were composed of the
same mixture for the full thickness,
whereas comparable asphaltic concretes
included mixtures with a satisfactory
asphalt content which were underlain by
binder courses except in the 1%-in. pave-
ments. In the turnarounds the performance
of sand asphalt pavements with lower as-
phalt contents was satisfactory and cam-
parable to the asphaltic concrete items.
In the main test track where the under-
lying base was of poor quality, the as-
phaltic concrete pavements containing
crushed limestone were definitely super-
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1or to the sand asphalt items. None of
the asphaltic concrete mixes containing
uncrushed gravel were placed on the low
quality bases. The best sand asphalt
pavement was not quite satisfactory in
preventing shear deformation in the in-
ferior base, even at a thickness of 6 in.
Three inches of good quality asphaltic
concrete were generally satisfactory and
5 in. were always adequate. However, the
comparison may not be strictly valid,
since the sand asphalt mixes were rich in
asphalt as previously discussed.
Aggregate gradation - A comparison of the
performance of pavements consisting of
both sand asphalt and asphaltic concrete
in which the aggregates were poorly grad-
ed with corresponding pavements contain-
ing well-graded aggregates revealed no
significant differences in behavior when
subjected to traffic of the wheel loads
used in the test. However, the data are
too limited in scope to determine whether
all types of poorly graded mixtures would
performin a satisfactory manner under the
test conditions.

Filler - Differences in stability on the
main test track were obtained by placing
asphalt mixtures in items at low, medium,
and high percentages of filler. For as-
phaltic concrete, the adjective low de-
notes no filler added to the mixture;
medium, a total of 5 to 7 percent filler;
and high, about 10 percent filler in the
aggregate mixture. In the turnarounds a
few items were placed at filler contents
as high as 18 percent. For sand asphalt
the same range for low, medium, and high
is interpreted to mean: low, none added;
medium, about 13 percent; and high. about
19 percent. In the turnarounds a few
items were placed wath filler content as
high as 24 percent. Where the under-
lying base was of high quality, the test
data reveal little significant difference
in mixtures which were comparable except
for filler content. During warm weather
traffic, the extremely high filler mixes
on the turnarounds showed slightly more
cracking and other detrimental behavior
than those with normal filler contents.
During cold weather traffic, the high fil-
ler mixes on the main test tracks showed

more aggregate shelling but nomore crack-
ing than those with lower filler contents.
Vhere the underlying base was of low qual-
ity, the mixes containinga high percentage
of filler gave, in general, more satis-
factory performances than those with low
filler; however, the results were incon-
clusive. Certain test properties such as
percent voids total mix and percent voids
filled with asphalt were approximately
the same at optimum asphalt regardless of
filler content. This fact indicates that
both filler and asphalt cement function
as void filling materials and within
limits can be used to supplement each
other.

CONCLUSIONS

The following conclusicns are extracted
directly from Appendix D of Waterways
Experiment Station TM 3-254 (1). It
should be noted that some of the conclu-
sions are not supported by data and dis-
cussions in this paper. Complete data
are given in TM 3-254 (1).

Effect of wheel load - A comparison of the
values for the various test properties in
mixtures which were identical but subject-
ed to different wheel loads shows that,
at equal coverages, the three wheel loads
produced approximately the same test pro-
perties. However, the 15,000-1b. wheel
load was much less severe in producing
shear deformation and consolidation in
the underlying base than the 37,000-1b.
single or the 60,000-1b. dual wheel load. The
two heavier wheel loadswere approximately
equal in this respect.

Effect of variation in physical proper-
ties - The most important variable in an
asphalt paving mixture is the quantity of
asphalt. Mixtures having a wide range of
physical properties performed satisfac-
torily where the asphalt content was
properly proportioned.

In pavements placed on a high-quality
base, the type of aggregate was a minor
variable as asphaltic concretes contain-
ing both crushed limestone and uncrushed
gravel coarse aggregate and sand asphalts
performed satisfactorily when the mixture
was properly proportioned.

In these tests the asphaltic concrete
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containing crushed limestone aggregate
was more effective in preventing shear
deformation in the underlying low-quality
base than the sand asphalt, but the effect
of aggregate type in this respect was not
fully studied. The required thickness of
good-quality sand asphalt pavement (con-
forming to criteria given 1n a later con-
clusion) to protect a low-quality base
was not determined.

These tests did not reveal any impor-

tant differences between well-graded and
poorly-graded aggregates. Asphaltic con-
crete mixtures containing poorly-graded
aggregates gave performances which were
reasonably comparable to those in which
the grading conformed to standard practice.
It is possible that in same cases poorly-
graded aggregates (not including filler
material) may produce satisfactory pave-
ments.
Stability - The stability value is not a
satisfactory indication of the ability of
a mix to resist displacement under traf-
fic due to the fact that equal stability
values can be obtained in a given mix at
different asphalt contents, one below
optimum and one above optimum.

For pavements which are to be subjected
to wheel loads of the magnitude used in
these tests a minimum stability value of
500 lbs. is recommended.

There was no apparent benefit gained
in these tests from using a mixture with
a stability higher than 500 )bs. when the
base had a CBR of 80 or better.

There was a general trend for mixes
with higher stabilities to be more ef-
fective in preventing shear deformation
in an underlying base of medium or low
quality, but no specific ratings could be
assigned. A higher stability was not as
effective as additional thickness in pre-
venting shear deformation.

No conclusions can be reached relative
to the performance of good quality (con-
forming to criteria given in a later con-
clusion) mixes of equal stability but
composed of widely different physical
properties when subjected to the wheel
loads used in this test.

Thickness requirements = A high-quality
base does not require a pavement to pro-

tect it from shear deformation; however,
for the heavier wheel loads, thicker pave-
ments tend to reduce consolidation in the
underlying materials.

Bases of inferior quality may be pro-
tected from shear deformation by increas-
ed thicknesses of asphaltic concrete pro-
vided the mixture is properly designed.
In addition, the increased pavement will
reduce consolidation of the underlying
materials.

The following thicknesses of good qual-
ity asphaltic concrete are recommended to
prevent shear deformation in the base and
reduce settlement of the pavement surface
to less than 1 in. For bases with CBR
values of 60 or better an equal thickness
of sand asphalt may be substituted.

Thickness 1n Inches

15,000-1b. 37,000- and 60,000-1b.
CBR Wheel load Wheel loads
40 4 S
50 3 S
60 2 4
80 2 3

Surface treatments - Under the conditions
of this test, the surface treatments were
adequate over high-quality bases, hut were
not adequate for inferior bases.
Marshall optimum asphalt content - The
asphalt content as determined by the or-
iginal Marshall test was higher than the
optimum value required by traffic as a re-
sult of compaction (see also conclusions
on design below).
Design of Asphalt paving mixtures - The
following conclusions are presented re-
garding the design of asphalt paving mix-
tures. As stated in an earlier conclu-
sion, the quantity of asphalt is the most
important variable in an asphalt paving
mixture. The following conclusions deal
primarily with criteria for use in sel-
ecting the proper asphalt content, and
for evaluating mixes from the standpoint
of resisting displacement under traffic.
Traffic compaction increases the den-
sity of an asphalt paving mixture, and
this increase in density reduces the
quantity of asphalt required to fill a
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given percentage of the voids.

It is necessary to design the mixture
with an asphalt content that will be sat-
isfactory under traffic in order to pre-
vent the mix from becoming plastic due to
increase in density under traffic.

The compactive effort in these tests
was a function of the coverages and the
tire contact pressure rather than the
wheel load.

The results of these tests at between
500 and 1500 coverages are applicable for
determining the laboratory compactive
effort to be used in designing asphalt
paving mixtures.

The percent voids total mix and the
percent voids filled with asphalt are

Percenc Voids

determination. These tests indicate that
mixtures should be designed so that when
compacted under traffic they will have
values within the following ranges. The
values are considered tentative.

The peaks of the curves of stability
versus asphalt and unit weight total mix
versus asphalt are excellent tools for
selecting the proper asphalt content.
These values are measurable directly and
are independent of specific gravity de-
termination.

The optimum asphalt content to assure
a satisfactory mix should be the average
of the asphalt contents that give the
properties stated in the two conclusions
directly above when the mixture is com-

Percent Voada

Type of Mix Total Mix Filled With Asphalt
Asphaltic Concrete 3to5 75 to 85
Sand Asphalt 5 to 7 65 to 75

usable indexes of the capacity of the mix
to resist displacement under traffic.
However, they are based en the specific
gravity of the component parts of the
mixture and are subjert to the inaccur-
acies that mey occor in specific gravity

pacted to the degree stated above.

The flow valee is an excellent index
of the plasticity of a mix. In general,
valaes in excess of 20 indicate a mix
that will displace under traffic, and a
valueof 20 is tentatively set as maximum.
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CORRELATIONS OF LABORATORY AND FIELD DATA

by WOODLAND G. SHOCKLEY*

INTRODUCTION

The original procedure for compacting
laboratory specimens for the Marshall
stability test had produced densities that
were comparable to those obtained in the
construction of pavements on the few air-
fields investigated. As has been noted
in the discussion of tracking operations
on the asphalt test section, it became
apparent, from results of tests on cored
samples, that compaction of the pavement
was taking place under the traffic applied.
The increased density of the pavement re-
duced the void space and allowed the as-
phalt to fill the voids more completely.
In the event the pavements contain suf-
ficient asphalt to overfill the voids
when the density is increased by traffic,
the pavements may flush and become un-
stable. Some indication of increased
density had been obtained in previous
laboratory tests in which the compactive
effort was varied. An increase in the
compactive effort resulted in higher den-
sities and a lower optimum asphalt con-
tent. Therefore, it was decided to in-
vestigate the possibility of increasing
the compactive effort in the laboratory
test to obtain densities approximating
those attained under traffic, such that
the lower optimum asphalt content would
provide a pavement design which would not
have an excess of asphalt as a result of
campaction at any time during the life of
the pavement.

During the progress of the studies re-
ported in this paper, a number of differ-
ent compactive efforts were used in es-
tablishing the proper effort to be used
in preparing laboratory specimens for the

‘Englheer, Asst. Chief, Embankment and
Foundation Branch, Waterways Experiment
Station, CE, Vicksburg, Miss.

design and construction control of asphalt
pavements. Inasmuch as it is rather dif-
ficult to keep in mind all of the factors
involved in the compaction procedures,
they are summarized in the following tab-
ulation. Also shown are abbreviated des-
ignations by which the various procedures
are called in this paper. (Table, page 66.)

STUDIES FOR SELECTION OF LABORATORY
DESIGN COMPACTION PROCEDURE

The data from the 9 principal mixes
used in the test section were plotted as
test property curves for several inter-
vals of traffic coverages. Values of 500,
1000, and 1500 or 3500 coverages were
selected for analysis to cover the range
of traffic experienced in the test section.
The major changes in the pavement proper-
ties had occurred before 500 coverages,
as explained in a previous paper of this
symposium, Based on a preliminary enaly-
sis of the traffic data, an optimum as-
phalt content was selected for each mix
at each interval of coverage. The re-
sults of this study, including the criter-
ia used for selection of optimum asphalt
content, are shown on Table 1. In the
laboratory the same.aggregate materials
corresponding to the test section mixes
were prepared with a range of asphalt con-
tents and compacted at three compactive
efforts; namely, 40, 55, and 75 blows with
the modified AASHO hammer. The optimum
asphalt content for each compactive effort
was selected using the same test proper-
ties criteria as for the traffic data;
these values are also shown on Table 1.
Inspection of the table shows that for a
given mix there was very little difference
in field optimum asphalt content at any
specific coverage for all three lanes;
thus, i1t was proper to select an average
value of optimum asphalt on data from all
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Compactive Effort

Terminology used 1n
this paper

15 blows on top of specimen wath
Modified AASHO hammer (10-1b. weight
18-1n. drop, 1.95-1n. diameter foot)
plus 5,000-1b. static load

40, 55, or 75 blows on both top and
bottom of specimen with Modified
AASHO hammer plus 500-1b statac
leveling load

8, 10, 15, 20, 25, or 50 blows on
both top and bottom of specimen with

12.5-1b. hammer, 18-in. drop, 3-7/8 an.

diam. foot

15, 40, or 50 blows on both top and
bottom of specimen with 10-1b. hammer,
18-1n. drop, 3-7/8 in. diam. foot

Original procedure

40, 55, or 75 blows with
Modified AASHO hammer

8, 10, 15, 20, 25, or
50 blows with 12.5-1b.
hammer, 3-7/8-1n. foot

15, 40 or 50 blows with
10-1b. hammer, 3-7/8-1n.
foot

three lanes for each mix as representing
the field condition. The optimmm asphalt
contents for specimens compacted with 55
blows were reasenably ecomparable to the
values selected from the traffic tests
for all mixes. On the basis of these
comparisons, a compactive effort of 55
blows with the modified AASHO was tenta-
tively selected as closely approximating
the results obtained by traffic at from
500 to 1500 coverages of the wheel loads
used in the test.

The laboratory compaction procedure
tentatively selected involved consider-
ably more work to prepare specimens for
test than did the original procedure us-
ing 15 blows of the hammer. In addition,
it was noted that some degradation was
occurring in the compacted aggregates
near the surface of the specimen. For
these reasons a laboratory study was in-
itiated in ah effort to achieve the same
results in compaction with less effort on
the part of laboratory technicians and to
eliminate the degradation of aggregates.
A detailed discussion of the investigation
1 s beyond the scope of this paper; however,

is beyond the scope of this paper; however,
the various methods tried and the final
results of the study are presented.
Hammer studies were conducted using
various sizes of hammer face from 1 in.

up to 3-7/8 in. in diameter. Different
design of hammer face, such as bullet-
nose, stair stepped, etc., were investi-
gated. The hammer weight was increased
from 10 1b. to 124 and to 15 1b. 1In ad-
dition, the shape of the compaction mold
base was varied in an effort to produce
a kneading action in preparation of the
test specimens. Finally, other types of
compaction were tried; namely, static
compaction and “drop mold” compaction
wherein the mold was weighted and dropped
a number of times through a definite dis-
tance. The results of these tests indi-
cated that the static method of compaction
used was not satisfactory and that none
of the dynamic methods tried would mater-
ially reduce the work required in the
laboratory to prepare specimens, although
there was a difference in the efficiency
of the hammers with the different face
diameters. A 3-in. diameter was most ef-
ficient and the 3-7/8-in. diameter was
slightly less efficient than the 1.95-in.
diameter of the Modified AASHO hammer.
However, the large diameter hammer face
(3-7/8 in.) was effective in reducing
degradation of aggregates and eliminated
the necessity for moving the hammer in
the mold after each blow. Therefore, the
following procedure was adopted: the ham-
mer face was increased to 3-7/8 in. dia-
meter, the weight was increased to 124-1b.,
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and the number of blows on each side of
the specimen reduced to 50. The large
hammer face also eliminated the necessity
for a static leveling load on the speci-
men. The revised compaction method dup-
licated the test results obtained with
the previously-used 55 blows of the Mod-
ified AASHO hammer.

The foregoing revised procedure was
used in the laboratory until the results
of the final detailed analysis of the
traffic data from the test section became
available. This detailed analysis indica-
ted that the optimum asphalt content
selected by the revised compaction method
Just described was on the low side of the
acceptable range of values as determined
by traffic tests. In addition, 1t was
recommended by the board of consultants
that the compaction hammer weight be
changed back to 10 1b. in order that it
would more closely correspond to the
Modified AASHO hammer. These changes
necessitated further studiesin the labor-
atory to establish a compactive efffort
that would produce reasonable agree-
ment between field and laboratory optimum
asphalt contents using the revised criter-
ia.

To achieve this result, the data from
9 test section mixes used in the original

|compact.ion study were re-analyzed and new
optimum asphalt contents were selected.
These values were compared with the range
of asphalt contents indicating satisfactory
pavement behavior of the mixes in the test
section, from which it was determined that
40 rather than 55 blows of the Modified
AASHO hammer most nearly reproduced the
desired optimum asphalt contents in the
laboratory.

In order to correlate the compactive
effort of 40 blows of the Modified AASHO
hammer with the 10-1b. hammer, 3-7/8 in.
foot, the following laboratory tests were
conducted. Four of the 9 test section
mixes, plus a mixture containing slag
aggregate, were synthesizedin the labora-
tory-and optimum asphalt determined for
40 blows of the Modified AASHO, hammer, as
well as for 40 and 50 blows of the 10-1b.
hammer with 3-7/8 in. foot. The results
of these studies are shown in Table 2.
Based on the analysis of these data it

was determined that 50 blows of the 10-1b.,
3-7/8-1n. hammer should be used in com-
pacting laboratory specimens as represent-
ing the proper design procedure for air-~
field pavements.

FIELD AND LABORATORY COMPACTION
CORRELATION STUDIES

General - At various times throughout
the investigation, informationwas obtain-
ed on the relationship between densities
of bituminous pavements as constructed

" and the compactive effort required to

duplicate those densities in the labora-
tory. In addition, data were available
on a few satisfactory airfield pavements
which had been subjected to considerable
traffic and which could be compared waith
the laboratory compaction results.

It has been mentioned previousily that
the original compaction procedure produc-
ed densities that were approximately the
'same as those obtained in the constructicn
of the airfield pavements investigated.
‘It should be mentioned at this time that
'in order to expedite airfield construction
the use of 8-ton roller, both three wheel
and tandem types, was permitted during the
national emergency. The current Corps of
Engineers’ specifications require the use
of rollers weighing at least 10 tons for
compacting bituminous pavements. However,
the revised -compaction procedure adopted
for the laboratory design of asphalt pav-
ing mixtures produced densities in labora-
tory specimens that were higher than those
obtained in field construction. This
procedure, therefore, could not be used
for control of rolling operations during
construction. It was désired to obtain
further information from field construc-
tion projects and to make laboratory com-
paction studies on the bituminous materials
to see what improvement in correlation
could be made between the laboratory and
field compaction procedures.

Awrfield Investigation - The airfield in-
vestigation program conducted by the
Waterways Experiment Station has provided
considerable information on bituminous
pavements. In general, at each airfield
investigated, samples of the pavement were
obtained at the center and edge of the
runways and taxiways. These samples were
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TABLE 2
COOMPARISON OF OPTIMUM ASPHALT CONTENTS - LABORATORY OOMPACTION
Optioem Asphalt Content - Laborstory Compaction
Onginal Mixes Laboratery Blends
hx Asphalt Comtent Selected Modafied AASRO Hwmewr Mot fied AASHO Bemmer lO-lb H-mr, 3-1(!_!-]-:&- [h-nr.er Foot.
No, Type from Traffic Behavior 40 Blows $5 Blows 75 Blows 40 Blows
7  Send Aspholt, 7% Filler 76-85 85 82 80 - - -
8  Send Asphale, 13% Faller 63-70 71 68 67 13 T4 T2
9  Send Asphalt, 19% Filler 64-12 64 63 61 - - -
10  Aaphaltic Concrete, Curshed Lamestcne,
2% Filler 63-10 170 69 66 - - -
11 feglrltyf Qoucrats. Crushod Lumstane, 54-60 60 58 ss 56 60 57
12 Asphaltic Concrete, Crushed Limestane,
8% Faller 48-54 $5 s2 51 - . -
13 Asphaltic Concrete, Uncrushed Gravel,
% Faller 60-68 617 66 64 - - -
14  Asphaltic Concrete, Uncrushed Gravel,
% Faller 57-64 60 $9 59 53 55 54
15 Asphaltic Concrete, Uncrushed Gravel,
9% Filler 50-55 53 52 S4 - . -

- Asphsltic Concrete, Sleg, &% Filler - -

NOTES ’

- - 53 56 53

1 A 500-1b statac leveling load was used 1n addition to the hemer campactian for the Modh fied AASHO hesmer anly

tested for density, stability, and flow,
and the other test properties were com-
puted. From the same locations as the
cored samples, disturbed pavement samples
were also obtained and tested in the
laboratory. The samples were reheated
and compacted with 10 blows and 50 blows
of the 12.5-1b. hammer, 3-7/8 in. foot.
These efforts were selected on the basis
of preliminary studies that indicated the
10-blow compaction would approximate con-
struction rolling densities, whereas the
50-blow compaction had been tentatively
selected for design of asphalt pavements.
It may be well to mention here that the
12.5-1b. hammer with 3-7/8 in. foot was
used in these studies since they were con-
current with the analysis of the asphalt
test section data and the final hammer
design (10-lb., 3-7/8 in. foot) was not
selected until a later date.

It has been determined from other in-
vestigations that the major portion of
airplene traffic is concentrated in the
center portion of runways and taxiways,
whereas the edges receive very little
traffic. Table 3 shows for several air-
fields the unit weights of pavements at
the center of runways and taxiways com-
pared with the 50-blow laboratory com-
paction results. It will be noted that
the pavement densities at the center of

runways average about 6 lb. per cu. ft.
less than the 50-blow laboratory value,
whereas the unit weights at the center of
taxiways average about 2 lb. per cu. ft.
below the 50-blow laboratory values. These
data tend to show that the laboratory de-
sign compaction have considerably higher
densities than were obtained on runways
and slightly higher than were obtained
on taxiways., This would indicate that
the laboratory compaction procedures might
be somewhat conservative for design pur-
poses.,

In order to determine the relationship
between field as-built and laboratory com-
paction, a comparison was made between the
unit weights at the edges of runways,
assumed to approximate the as-constructed
condition, and the 10 blow laboratory com-
paction. Table 4 shows these data. A
comparison of the unit weights of the 10-
blow laboratory compaction with the run-
way edge densities shows that in only two
cases (Camp Campbell and La Junta, Pits
4 and 5) did the unit weight exceed that
of the laboratory specimens. It would
appear from this comparison that 10 blows
of the 12.5-1b. hammer, 3-7/8 in. foot
on laboratory specimens would be a little
severe to use as a criterion to establish
densities to be attained in construction.
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TABLE 3

Comparison of Field and Laboratory Densities -
Runway and Taxiway Centers-Airfield Studies

Unit Weight -- Lb Per Cu. Ft

Runways Taxiways
50 Blow 50 Blow
Field Center Laboratory Center Laboratory

Lawson Field, Ga. - - 139 143

- - 138 143
Jackson AAB, Mass. 141 139 - -
Camp Campbell, Tenn. 136 143 - -
Berry Field, Tenn. 136 147 - -

143 147 - -
Bergstrom Field, Tex. 147 148 147 148
Dodge City, Kans. - - 144 146
Woodward, Okla. - - 138 142
La Junta, Colo. 138 147 148 146

141 148 - -
Rocky Ford, Colo 136 142 - -
Pueblo, Colo. 139 146 144 146

138 145 - -

TABLE 4

Comparison of Field and Laboratory Densities

Runway Edges -

Field

Bergstrom Field, Tex.
Berry Field, Tenn
Camp Campbell, Tenn.
Jackson AAB, Miss.
La Junta, Colo.

Pits 1 and 2

Pits 4 and 5§
Pueblo, Colo.

Pits 3 and 6

Pits 5 and 4
Rocky Ford, Colo.

Field Rolling Studies

Eglin Field, Florida - The Waterways
Experiment Station, in conjunction with
the Mobile District, Corps of Engineers,
conducted a rolling study at Eglin Field,

Airfield Studies

Unit Weight -- Lb. Per Cu Ft

Runway
Edge Laboratory
142 144
135 140
135 134
134 140
136 143
134 132
134 140
136 138
134 137

Florida, i1n September 1946. The pave-
ment was an asphaltic concrete in which a
l1-1n. maximum size slagwas used as the
coarse aggregate. The fine aggregate was
a local sand and the filler was limestone
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dust. Ten-ton tandem rollers which pro-
duce approximately 275°1b. pressure per
lineal inch of roller were used. Sections
of pavement were placed at three percent-
ages of asphalt and compacted with 4, 8,
16, and 32 passes of the rollers. Samples
were cored from the completed pavements
and tested. Samples were also taken of
the plant-mixed asphaltic concrete for
each section and specimens were compacted
in the field laboratory using 8, 15, and
25 blows, each side, using the 12.5-1b.
hammer, 3-7/8 in. foot. All specimens
were tested for density, stability and
flow.

The results of tests on the field and
laboratory samples of the wearing course,
together with the gradation of the pave-
ment aggregates, are shown on Figure 1.

the Waterways Experiment Station was 1in-
vited by the Savannah District, CE, to
participate in the «construction of four
test sections at MacDill Field, Florida.
The primary purpose of the tests was to
determine the suitability of Florida lime-
rock aggregate for construction of hot-mix
bituminous pavements. However, only the
features pertaining to field and labora-
tory compaction are discussed here. The
four test sections each consisted of a
different type of wearing course placed
at various asphalt contents on a previously
prepared base. The composition of the
test sections is shown on Table 5. Grad-
ations of the aggregates are shown on Fig-
ure 2. The wearing courses were approxi-
mately 1-3/4 in. thick and were compacted
with 6 straight and 4 diagonal coverages

TABLE 5

Composition of Test Sections,
MacD11l]l Field, Florada

Asphalt Cement

Section Type of Aggregate Percent
I 100 Percent Limerock 9, 10, 11, 12
II 50 Percent Limerock 8, 9, 10, 11
50 Percent Local Sand
III 75 Percent Limerock 9, 10, 11, 12

25 Percent lLocal Sand

Iv 50 Percent Limerock 8, 9, 10, 11
50 Percent Limestone Screem:ngs

Plotted on the figure are curves of den-
sity versus number of blows for laboratory
compacted samples and density versus
roller coverages for the field samples.
It appears that in general the densities
increase as the number of blows or cover-
ages increase. It is assumed that 32
coverages constitutes excessive rolling and
that satisfactory densities should be
obtained with about 8 to 12 coverages. (n
this basis, a comparison of the laboratory
data with field densities at 8 to 12
coverages indicated that 10 blows of the
12.5-1b. hammer, 3-7/8 in. foot produced
laboratory densities that were in reason-
able agreement with good field rolling.

MacDrl1,Field, Florida .- In June 1946,

of an 8-ton roller. Samples of the com~
pleted pavement were obtained from each
of the sections and test properties were
determined. Samples of the plant-mixed
materials for each section were reheated
and compacted in the laboratory wath 10,
15, and 20 blows of the 12.5-1b. hammer
with 3-7/8 in. foot.

Curves of density versus asphalt con-
tent for field and laboratory compacted
samples for Section II, 50 percent lime-
rock and 50 percent sand, are shown on
Figure 3. These results may be considered
comparable to those obtained on the other
test sections. A comparison of the labora-
tory and field densities for the four test
sections showed that 10 to 15 blows of
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12.5-1b. hammer, 3-7/8 in. foot were re-
quired to produce densities in the labora-
tory that were comparable to those obtain-
ed in field construction.

Stockton Test Section No. 2 - During
the construction and operation of Test
Section No, 2 for very heavy wheel loads
at Stockton, California, the Sacramento
District, CE, furnished the Waterways
Experiment Station with samples of the
pavement for testing purposes. Of especial
interest are the cores representing the
as-constructed condition of the pavement.
Six basic designs were used in construct-
ing the wearing and binder courses for
the test sections. Materials used in the
bituminous mixtures were crushed granite,
crushed river gravel, sand, sandy loam,
and limestone dust. The pavement was
placed 1n courses and each course was
initially rolled with a 3-wheeled roller

Figure 2

and finished wath a 10-ton tandem roller.
It is not known how many coverages were
applied, but an effort was made to obtain
high densities in construction. Cores
were cut from the completed pavement out-
side of the traffic lanes and tested for
density, stability and flow. Samples of
the unmixed pavement aggregates were also
furnished the Waterways Experiment Station.
The six pavement designs were duplicated
in the laboratory and specimens were com-
pacted using 50 blows of the 12.5-1b.

hammer, 3-7/8 in. foot. Test properties
were determined for the laboratory speci-
mens.

Table 6 shows a comparison of unit
weights for the field and laboratory speci-
mens for the six pavement designs. It may
be seen from the tabulation that for the
tinder courses the unit weights of the
field samples ranged from 7 lb. per cu.
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Comparison Between Laboratory
and Field Compaction

Figure 3.

ft. above to 3 lb. per cu. ft. below the
corresponding laboratory densities. In
the wearing courses the unit weights of
the field samples ranged from equal to
6 1b. per cu. ft. below the laboratory
densities. Since the laboratory compac-
tive effort was 50 blows of the 12.5-1b.
hammer, 3-7/8 in. foot, andnot the lesser
10-blow effort which approximated construc-
tion densities in the other projects in-
vestigated, it is apparent that in practi-
cally all cases the pavement densities

ASPHALT PAVING MIXTURES

were relatively high. This may have been
due to the use of 10-ton rollers on the
project or, in part, to compaction by
casual traffic over these areas.

Summary - Investigations at seven air-
fields throughout the country showed that
in the majority of cases 10 blows of the
12.5-1b. hammer with 3-7/8 in. foot pro-
cuded higher leboratory densities than
were obtained in the constructin of the
pavement, but in two cases the laboratory
density was exceeded in the field. Fur-
ther information was obtained at two care-
fully controlled rolling studies at Eglin
Field and MacDill Field, Florida, which
indicated that it was possible to obtain
pavement densities equivalent to those
obtained in the laboratory with 10 blows
of the 12.5-1b. hammer, 3-7/8 in. foot.
Data from StocktonNo. 2 test section also
indicated that high pavement densities
might be obtained in construction.

The field and laboratory correlations
of as-constructed pavement densities were
based on the original laboratory compac-
tion procedure and on the laboratory pro-
cedure using the 12.5-1b. hammer, 3-7/8
in. foot. Inasmuch as neither of these
procedures used the 10-1b., 3-7/8 in. foot
hammer finally selected for the laboratory
design test, it was necessary to corre-
late between the various compactive ef-
forts in the laboratory. This was ac-
complished by preparing several! bitumin-
ous mixtures, both sand asphalts and as-
phaltic concretes, at the approximate de-
sign optimum asphalt contents. Specimens
of each mixture were compacted by (a) the
original procedure, (b) by 10 blows of
the 12.5-1b. hammer with 3-7/8 in. foot,
and (c) by 10, 15, and 20 blowsof the 10-
1b. hammer with the 3-7/8 in. foot. The
data for these tests are not presented
here: however, from an analysis of the
results it was concluded that 15 blows of
the 10-1b., 3-7/8 in. hammer could be
used for construction control of bitumin-
ous pavements. -

As a final measure, it was considered
that the 15-blow compactive effort (10-1b.
3-7/8 in. hammer) might be confused with
the 50-blow compaction procedure (10-1b.,
3-7/8 in. hammer) used in design. Also,
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Comparison of Field and Laboratory Densities
Stockton Test Section No. 2, California

Course

Binder
Binder

Wearing
Wearang

Binder
Wearing

TABLE 7

Unit Weight -- Lb. Per Cu. Ft.

Field

156
156
151
149
151
146

Correlation of Laboratory Densaties,

15-Blow and 50-Blow Compaction

Laboratorz

149
157
151
153
154
152

—Dengaty :

Per Cent Maximum Theoretical Unit Weaght Total Mix I

(1) (2) (3) (4) (5) (6) (&) (8)
Identi- 15-Blow 50-Blow Diff. (1)/ (2) 15-Blow|50-Blow Diff. (5)/ (6)
fication Per Cent Per Cent Per Cent Per Cent Lb Lb Lb Per Cent

Sand Asphalt
Blend A 92.0 94.7 2.7 97.1 136.9 141.0 4.1 97.1
Blend 3 90.3 93.4 3.1 96.7 133.9 138.5 4.6 96.7
Blend 4 94.5 96.1 1.6 98.3 142.3 144.8 2.5 98.3
Blend 5 93.1 95.2 2.1 97.8 141.7 144.8 3.1 97.8
Blend 8 91.6 93.9 2.3 97.6 137.7  141.1 3.4 97.6
Asphaltic Concrete

Blend B 94.3 95.6 1.3 98.6 144.7 146.7 2.0 98.6
(Gravel)
Blend B 94.9 96.8 1.9 98.0 141.7 144.5 2.8 98.0
(Slag)
Blend B 93.6 95.5 1.9 98.0 148.2 151.3 3.1 98.0
(Crushed
Limestone)
Mix 11 94.4 95.7 1.3 98.6 147.6 149.7 2.1 98.6
(Crushed
Limestone) ;
Blend 10 92.8 94.6 1.8 98.1 142.5 145.2 2.7 98.1
(Gravel)
Blend 12 93.9 95.3 1.4 98.5 143.8  145.9 2.1 98.5
(Gravel)
Approximate Average 2.0 98.0 3.0 98.0

15
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the use of two compactive efforts requires
additional laboratory work. Therefore,
analyses were made which are intended to
provide a method for the control of con-
struction densities based entirely on the
compaction effort used for design. Five
sand asphalt and six asphaltic concrete
mixtures were prepared in the laboratory
at their design optimum asphalt contents.
Specimens of each mixture were compacted
using both 15 and 50 blows of the 10-1b.
hammer, 3-7/8 in. diameter foot. The
densities of compacted speainens from
these tests are shown on Table 7, both as
percent of maximum theoretical :density
and as unit weight in lb. per cu. ft.
The difference in densities for the two
compactive efforts on each mixture was
obtained and expressed as a percentage of
the 50-blow density used for design. Al-
though the indicated percentage values
vary somewhat, the variation is small.
On the average, the density of a specimen
compacted to 15 blows will be 98 percent

of the density obtained with 50-blow com-
paction. It is considered therefore, that
good construction rolling shall be stipu-
lated as that amount which produces a
density in the pavement equivalent to 98
percent of that determined by the 50-blow
compactive effort used for design.

CONCLUSIONS

Based on the results of analyses and in-
vestigations presented in this paper, the
following conclusions are made:

a. The laboratory compactive effort
for use in design of asphalt paving mix-
tures should consist of 50 blows on each
side of the specimen, using a, 10-1b. ham-
mer with 18 in. drop and a 3-7/8-in. dia-
meter fobt.

b. Good construction rolling can be
considered that effort which produces a
density in the asphalt pavement equal to
98 percent of that secured by the 50-blow
laboratory compaction.
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DETAILED TEST PROCEDURES FOR DESIGN AND FIELD CONTROL
OF ASPHALT PAVING MIXTURES

JOHN M.

This paper delineates the test pro-
cedures which have resulted from the com-
prehensive investigation outlined in the
preceding papers of this symposium. The
apparatus used in the laboratory is
described and the method of selecting de-
sign asphalt contents from the test data
is discussed. Since this test methed is
also adaptable for use in the construction
control of plant mixtures and for determin-
ing the properties of in-place pavements,
by means of core samples, a description
of these features is included. A list of
the equipment required to conduct the
tests subsequently outlined is shown on
Table 1. Detailed working drawings of the
compact1 on and testing equipment are shown
on Figures 1-5 inclusive.

The completed assembly of Marshall
stability testing equipment mounted in
the CBR frame is shown on Figure 5. This
testing equipment consists of the CBR
testing frame in which is mounted a prov-
ing ring with gage di1al, screw-jacking
mechanism, the flow meter and Marshall
stability breaking head, and a penetration
piston used as an extension by which to
transfer load appliedby jack to the prov-
ing ring.

LABORATORY TEST FOR DESIGN OF ASPHALT
PAVING MIXTURES

Penetration of asphaltic mixture - When
using the method to design a bituminous
pavement mix, it is first desirable to
make a sieve analysis and to determine the
specific gravity of the aggregates and
filler proposed for use. Specific grav-
1ty of the asphalt cement likewise should

*Engineer, Chief, Bituminous Sectiion,
Flexible Pavement Branch, Waterways Experi-
ment Station, CE, Vicksburg, Miss.

By

GRIFFITH*

be determined for use in computations as
discussed later. The proper proportions
of various types of aggregates and filler
to produce a reasonable gradation may then
be determined. Depending on the quantity
of the material to be produced and local
costs of various aggregates, it may be
desirable to investigate a number of
aggregate blends.

To insure accurate control of blends
in the preparation of test mixtures, the
aggregate should be separated into frac-
tions, and where adequate heating facili-
ties are available the following size
separations are suggested: 3/4 in.,
% in., 3/8 in., Nos. 4, 10, 40, 80, 200.
Aggregate larger than ] in. should not be
used 1n the standard equipment with this
test method. .

All separated fractions of aggregate and
filler should be heated separately to
temperatures between 350 F. and 375 F.
Asphalt cement should be heated to tem-
peratures between 250 F. and 280 F., but
should not be held at this temperature
for more than one hour. Figure 6 shows
aggregate heating facilities at the
Waterways Experiment Station. After all
materials have reaclred the desired tem-
perature, the bowl or pan in which the
mixture 1s to be prepared is placed on a
solution balance and tared. The aggregate
and filler are then scooped from the heat-
ing pans and weighed in proportions cal-
culated to give approximately 3000 gms of
the desired blend. When removing the ag-
gregates from the heating pans, a repre-
sentative sample of the material may be
obtained by scooping to the bottom of the
pan; otherwise segregation may occur. The
aggregate and filler are then thoroughly
mixed by a trowel or large spatula. Ag-
gregate temperatures should then be be-
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EQUIPMENT REQUIREMENTS FOR LABORATORY TESTS
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TABLE 1
No
lten Req'd
Compaction meld cylinder 6
Compaction cold base plate 4
Compaction @old collar 2
Compaction hazmer 2
Marshall breaking head 1
Flow meter 1
Testing sachine 1
Sagple extractor 2
Ovens or hot plates for heating aggregate, asphalt cement
and colding equipment
Pans for heating sggrogate 12
Can wvath pitcher-type hendle for heating asphalt cement 2
Mixing bowls or pans for mixing aggregate and asphelt cesent 2
Mechanical bekery or restsurant-type maixer 1
Scoop for handling hot eggregate 1
Square pointed mssons trowels 2
Spatulas 2
Theroometers for determining sixture tomperstures [
Compaction pedistal, support for compacticn mold while tamping 1
Hot water bath with perforated faslse bottom for heatmg 1
test specimons, thermostatically controlled for 140-degree
F % 1-degree
Thorsometers for hot water bath H
Solution balance for weighing aggregste and ssphalt 1
Balance for weighing coempacted specimens 1
Saddle end wire basket for weighing specimens under water 1
¥ater bucket for weighing specimons under water 1
¥elders gloves, or smlar, for hendling hot equipment 3pr

tween 340 F. and 360 F. Upon attaining
the desired mixing temperature, a crater
is formed in the mixing bowl or pan. The
bow] (or pan) and aggregates are rebalan-
ced on the solution balance and the hot
asphalt cement is introduced in the re-
quired amount.

The amounts of asphalt cement used in
the preparation of test specimens necessar-
ily must be estimated, since one of the
primary objectives of the test method is
to determine the optimum asphalt content.
An estimate of the optimum asphalt con-
tent based on judgement and past exper-
ience with similar mixtures is adequate
for a starting point. Trial mixtures are
prepared at the estimated optimum asphalt
content and generally at asphalt contents
1 and 2 percent below and above the esti-
mated optimum asphalt content. Experience
has indicated that eight test specimens are
required at each asphalt content to as-
sure adequately accurate test data.

Mixing is accomplished immediately
after the introduction of the asphalt
cement and should be completed as rapidly
as possible. Mixing may be done either
by hand or in a mechanical mixer. A 10-

Remarks

See Figure

Seo Figure

Seo Fagure

See Fagure

See Figure

See Figure

See Figures 4 and §

Sea Figure 1

Approxizately 12-sq-ft beating surface ares (approxamstely 1 5-ft by
8-ft) 1s desirable

Approximately 12.1n x 18-3n x 4e1n

1-gallon capacaty

Approximately l0-quert capecity

Approximately 10-quart capacity

2-quart siz0

2-1n x 4-1n blede, wood handle

lean x 6-an  blade, wood handle

Dial-type with metal atem or armored glass thermcmetor, minimum
sensitivity 5-degroe F , range 50-degree F to 400-degree F

610 x 6-1n wood post capped with 12.1n x 12-1n x 2-13 wood,
end 12-18 x ]2-20 x l-an  steel plate, supported on concrete
base or floor slab

Approximatoly 18-1n x 30-10 x 9-an deep

P e
N

To fat mochanical mixer 1f aveilsble

Mercary theracmeters, 0 2.degree F divisions, 134-degree F to 148
degree F range

20-kg capacity, sensitive to 1l ga

2-kg capacaty, sensitive to 0 S-ga

Approximately 10.quart capacity

to l4-quart bread dough mixer is recommend-
ed. Thorough mixing should be accomplish-
ed within two minutes. The temperature
of the mixture should not be pelow 225 F.
upon completion of mixing. If below this
temperature, the mixture should be dis-
carded and the process repeated. The
mixture should not be reheated after mix-
ing.
Preparation of test specimens - Production
of test specimens is initiated immediately
after mixing is completed. The compaction
hammers and compaction molds should be
heated to between 200 and 300 F., cleaned
and ready for use. All of the mixture is
first transferred from the mixing bowl to
a large pan, divided equally, and each
half placed in a compaction mold. A
piece of filter paper or paper toweling,
cut to size and placed in the bottom of
the mold before the mixture is introduced,
facilitates removal of the base plate
after compaction. After the mixture is
transferred to the molds, compaction pro-
ceeds immediately.

The temperature of the mixture immedia-
tely prior to compaction should not be
less than 225 F. After the mix has been
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Figure 6. Aggregate and Asphalt Heating
Facilities

placed in the mold, the collar is removed
and the surface of the material smoothed
with a trowel to a slightly rounded shape.
The collar‘is then replaced and the sur-
face of the mix leveled using hand pres-
sure on a heated sample extractor (Figure
7). An extra sample extractor equipped
with a wooden handle extension is handy
for this purpose. The mold assembly is
placed on a heavy substantial compaction
base, the heated compaction hammer is
placed on the specimen and 50 blows of
the hammer are applied. After this the
base plate and collar are removed and the
mold reversed and reassembled so that the
base plate is adjacent to the original
top of the specimen. Fifty blows of the
compaction hammer are then applied to this
face of the specimen.

~ The base plate and collar are removed
and the mold with the specimen inside is
immersed in cool water for approximately
two minutes, after which the collar is
replaced on the mold and the sample ex-
tractor is placed on the opposite end of
the specimen. The assembly is then placed
with the mold collar down in the compres-
sion machine, and pressure is applied to
the sample extractor, forcing the specimen
into the mold collar. The specimen may
then be removed from the mold and suit-
ably identified. It should be carefully
handled and placed on a smooth and level
surface until ready for testing. The
height of the specimen should be 2% in. t
1/8 in.

Festing specimens - Specimens may be
tested at any time after preparation.
Weights are determined for each specimen
by weighing in air and suspended under
water (to obtain the volume). The water
should not contain an excess of suspended
or dissolved materials and its tempera-
ture should be approximately 77 F. The
volume of specimens having an open tex-
ture is determined by measuring their
height and diameter as accurately as pos-
sible or by coating with paraffin.

The specimen is immersed in a water
bath at 140 F. * 1 deg. for a period of
at least 20 min. After this period it is
ready to be tested for stability and flow
in the Marshall apparatus; however, test-

Sample Extractor

Figure 7.

ing should not be begun until all appara-
tus is in readiness, as follows:

a. The inside surfaces of the upper
and lower test heads and the guide
rods of the breaking head should
be thoroughly ‘cleaned, the guide
rods well lubricated, and the upper
test head should slide freely over
the guide rods to the lower test
head.

b. Clearance between the jack and the
lower proving ring support should
be just sufficient to permit intro-
duction of the test mold.
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After the necessary preparations have
been completed, the specimen is removed
from the hot water bath and fitted to
testing position on its side in the lower
part of the breaking head; the complete
assembly is then placed in testing posi-
tion in the compression machine. The
flow meter is placed on one of the guide
rods and pressed down against the upper
test head, and the initial reading of the
flow meter is made and recorded. Pressure
is then applied to the specimen in such
a manner that the jack head rises at a
rate of 2 in. per min. Failure of the
specimen occurs and is recorded when the
load-measuring dial reaches its maximum
reading and begins to return toward zero.
The total number of pounds required to
produce failure of the specimen is re-
corded as its stability value. In order
to prevent excessive cooling of the speci-
men with aresulting increase in stability
value, the entire test procedure from the
time the specimen is removed from the
water bath should be performed as quickly
as possible; normally, the test should be
performed in about 30 sec. Figure 8
shows details of a specimen ready for
test in the field apparatus. A close-up
view of the specimen, test head and flow
meter is shown on Figure 3 of a preceding
paper entitled “Selection of Test Equip-
ment.”

The flow value is obtained during the
test for stability. When the load is be-
ing applied to the specimen, the body of
the flow meter should be held firmly
against the top of the upper test head so
that the guide rod pushes the flow meter
gage upwards as the sample deforms. When
the maximum stability reading is obtained
on the load measuring dial, the flow
meter is instantly removed from its posi-
tion on the guide rod. The difference
between the initial and final readings
expressed in hundredths of an inch is re-
corded as the flow value.

The stability test may be performed
in auniversal testing machine with stress-
strain recorder as shown on Figure 9. The
stability is recorded as the maximum val-
ue on the load-deformation curve. The
flow value read from the curve is select-

Figure 8. Marshall Stability Apparatus
for Field or Laboratory Use

ed at the point beyond the peak where the
load first begins to decrease. It has
been established that this flow value
agrees closelywith the flowmeter reading,
as there is a slight time lag in removing
the flow meter from the breaking head in
the hand method of performing the test.

INTERPRETATION OF TEST RESULTS

Test properties curves - Data obtained as
outlined above furnish the basis for de-
termining, either directly or by compu-
tation, the following properties of each
test specimen:

a. Flow

b. Stability

c. Unit weight, total mix

d. Unit weight, aggregate only

e. Percent voids, aggregate only

f. Percent voids, total mix

g. Percent voids filled with asphalt

cement

Data averages from the eight specimens
at each asphalt content are then prepared
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Universal Testing Machine
Used for Marshall Test

Figure 9.

for each of the above test properties.
Individual test values which are at con-
siderable variance with the average may
be discarded. The average test properties
outlined above are then plotted versus as-
phalt content on separate diagrams and
smooth curves are drawn through the plot-
ted points. For the determination of
optimum asphalt, the unit weight, aggregate
only, and percent voids, aggregate only,
are not used as criteria. These data are
frequently computed for g neral information
only. The other five test properties are
used in the determination of optimum as-
phalt, and typical data plots of these
five properties are shown on Figure 10.
In order toeliminate erratic test values,
- it has been found convenient to plot the
test points for the unit weight of the
total mix and to draw the best smooth
curve through these points. The remaining
density and void relationships are then
computed from values read from this curve.

In this manner, smooth curves are obtained
for the computed test properties and all
void and weight relationships are in
mutual agreement.

Selection of optimum asphalt content - The
test procedure and computations described
previously have been directed toward fur-
nishing information on a given bituminous
mixture such that the proper asphalt con-
tent may be selected for satisfactory
pavement design. The asphalt content
desired, termed the ‘“optimum asphalt,” is
determined by assigning criteria to cer-
tainof the test properties, selecting the
asphalt content that satisfies each in-
dividual case, and averaging the asphalt
contents obtained. The average value is
the optimum asphalt content. The criteria
for satisfactory pavements have been
established by the investigations
described in the preceding papers and are
found on page 87.

The criteria shown above for asphaltic
concrete are considered to be entirely
valid while criteria shown for sand as-
phalt are considered to be tentative and
subject to possible revision. This is
due to the quantity and type of. data
obtained to date on these two types of
asphaltic mixtures. The test section,
described in a previous paper, and other
field data, have given an adequate back-
ground for the selection of asphaltic
concrete design criteria while data on the
sand asphalt pavements have been limited.

An example of the selection of optimum
asphalt content is shown for the test
results plotted on Figure 10. Using the
criteria for asphaltic concrete presented
in the preceding paragraph the following
asphalt contents have been selected for
the various test properties:

Test Property Selected Asphalt Content-

Percent
Stability 5.3
Unit Weight
Total Mix 5.5
Voids Total Mix 5.8
Voids Filled With
Asphalt 6.3

Average 5.7
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Design Craiteraa

Test Property

Limits

Value To Be Used For
Selection of Optimum
Asphalt Content

Asphaltic Concrete

Flow

Stabalaty

Unit Weight, Total Mix

Percent Voads, Total Mix

Percent Voids Filled with Asphalt

Sand Asphalt

Flow

Stabality

Unit Weight, Total Max

Percent Voids, Total Mix

Percent Voids Filled with Asphalt

The i1ndividual test properties at the
average asphalt content of 5.7 percent
are then reexamined to determine how close-
ly they agree with the criteria. At this
asphalt content the flow value is 14,
stability 1s 700 1b., voids total mix is
4.1 percent, and voids filled with as-
phalt 76 percent. All values are in rea-
sonable agreement with the criteria. The
variables that are present during construc-
tion are recognized. The value of 5.7
percent does not imply absolute accuracy
but may vary within a range of values for
the criteria. For example, inspection of
the test properties curves on Figure 10
shows that at asphalt contents between
5.5 and 6 percent the individual values
are in substantial agreement with the
criteria, and any value between these
limits may be acceptable for construction.
However, the asphalt content selected an
the basis of test properties should be
used for design purposes.

In some cases the selection of an opti-
mm asphalt content from the test proper-
ties curves is more difficult than was
shown in the example cited. Certain mixes,
for instance, may approach but not reach
4 percent voids total mix or 80 percent
voids filled with asphalt. If the grada-
tion of the mix and the other test proper-

ties are otherwise acceptable, a tolerance -

of 1 percent in the voids total mix and
5 percent in the voids filled with asphalt

Less than 20 -
More than 500 Maxaimum
- Maximum

3to5 4

75 to 85 80

Less than 20 -
More than 500 Maximum
- Maximum

5 to 7 6

65 to 15 70

may be allowed. The optimum asphalt con-
tent as determined from stability and
unit weight criteria is examined with
respect to the voids total mix and voids
filled with asphalt; if these values at
optimum asphalt are within the tolerances
allowed the mix is considered satisfactory.
If the values are not within the toler-
ances, consideration should be given to
adjusting the optimum asphalt to come
within the voids tolerances, provided
this asphalt content is reasonable with
respect to maximum stability and unit
weight and the flow does not exceed 20.
If the selected optimum asphalt content
does not provide test properties that are
in reasonable agreement with the criteria,
a redesign of the blend is indicated.

LABORATORY TESTS FOR FIELD CONTROL
OF ASPHALT PAVING MIXTURES

The foregoing paragraphs have described
the method by which the proper asphalt
content for the design of a bituminous
pavement is obtained in the laboratory.
Fully as important as the initial design
procedure is the control of plant opera-
tions and the placement of the mixture in
the field to insure that the pavement; as
constructed, satisfies the design require-
ments. The following paragraphs outline
a suggested procedure for the control of
bituminous mixtures at the plant and in
the field. It is recommended that ade-
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quate laboratory facilities be provided
at the plant in order that proper control
may be exercised. The test procedure is
not intended to supplant the routine gra-
dation and extraction tests that are nor-
mally run in connection with plant con-
trol.
Control of plant mixtures - It is probable
that initial laboratory tests to determine
the proper proportions of materials and
the optimum asphalt content will be con-
ducted on aggregate obtained from stock-
piles or from proposed source locations.
Such materials, when they are processed
through the plant, often are subject to
changes 1n gradation primarily due to de-
gradation of aggregate, difficulties in
securing representative aggregate samples,
nonuniformities in the supply of material
or loss of fines in the driers. Such
changes may require a different propor-
tioning of the aggregate in the plant to
meet specification requirements, and pos-
sibly a modification of the asphalt con-
tent may be required to meet the pavement
design criteria. The first step in plant
control, therefore, is to obtain repre-
sentative samples of the processed aggre-
gate (preferably samples from the bins
after the aggregate has been processed
through the plant) and to adjust the pro-
portions of material as may be desired.
The test procedure for selection of opti-
mum asphalt content should then be re-
peated to determine what changes, 1f any,
are necessary in the optimum asphalt con-
tent. The separation of aggregate into
numerous fractions for laboratory blend-
ing is too tedious and possibly unneces-
sarily accurate for plant control. For
this purpose it is satisfactory to separ-
ate the coarse and fine aggregates on the
No. 10 sieve and further separate the
coarse aggregate on the %-in. sieve. The
normal screen sizes used on the plant may
also prove satisfactory for separation of
aggregates, This method will give more
variations in blend proportions due to
variations in gradation of the material,
but it is believed sufficiently accurate
for plant control purposes.

After the plant is in operation, fre-
quent checks should be made to insure

that the bituminous mixture as produced
meets the design requirements. Represen-
tative specimens of the plant-mixed mater-
ial sufficiently large to make 8 test
specimens (about 50 lb.) should be
obtained and specimens compacted as pre-
viously outlined. Samples should be com-
pacted before the mixture has cooled be-
low 225 F., and the mix should not be re-
heated. The completed specimens are then
tested and test properties are determined.
The number of representative samples pre-
pared and tested in this manner will vary
with the size of the job. It is suggested
that continuous tests be made in the first
few days of operation in order to deter-
mine the variation in test results due to
the normal variations in the stockpiled
aggregate and in plant operations. Routine
checks may be made at less frequent inter-
vals when plant operations are stabilized.

A comparison of test results on the
plant mixed materials with those obtain-
ed in the design tests will indicate
whether any significant changes in aggre-
gate gradation or asphalt content have
taken place which will affect the pave-
ment design. An increase in the flow val-
ue to above 20, a decrease in stability
of 50 to 100 1b., variations in voids
total mix greater than 1 percent and voids
filled with asphalt greater than35 percent
indicate the need for revisions in the
proportions of aggregate, the asphalt con-
tent, or both. The values cited are toler-
ances which are considered reasonable;
specific tolerances may be established
for a given job. Since speed is essen-
tial in the proper control of plant mix-
tures, considerable time may be saved by
computing only the flow, stability, and
unit weight total mix of the test speci-
mens. For a given mixture, variations in
the unit weight total mix reflect varia-
tions in the voids relationships. For
instance, a variation of 1.5 to 2 lb. per
cu. ft. in the unit weight total mix is
accompanied by about the 1 percent change
in voids total mix and the 5 percent
change in voids filled with asphalt men-
tioned above. The allowable tolerance in
unit weight for a given voids tolerance
may be computed and used for rapid control
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of the plant mixture.

Control of field construction - Field con-
trol of placement of bituminous pavements
is based on attaining a desired density
in rolling operations. Results of pre-
vious studies, discussed in a preceding
paper, indicate that a laboratory com-
pactive effort of 15 blows on each side
of the test specimen will produce densit-
ies approximately equivalent to those
obtained with carefullycontrolled rolling
in the field. It is further shown that
the density obtained by 15-blow compaction
approximately equals 98 percent of the
density obtained with 50-blow compaction.
Therefore, a factor amounting to 98 per-
cent of the density determined from test
specimens compacted by the 50-blow pro-
cedure previously described should be
computed.

OBTAINING AND TESTING PAVEMENT SAMPLES

Pavement density control - To control the
desired density to be obtained in the
field, test specimens are cored or other-
wise cut from the pavements during con-
struction. The desired construction den-
sity being known, density measurements on
these specimens indicate whether addition-
al rolling is required. Specified con-
struction deisities maybe easily obtained
or even exceeded in some mixtures, where-
as in others careful control in the rolling
procedures must be exercised.

Field coring of pavements - Coring field
test specimens may be accomplished with
truck-mounted rotary core drilling equip-
ment, such as that shown on Figure 11,
provided with a means of supplying water
to the area being cored to flush out the
cuttings. A steel core barrel tipped
with carboloy chips (Figure 12) has been
found to be very satisfactory for most
coring operations in asphaltic pavements.
During hot weather it has been found
necessary to chill the pavement with ice
prior to coring. Field cores should be
4 in. * 1/16 in. diameter. Where density
measurements only are desired or where
core cutting facilities are available in
the laboratorybut not in the field, square
or rectangular segments of pavement may Le
cut by a mattock, or other means.

Figure 11. Core Drill Rig

G, P

e 12. Detail of Asphalt Drill Bit

Figur

Preparation of cores for testing - Field
cores should be split at the interface be-
tween construction layers prior to test-

ing. To accomplish this splitting a heat-
ed knife is drawn around the circumfer-
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TABLE 2

STABILITY CORRELATION RATIO

Approxaimate
VYolume Thickness

of Specimen in of Specamen Correlation

Cubic Centimeters in Inches Ratio
200 - 213 1 5.56
214 - 225 1-1/16 5.00
226 - 237 1-1/8 4.55
238 - 250 1-3/16 4.17
251 - 264 1-1/4 3.85
265 - 276 1-5/16 3.57
277 - 289 1-3/8 3.33
290 - 301 1-7/16 3.03
302 - 316 1-1/2 2.78
317 - 328 1-.9/16 2.50
329 - 340 1.5/8 2,27
341 - 353 1-11/16 2.08
354 - 367 1-3/4 1.92
368 - 379 1-13/16 1.79
380 - 392 1-7/8 1.67
393 - 405 1-15/16 1.56
406 - 420 2 1.47
421 - 431 2-1/16 1.39
432 - 443 2-1/8 1.32
444 - 456 2-3/16 1.25
457 - 470 2-1/4 1.19
471 - 482 2-5/16 1.14
483 - 495 2-3/8 1.09
496 - 508 2-7/16 1.04
509 - 522 2-1/2 1.00
523 - 535 2.9/16 0.96
536 - 546 2.5/8 0.93.
547 - 559 2-11/16 0.89
560 - 573 2-3/4 0.86
574 - 585 2.13/16 0.83
586 - 598 2-7/8 0.81
599 - 610 2-15/16 0.78
611 - 625 3 0.76

NOTES: 1. The measured stabilaty of a specimen multi-
plied by the ratio for the thickness of the
specimen equals the corrected stabiality for
a 2-%-1nch specimen.

2. Volume-thickness relat ionship 1s based on a
specimen diameter of 4 inches.

ance of the core at the interface of the ice bath and allowed to chill thoroughly,
layers making a groove approxamately 1/16 after which 1t is removed from the bath
in. deep. The core is then placed in an and placed on its side on a level sur-
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face. A heavy butcher knife or a machete
is placed in the groove previously made
and the back of the blade hit sharply
with a hammer. It may be necessary to
rotate the core and strike 1t at several
points in the groove 1in order to break 1t
apart.

Testing field cores - The cores are weigh-
ed, heated in the water bath, and tested
1in the Marshall apparatus as previously
described. Since field cores are general-
ly of some thickness other than the
standard 2%-in. thickness to which labora-
tory compacted specimens are prepared, a
correction must be applied to the stabil-
1ty value 1n order that all test results
may be compared on a standard basis. In-
vestigations made by the Waterways Experi-
ment Station indicate there is a direct
relationship between thickness and stabxl-
1ty of specimens. Table 2 shows stability
correction factors for specimens ranging
in thickness from 1 to 3 in. Also pre-
sented are approximate volumes of 4-in.
diameter specimens for the various thick-
nesses, as it 1s sometimes more conven-
1ent to use the volume determined by
weighing the core in air and under water
rather than tomake an actual measurement of
thickness. A correctian factor for flow
is not necessary.

COMPLETED CONSTRUCTION DATA

Upon completion of pavement structures,
representative cored specimens of the
pavement should be obtained and their
test properties dgetermined. Coring and
testing periodically are also desirable
to check the validity of the tentatively
adopted criteria. It should be remember-
ed that the criteria previously establish-

ed were for airfield pavements supporting
very heavy wheel loads. The frequency
and nature of the traffic and the magni-
tude of the superimposed wheel loads on
highways are different than for airfield
pavements, and it may be that some mod-
ifications of these criteria for highway
use are warranted. The maintenance of
data and observation files on pavement
behavior under highway traffic is the
only sound basis on which to make such
modifications. The pavement behavior
study should include all locally potential
sources of material to assure the esta-
blishment of satisfactory design criteria.

EVALUATION OF EXISTING PAVEMENTS

Coring and testing procedures previous-
ly outlined are also applicable to exist-
ing pavements. Much additional data of
considerable value may be obtained for
the verification of modification of pro-
posed ctiteria by systematically evaluating
the existing pavements. Locations in an
existing road system may be chosen in
which pavements are definitely failing,
in which pavements are giving only slight
indications of unsatisfactoriness, and in
which pavements are definitely adequate.
When such data are used to verify or mod-
ify the tentative criteria, the adequacy
of the base and subgrade should definitely
be established. Pavement criteria data
should be used only where satisfactoriness
or unsatisfactoriness is due to the pro-
perties of the pavement itself., Defic-
iencies of the base may, in some cases,
be compensated for by the additional
pavement thickness. This compensation,
however, is discussed in another paper in
this Symposium.
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THE PRACTICAL APPLICATION OF THE DESIGN METHOD OF

ASPHALTIC MIXTURES TO PAVEMENT CONSTRUCTION

by

W. K. BOYD*

The primary reason for the investiga-
tion which is the subject of this sym-
posium was to provide methods for the
solution of certain practical problems
which are common to all asphalt paving
projects. These problems may be listed
as:

a. Are aggregate materials which are
locally available suitable for use in
asphalt pavements?

b. If two or more aggregates are to
be blended, what are the desirable pro-
portions for each?

c. Yhat percent asphalt in the paving
mixture should be used as a basis of esti-
mate for total quantities required?

d. Is the asphalt mixture as produced
and laid as a pavement of satisfactory
quality, containing the proper amount of
asphalt for the maximum intended service?

Items a, b, and ¢ involve preliminary
design work and should be completed well
in advance of actual construction. Item
d includes a final design based on mat-
erials actually taken from plant bins and
includes constant sampling, testing, and
analysis of the asphalt mixture as it is
being produced.

With respect to items a, b, and ¢, the
available aggregate may be restricted to
a single source such as from a producer
of commercial slag or a limestone rock
quarry. In such cases the preliminary
design may be limited to the preparation
of a few mixes to determine the amount of
filler and asphalt which might be required.
In other cases a considerable choice of
aggregate may be available, such as several
local deposits of sand and gravel. In
such cases it may be desirable to prepare
Flexible Pavement

*Engineer, Chief,

Branch, Waterways Experiment Station, CE,
Vicksburg, Miss.

a number of different trial mixes as a
basis for selecting a final design which
will provide tor a satisfactory mix at
the most economical price. For example,
a local sand-gravel aggregate which is
unsatisfactory by itself may be entirely
satisfactory if blended with a very fine
sand and a nominal percentage of a com-
mercial filler. It is believed that the
test procedures, the method of anaylsis,
the test property criteria which have
been outlined in previous papers provide
adequate tools and a satisfactory method
to solve the problems presented by items
a, b, and c. Such preliminary studies
take time andmust be done well in advance
of the construction period if the final
plans and estimates are to reflect the
results of the preliminary investigational
work. The value of a reliable preliminary
design, firm estimates as to quantities
of material required, and prior approval
of material for use is readily appreciat-
ed by responsible engineers familiar with
the problem.

While the preliminary design and an-
alytical work can probably be best accom-
plished in a central laboratory, the

actual final pavement design used in the
field and daily construction control

tests (item d of first paragraph) must be
done in a laboratory set up at the site
of the mixing plant. With respect to a
final mix design, it should be recognized
that certain factors always are present
which may cause modification of the pre-
liminary design. Some of these factors
include variation in gradation due to
errors in sampling aggregate in the de-
posit or stock pile, changes made by
crushing oversize material, and changes
produced by drying the aggregate.

With respect to plant control during
construction, samples of the mixture must
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be taken constantly, specimens prepared
and tested, and the results, immediately
analyzed if positive action to assure the
production of a uniform mix of good qual-
1ty is taken. Samples sent to a central
laboratory for test are suitable only for
record purposes and serve no other func-
tion. Also, the practical aspects of the
construction control problem demand that
the test procedure and equipment be simple:
to operate and enable test results to be
obtained quickly. The test procedures
which have been developed and presented
in the preceding paper involve sampling
of the hot asphalt mixture from trucks as
they leave the plant, the compaction of
several test specimens in molds, cooling
to 140 F. for a brief period, and then
testing for stability and flow. By this
method results can be made available with
in less than an hour after sampling. It
is believed that the ability to obtain
and test large numbers of test specimens
with the results immediately available is
of prime importance. Complicated pro-
cedures that limit the number of tests
that can be secured and in which the re-
sults are long delayed have no place in
the stress of a construction job. The
method of design and control has been put
to actual use during the construction of
several paving projects at the Waterways
Experiment Station. Satisfactory blends
of local aggregates have been developed,
optimum asphalt content determined, and
the production of the asphalt plant
closely controlled by a systematic sampl-
ing and testing schedule. The discussion
presented in this paper is based on
practical experience obtained during
actual construction operations and not on
theoretical hypotheses.

A brief reference was made above to
certain factors that tend to modity the
preliminary design mix. No attempt should
be made to prepare test specimens for use
as the final design until the plant has
been properly adjusted to produce the de-
sired aggregate gradation. Since one or
more of the aggregate sources may contain
quantities of material that vary consider-
ably in gradation, every effort should be
made to improve the uniformity of the

gradation of the material by proper con-
struction methods. The careful placement
of large aggregate stock piles at the
site of the work which permit thorough
mixing of material is desirable. If two
or more aggregates are being used, the
proportion of each to produce the desired
blend must be adjusted carefully. Finally
the efficiency of the screens which separ-
ate the material into the different bins
must be determined so that the proper
amount of aggregate canbe taken from each
to meet the desired job mix gradation
curve and also maintain a proportionate
balance in the different aggregate bins.
This may be quite difficult if the screens
tend to choke up or if there are marked
differences in the moisture content of
the aggregate from time to time. Obvious-
ly a job mix formla should utilize the
entire amount of aggregate available if a
satisfactory mix can be produced. Until
these adjustments are completed a few
specimens can be prepared and tested as
an aid to selectinga tentative approximate
asphalt content duringthe period of plant
adjustment.

With the plant adjustments made with
reasonable accuracy, several batches
shouid be run through the plant at about
four asphalt contents intended to bracket
the optimum amount. A sample of each
mixture should be taken and eight speci-
mens should be prepared at each asphalt
content. The test properties for each
mix should be determined and the values
for each plotted so that curves can be
drawn through the plotted points. Optimum
asphalt can be determined and the values
for stability, flow, percent voids total
mix, and percent voids filled with asphalt
can be compared with the design criteria.
Depending on the results of this analysis,
certain decisions are made and may include
only a revision of asphalt content or
some slight adjustment in the bin propor-
tions. At the time samples of the asphalt
mixture are taken to determine the final
design, samples should also be taken of
the aggregates fromthe several plant bins
for sieve analysis. From a sieve analysis
of the imaterial in each bin, and knowing
the amount from each weighed into the
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hopper, a gradation curve for the com-
bined aggregate can be computed. It is
important to know the exact amounts of
coarse and fine aggregate, since often
they may be of different type and have
different specific gravity values. Since
values for specific gravity are used in
the formulas to compute the density re-
lationships, the exact proportion of each
type aggregate used in the mix should be
determined. Also, in the event that the
trial mix proves unsatisfactory and fails
to meet the design criteria, a study of
the combined aggregate gradation curve
will usually indicate the proper steps
necessary to correct the aggregate to
produce a satisfactory mix.

With the mix design established, check
specimens should be made at regular inter-
vals. These shouldbe tested for stability
and flow, and occasionally the unit weight
and void relationships can be computed.
Reasonable latitude should be tolerated
1n test results, as some variations in
the values can be normally expected. How-
ever, 1f there is a definite trend for,
say, the flow to be high, then a study of
the aggregate gradation may give a clue
as tothe trouble. It is seldom necessary
to rerun a complete curve of test proper-
ties versus asphalt content, even though
considerable changes are subsequently
made in aggregate gradation from the pre-~
liminary mix design. If at optimum as-
phalt the flow was 15 for a given aggre-
gate gradation, minor changes in gradation
may require a different amount of asphalt.
At optimum, however, the flow still will
be about 15. In this respect it should

be noted that the design criteria indi-
cate a maximum flow of 20 for a satis-
factory mix.

These criteria are based on

the results of the traffic tests previous-
ly discussed. Practically every asphalt
paving item with a flow value not exceed-
ing 20 was satisfactory, and, in general,
those with flow values in excess of 20
were unsatisfactory. Tt is believed that
if for a given type and gradation of
aggregate the flow value at optimum is,
say, 15 and 1f subsequent tests indicate
the flow value has increased to 20, it is
probable that the mix would still be en-
tirely stable. It 1is reasonable to assume,
however, that optimum asphalt has been
exceeded and the asphalt content probably
should be reduced until the flow is again
about 15. By the same method of reason-
ing it is possible that a mix which has a
flow of 20 at optimum asphalt still may
be satisfactory if occasionally the flow
increases to 25.

Experience has indicated (as explained in
Paper No. 5) that it is possible with
good construction rolling to place the
pavement at a density equal to 98 percent
of that secured by the laboratory com-
paction effort (50 blows of a 10-1b. ham-
mer with 3-7/8 in. face falling 18 in.
applied to each face of the specimen).
Thus, if test samples weigh 140 lbs. per
cu. ft., the completed pavement should be
compacted to aminimum density of 137 lbs.

It should be emphasized that good con-
struction control can be secured only by
providing proper facilities for making the
required tests, competent and sufficient
personnel to do the work, and prompt re-
cording of the results to permit an early
analysis to be made of the results obtain-
ed. A systematic laboratory program in-
sures a high quality finished pavement
and eliminates the necessity for “guesses”
to be made by the engineer in charge.
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DESIGN OF ASPHALT MIXES AS RELATED TO OTHER

FEATURES OF FLEXIBLE PAVEMENT DESIGN

w. J.

A flexible pavement consists generally
of the subgrade, one or more layers of
stress-distributing media, termed base,
and a bituminous weather resistant layer,
termed the pavement. Many variations of
the generalized section are to be found.
For instance, the base may be of bitumin-
ous construction; also, the pavement may
be a part of the stress-distributing
system.

It 18 not necessary to elaborate on the
basic principles of a flexible pavement.
These have been given by Benkelman (4),
Spangler (5), Porter (6), Boyd (7), and
many others. Most engineers reach agree-
ment on the basic principles of design
by stating that sufficient stress-distri-
buting media shouald be provided _between
the wheel load and the subgrade so that
the stresses induced in the subgrade do
not exceed the supporting strength. While
practically complete agreement has been
achieved on the basic functional principles
of a flexible pavement, such agreement has
not been reached on the method of design
which fulfills this, and other necessary
requirements. It is not the purpose of
this paper to try to achieve agreement on
a method. Rather it is the purpose to
review briefly what the Corps of Engin-
eers considers desirable in a flexible
pavement, the methods that have been used
in designing its various components, and
how the results of the study presented in
the preceding papers of this symposium
will aid in future flexible pavement de-
sign.

In designing flexible pavements for

*Engineer, Chief, Soils Division, Water-
ways Experiment Station, CE, Vicksburg,
Miss.

by
Turnbull*

airfields to be constructed in the United
States by the Corps of Engineers it is
considered that the following should be
provaded to insure long life with little
or no maintenance for the design wheel
loads.

(a) Adequate total thickness of base
and pavement to prevent shear deformation
in the subgrade.

(b) A combination of base course
strength and pavement thickness so that
no shear deformation occurs in the base.

(¢) Sufficient compaction in the com-
ponent layers to prevent detramental
settlement under traffic.

(d) Adequate quality in the pavement
to resist displacement under hot weather
traffic, to resist cracking and disinte-
gration during cold weather traffic, and
to form a weather and abrasion resistant
medium.

As is well known, items (a) and (b)
above are designed by the California Bear-
ing Ratio Method (CBR) as revised by the
Corps of Engineers (except where frost is
a factor). The Corps of Engineers has
completed a considerable volume of re-
search work on the CBR test, the pre-
paration of laboratory specimens to an
assumed design condition, and the valida-
tion of the design curves. This work has
been reported in a symposium entitled
“Development of the California Bearing
Rat1o Method of Flexable Pavement Design
for Airfield Pavements,” which has been
submitted to the American Society of
Civil Engineers for publication in the
ASCE Proceedings. The asphalt stability

test section described in a preceding
paper furnished information on pavement
thickness requirements to protect any
It is

specified underlying base course.
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believed that the CBR design curves are
valid and that they reflect with reason-
able accuracy the total thickness of base
and pavement required above a soil with a
given CBR value. Also, means have.been
developed for evaluating the effect of
multiple wheels and for using the CBR
curves in designing for multiple wheels.
The most severe criticism leveled against
the CBR system is the method of preparing
a laboratory specimen to the assumed de-
sign condition that is, the soaked condi-
tion. It is admitted that the method has
not been perfected to the point where one
can be assured that the specimen tested
in the laboratory will be duplicated in
the prototype; however, this criticism 1s
not unique to the CBR method. Any design
procedure must utilize tests on speaimens
prepared in advance of construction and
the problemof preparing specimens to meet
a given design condition will always be
present. Test specimens may be prepared
in the laboratory and the moisture content
appropriately adjusted, or the design must
be based on the results of actual field
tests. In the latter case, the problem
of adjustment for future moisture condi-
tions is intensified. The Corps of Engin-
eers is continuing its study to develop a
method of preparing specimens to simulate
the prototype for awide range of climatic
and drainage conditions. The method now
being used provides a design which will
be adequate under the most adverse soaked
conditions; at any time when the subgrade
condition is less severe than this “ad-
verse condition” the design will be con-
servative. Further, the method can be
delineated and followed with consistency
by a wide group of engineers, a feature
which is desirable where a construction
program blankets the entire United States.

The procedure used by the Corps of
Engineers to provide sufficient compac-
tion 1n the component layers to prevent
detrimental settlement is to specify
given percentages of Modified AASHO den-
sity in each layer. The percentages that
are specified have been established on
the basis of measurements of the compac-
tion produced in bases and subgrades by
accelerated traffic tests and by actual

airplane traffic. High degrees of com-
paction are specified near the surface for
heavy wheel loads; these are reduced both
as the depth increases and the load de-
creases (8). It is considered that such
criteria are adequate to insure that de-
trimental settlement will not occur under
future traffic.

The criteria that have been used by
the Corps of Engineers for insuring
adequate quality in the asphalt paving
mixtures have been primarily based on
experience. Rather strict requirements
have been maintained for materials and
gradation. The final proportioning of
the ingredients was left mainly to the
Judgement of the engineer designing the
mix, who was free to use any type of test
equipment for evaluating the selected
paving mixture. The design of the mix
was stil]l pretty much an “art” and in
most instances the results obtained de-
pended largely on the experience of the
designer. The establishment of the Flex-
ible Pavement Laboratory by the Office,

Chief of Engineers, and the early assign-
ment of the problem of developing a meth-

od of design and control of bituminous
mixtures are evidence that the need was
recognized.

It is desired to stress that the
study described by this symposium shows
that the asphalt content is the most
important variable in an asphalt paving
mixture. In the field test section a
wide range existed in a number of varia-
bles, such as aggregate type, aggregate
gradation, and filler content. By com-
parison the asphalt content for any one
blend was varied only 20 percent. For
example, one of the asphaltic concrete
mix series was placed at 6.6, 6.0, and
5.4 percent asphalt. Almost without
exception the rather narrow numerical
range in asphalt content as illustrated
by the above example was more important
in determining whether mixtures were sat~-
isfactory or not than any other feature.

Experience indicates that the density
of a paving mixture tends to increase
under the kneading action of traffic.
Pavements whose asphalt contents are con-
sidered satisfactory at the time of con-
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struction may flush and become unstable
under traffic due to increase in density.
Designs must be based on specimens which
are compacted to adegree approaching that
which they will reach in the pavement
after they have been subjected to consid-
erable traffic. The design method pre-
sented in this symposium presentsa labora-
tory compaction procedure which has been
correlated to produce the degree of density
achieved by the traffic in the test sec-
tion as described in Paper No. 4. Cor-
relation based on prototype pavements has
generally shown that if good construction
practices are followed, a pavement should
be compactedat placement, to about 98 per-
cent of the design density.

Numerous engineers have used rolling
specifications which require a compaction
of 90 to 95 percent theoretical dehsity
without realizing that they were neither
spec1fying a definite amount of compaction
nor obtaining sufficient compaction in
many cases. It is quite easy to roll to
95 percent theoretical density if the mix
has a little extra asphalt in it, but
there is no assurance that additional
compaction will not occur during traffic
and cause the pavement to flush or become
unstable. It is believed that this type
of specifications should be revised to
take advantage of the information develop-
ed in this study.

The procedures and criteria developed
in this study will permit the engineer to
select, with confidence, the maximum or
optimum amount of asphalt that can be in-
cluded in any given blend without pro-
ducing a mixture that will displace under
warm weather traffic. Further, he can be
assured that the mixture can be controlled
during construction so that when built it
will have the characteristics required by
the design. A design for the maximum
allowable amount of asphalt automatically
insures maximum durabilaty and life for
that particular blend. Additional work
is being carried on with respect to the
flexability or durability characteristics
of asphalt mixtures for the purpose of
developing some test or criteria by which
the flexibility can be controlled by
specific design. In the meantime, it is

believed that the design of asphaltic mix-
tures with the greatest amount of asphalt
commensurate with anticipated airfield
traffic will be an adequate “stop-gap”for
insuring flexibilaty. The design method
which has been developed accomplishes the
objective set forth in the preceding sen-
tence,

With a method established for select-
ing the optimum asphalt content and for
evaluating the quality of a paving mixture,
the engineer can make logical comparison
between the test properties of various
blends and select the best aggregates from
both the technical and economic viewpoints.
It is . fully expected that test properties
of heretofore rejected local aggregates
may often prove to be as satisfactory as
those from imported aggregates.

The real value of the method is best
illustrated by assuming that a given ag-
gregate material must be used in an as-
phaltic pavement construction job in a
forward theater of operation, without
benefit of any adjustments in gradation
or filler content. For this condition
the method furnishes a reasonable basis
for arriving at the proper asphalt con-
tent which will produce the best possible
asphaltic mixture utilizing the materials
available. Many engineers have felt the
need of a method of asphaltic mixture
design which has a more scientific basis
that the presently used “art” basis. The
method of design discussed in this sym-
posium supplies this need in the sense
that it is based on logical procedures.

It is pointed out that stability is
only one test property out of five used
in the procedure. Stability is used
primarily as a tool for selecting asphalt
content and its worth in this respect has
been well demonstrated. It is admitted
that so far stability alone is not satis-
factory for evaluating an asphaltic mix.
As pointed out 1n a preceding paper, the
curve of stability versus asphalt content
peaks so that two equal stability values
can be obtained, one on the lean and one
on the rich side of optimum. This feature
would be true of any other type of stabil-
ity test which develops a maximum value
with changes in asphalt content. One highly
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desirable feature of the Marshall speci-
men is that it can be cut from a com-
pleted pavement and tested without re-
shaping or remolding. It 1s considered
that any test must have this feature to
establish a satisfactory means for labora-
tory and field correlation. Another
favorable festure of the Marshall test
apparatus 1s its light weight and flexi-
bility of use. The apparatus can be used
in the laboratory or field for desagn,
construction control, or evaluation pur-
poses; also, 1t canbe manually or mechan-
ically operated.

It is to be pointed out that the
Marshall apparatus measures empirically
certain properties of asphalt pavements.
However, in this investigation thicknesses
and properties of asphalt pavements suit-
able for a range of wheel loads were
established as the result of submitting
various sections of design asphalt pave-
ments to actual traffic. It is self-evi-
dent that any theoretical test apparatus
or test method used for the design of
asphalt pavements should be validated by
traffic. This is particularly true where
the apparatus is to be used for designing
pavements suitable for wheel loads of
the magnitude for which little or no
engineering data are available. The basic
pranciple of compacting test specimens to
the density which they will achieve in the
prototype as utilized in the method pro-
posed in this symposium 1is considered
sound and logical. Total base and pave-
ment thickness and compaction requirements
are designed by empirical methods by the
Corps of Engineers; consequently there
is nothing illogical in the development
and use of the pavement design method pre-
sented in this symposium. The Corps of
Engineers has long been interested in a
more rational method of design for all
features of a flexible pavement and is

continuing large-scale stress distribu-
tion studies to measure the distribution
of stresses and strains under simulated
airplane wheel loads. The triaxial test
1s being investigated, including repeta-
tive loading, for measuring stress-strain
characteristics. The work has progressed
to the point where it 1s apparent that the
development of a rational design method
for total thickness of base and pavement
based on quality of subgrade, base course
and wearing course will be a major under-
taking and will require much more work and
time to consumate.

At this time it is desired to point out
that the design and control procedures
for asphaltic mixtures proposed by the
Corps of Engineers use a refinement of
the Original Marshall equipment for the
stability and flow tests. Mr. Marshall
devised the stability test and equipment
while with the Mississippi State Highway
Department. During his association with
the Flexible Pavement Laboratory the flow
test was developed. The compacting and
test procedures, the design criteria, and
refinements to the basic equipment have
been developed since Mr. Marshall left the
Flexible Pavement Laboratory. The Corps
of Engineers expresses appreciation toMr.
Marshall for his contribution in the
development of the original stability test
and apparatus.

In summation, it isconsidered that the
procedures and criteria proposed in this
symposium for the design and control of
asphalt paving mixtures within the scope
studied will permit the engineer to design
asphalt pavements with confidence. These
procedures and criteria, together with the
CBR method of thickness design and the
compaction requirements, round out the
Corps of Engineers’ present flexible pave-
ment design plan.
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GLOSSARY OF TERMS

A proper understanding of the terms
defined below will be of assistance to the
reader in the study of this Symposium.

GENERAL TERMS

Asphalt paving mixture - The combina-
tion of aggregates, sand, filler, and
asphalt cement properly proportioned to
produce the desired mix.

Flexible pavement - This term is used
when reference is made to the entire sec-
tion consisting of one or more stress
distributing layers known as base and sub-
base courses and the pavement.

Pavement - The bituminous mixture
superimposed on the base as an abrasion
and weather resistant structural medium.

Wearing course - The top course or
wearing surface of the pavement.

Bwnder course - The lower course of the
pavement immediately above the base. This
term is used only where the pavement con-
sists of more than one course.

Bituminous surface treatment - A treat-
ment of hot bitumen applied directly to a
prepared base followed by an application
of aggregate. Additional applications of
bitumen and aggregate may be applied to
secure any desired thickness.

Asphaltic concrete - A type of pavement
composed of a mxture of coarse aggregate,

fine aggregate, filler, and asphalt cement
containing approximately 40 percent by
weight of aggregate retained on the No.
10 sieve or in sufficient proportion that
interlocking of the coarse aggregate
occurs. The exact amount of coarse aggre-
gate that produces interlocking is depen-
dent upon size, specific gravity, and
character of the aggregate.

Sand asphalt - A type of pavement com-
posed of a mixture of fine aggregate,
filler, and asphalt cement.

Stone filled sand asphalt - A type of
pavement composed of a mixture of coarse
aggregate, fine aggregate, filler, and
asphalt cement containing aggregate re-
tained on the No. 10 sieve in quantities
generally less than 40 percent by weight
or such that wi1ll preclude interlocking
of the particles. The exact amount of
coarse aggregate is dependent upon size,
specific gravity, and character of the
coarse aggregate.

Coarse aggregate - The material re-
tained on the No. 10 sieve.

Fine aggregate - The material passing
the No. 10 sieve and retained on the No.
200 sieve.

Filler - Mineral aggregate particles
passing a No. 200 sieve.

Crushed limestone - A limesfone found
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in a solid state, quarried, and crushed
tomeet the grading requirements establash-
ed for coarse aggregate in the investi-
gation.

Crushed gravel - Rounded or partially
rounded gravel which has been crushed and
screened to meet the grading requirements
established for coarse aggregate in this
investigation.

Slag - A non-metallic product consist-
ing essentially of silicates and calcium
compounds, a by-product of the steel in-
dustry. The product when cold was crush-
ed and graded to meet the requirements
established for coarse aggregate 1in this
investigation.

Gap-graded aggregates - An aggregate
having a complete void in one or more
fractional grain sizes.

Asphalt cement - A fluxed or unfluxed
petroleum asphalt prepared to a certain
quality and consistency for direct use in
the manufacture of asphalt pavements.

Modified AASHO hammer - A compaction
device in which the hammer weighs 10 1b.
and falls through a distance of 18 in.
upon a foot 1.95 in. in diameter.

TERMS RELATING TO TEST PROPERTIES

Stability - The ability of the pavement
to resist the shearing stresses imposed by
the wheel loads without displacement.

Marshall Stability value - The maximum
load 1n pounds required to produce shear
failure an a compacted specimen of the
asphalt paving mixture when tested in the
Marshall apparatus.

Flow value - The total deformation,
measured in hundredths of an inch, that
occurs 1in the compacted specimen of the
paving mixture at the point of maximum
load when subjected to the Marshall Sta-
bility test.

Unit weight total mix - The total weight
of an asphaltic mixture, including all
aggregates and asphalt, in lb. per cu. ft.
synonymous with total weight.

Unit veight aggregate only - The total
weight of all aggregate in an asphaltic
mixture 1n lb. per cu. ft. The term 1s
synonymous with aggregate weight.

Percent voids aggregate only - The
total percentage of voids in the compacted

aggregate mass including those occupied by
asphalt and air. The term 1s synonymous
with aggregate voids and percent voids wn
the mwneral aggregate and is the complement
of percent solids aggregate only.

Percent voids total mix - That part of
the compacted asphalt mixture not occupied
by aggregate or asphalt expressed in per-
cent of the total volume. It is synonymous
with air voids and is the complement of
percent solids total mix and percent of
theoretical maximum density.

Theoretical maximum density - The theo-
retical specific gravity of the total as-
phalt mixture in which it 1s assumed that
all voids are eliminated. If expressed
in pounds, the value is multiplied by
62.4

Percent voids filled with asphalt - The
percentage of the voids 1n the compacted

aggregate mass which are filled with as-
phalt cement. It is synonymous with as-
phalt void ratio.

Optimum asphalt - That asphalt content
in the pavement mixture which 1s judged
to be most desirable by one or more cri-
teria.

TERMS RELATING TO THE TEST SECTION

Test section - The entire area consist-
ing of tracks and turnarounds constructed
for the traffic tests.

Test track - The straight portion of
the test section upon which the traffic
tests were conducted. There were two
parallel test tracks, each having three
lanes and a variety of types of pavements.

Turnarounds - Areas at each end of the
test track used for turning and maneuver-
ing the traffic equipment. The turn-
arounds were composed of various types
of pavements used in special studies.

Lane - The area of the test track sub-

jected to controlled traffic. Three lanes
were designated on each track for the
15,000-, 37,000-, and 60,000-1b. wheel
loads respectively.
" Section - A major subdivision of the
test section in which the aggregate used
in the pavement is of one type and placed
on one quality of base.

Subsection - A division of a section 1n
which the pavement is of constant thick-
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ness.. (In this symposium the subsect ion
designation is combined with the section
number and the combined symbol used to
designate a section of the test track.)
Unit - A division of a subsection in
which the aggregate gradation is uniform

but the asphalt content may vary.

Item - The smallest subdivision of a
test lane in which all factors are con-
stant.

Coverage - A single wheel application
over all points in a given traffic lane.

DISCUSSION

V. R. SMITH, California Research Corpora-
tion - The work undertaken by the Army
Engineers and the data presented in this
symposium, (including the reports fre-
quently referred to) probably represents
the most extensive study of asphalt pav-
ing mixtures yet undertaken. A great deal
can be said concerning the merits of this
work and much less concerning its faults.
These comments are intended as construc-
tive criticismin the interest of develop-
ing better methods for the design and
control of asphalt paving mixtures which
is the purpose of this symposium.

Selection of the Marshall Test - It was
emphasized in the papers by Messrs. M
Fadden and Ricketts and by Mr. Griffith
that for military reasons a test method
of utmost simplicity and portability is
desired. The Marshall test meets these
requirements. However, in achieving these
ends the Marshall test procedure sacri-
fices an extremely important property;
namely, it does not give due weight to the
frictional resistance properties of bit-
uminous mixes. These frictional resis-
tance properties are fully as important
as the tensile strength characteristics
which are the predominant influence in
the Marshall test. Messrs. McFadden and
Ricketts stated ““that the Hubbard-Field
machine was typical of those that satis-
factorily measured the pertinent proper-
ties of an asphalt paving mixture.” Be-
cause the Marshall test gave good corre-
lation with Hubbard-Field results, it was
chosen as the basic laboratory tool for
all subsequent studies. There is a large
and rapidly growing group of highway
engineers that has become convinced that
the Hubbard-Field test does not measure
all the ‘‘pertinent properties of an as-
phalt paving mixture” but instead is
primarily affected by the tensile strength

or cohesion properties of a mixture with
frictional resistance characteristics in-
fluencing the test results to a minor
degree. Other tests which fall in the
same category are the unconfined com-
pression test, the several extant punch-
ing shear tests, direct shear tests, and
the Hveem Cohesiometer. All of these
tests measure tensile strength (cohesion)
predominantly. Although they are valuable
tools in establishing the cohesive pro-
perties of a bituminous mix, they provide
only limited indications of the frictional
resistance properties, the latter being
of paramount importance in withstanding
compressive stresses.

We have all learned that any test
method which has been widely used and with
which we are personally experienced is a
valuable tool for guiding our thinking
when new and untried situations develop.
On the other hand, we are inclined to
allow our experience and understanding to
influence the meaning of numerical test
results obtained from an emperical test.
Thus a given numerical test result does
not always mean the same nor is it handled
the same by the neophyte as by the exper-
ienced engineer. The Marshall test
appears to suffer from this shortcoming
as some engineers now becoming acquainted
with the test are having difficulty 1in
interpreting the test results in the light
of their field experience. It is the
writer’s opinion that the Marshall test
must be complemented by a test which
measures frictional resistance properties
before the former can be widely employed.
Other than the fact that the Marshall
test can readily handle cored specimens
of any reasonable thickness, it does not
offer any advantages, nor does it provide
any information, which cannot be develop-
ed from a simple unconfined compression
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test.

Shortcomings of Marshall Test - This test
does not adequately measure frictional
resistance toward compressive stresses
primarily because the specimen is uncon-
fined on two sidesr The test is made at
a rate of strain which is excessive in
that 1t will not indicate the true cohesive
properties of a mixture subjected to sta-
tic loads, which are recognized as the
most severe stress conditions encountered.
The fact that eight *“identical” specimens
are prepared for each test indicates that
the test does not possess as high a degree
of reproducibility or preciseness as would
be desirable.

The accompanying Figure 1 illustrates
the effects of asphalt content upon
friction and cohesion (interlock plus
tensile) properties of a typical well-
graded asphaltic concrete mixture. These
particular data were obtained from tri-
axial tests using a closed system tri-
axial cell. Load was applied in static
increments. However, it is of special
si1gnificance that the “cohesion” curve
has exactly the same shape and peaks very
close to the same asphalt content as do
“stability” vs. asphalt content curves
derived from Marshall tests, unconfined
compression tests, Hubbard-Field tests
and similar tests which measure predomin-
antly the cohesive or tensile properties
of a mix. It will be observed that, for
this particular aggregate, at the asphalt
content which is optimum for “cohe-
sion,” the frictional resistance proper-
ties of the aggregate have been seriously
reduced due to lubrication by the bitu-
minous binder. The calculated unit ver-
tical pressures which these mixes will
withstand without undergoingplastic shear
deformation are shown. Whether these cal-
culated values are correct or not, it is
stil] significant that internal friction
is often greatly reduced at the asphalt
content which is optinum for “cohesion,”
or optimum by Marshall test, or optimum
by Hubbard-Field. Thus mix design by
Marshall test, Hubbard-Field, unconfined
compression, or like test will often yield
pavements on the “rich side” and likely
will result in shoving or rutting distress.
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Figure A.

It has been found that certain mixes
are less critical of asphalt content than
the mix shown in Figure 1. In these
cases, internal friction remains at a
relatively high value at “optimum cohe-
sion.” In such cases maximum stability
will occur at or near the Marshall opti-
mum asphalt content. However, many mixes
(particularly the dense, uncrushed, high
surface area type) will be reduced in in-
ternal friction on increase of binder
content even more rapidly than the mix of
Figure 1. In these cases, design by
Marshall Test is likely to yield a very
unstable overly rich mix. The asphaltic
concrete mixes employed in the field
studies reported by Mr. Foster have been
tested for both internal friction and
““cohesion” at various asphalt contents
and have been found less critical of bind-
er content than the mix represented by
Figure 1. Had “critical mixes” been in-
cluded in the field studies, poorer cor-
relation with lahoratory test results
would have been expected.

While frictional resistance properties
are being discussed, mention should be
made of the results obtained on testing
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road-mix asphaltic surfaces by the Marshall
test or similar tests. Many road mixes
made with the laghter 11quad paving asphalts
such as SC-2 or MC-2 fall far short of
meeting the Marshall stability design
criteria of 500 + discussed in Mr.
Griffith’s second paper of this symposium.
However, these mixes are exhibiting ample
load carrying capacity in many locations
of severe traffic. The reason such mixes
often perform so satisfactorily in spite
of their low tensile strength as measured
by Marshall test, Hubbard-Field, or un-
confined compression test 1s because they
possess relatively high internal friction
properties. Many road o1l mixtures which
possess extremely low unconfined com-
pression strength, low Marshall strength,
and low Hubbard-Field strength, but which
are giving completely adequate service
performance have been investigated. It
has been found without exception, when
these mxes are tested for triaxial sta-
bilicy, that they possess excellent
frictional resistance properties although
very low i1n “cchesion.”

A further indication that design bas-
ed on Marshall test results may some-
times yield erronecus conclusions is
found in Figure No. 9 of Mr. Boyd’'s first
paper. In this figure it is shown that
an aggregate with size distribution
approximating aggregate number 10 shown
in the same paper, Figure 5 (76 percent
coarse aggregate with 3/4 inch maximum,
and 24 percent minus 10 mesh with about
4 percent 200 mesh fines) possesses a very
low Marshall Stability at Marshall optimum
asphalt content. Yet asphaltic concrete
mixes of precisely this grading were
adopted in Pacific Coast shipyards and
subsequently for extensive airport and
highway construction in the Pacific North-
west. In the case of the *‘shipyard pave-
ments, " it was necessary to find asphaltic
concrete mixes which would withstand unit
surface loads several times greater than
are applied by the heaviest aircraft in
order to withstand the effects of armor
plates standing on edge, and similar loads.
Crushed rock (3/4 inch maximum) graded
precisely according to curve No. 10, Fig-
ure 5, of Mr. Boyd's paper was found Ly

trial and error to possess adequate sta-
bility to withstand these excessive con-
tact pressures, yet such a mix shows a
Marshall test stability of only about 250
Ibs. In the ‘“‘shipyard pavements” an as-
phalt content of about 5.1 percent is used,
a mix containing about 16 percent voids
results, and an asphaltic binder of 200/
300 penetration or harder 1s satisfactory.

Mr. Boyd’'s first paper states, *“In-
creased Marshall stability can be se-
cured by using a lower penetration as-
phalt.” This assertion is supported by
Figure 11 of the same paper. The tremen-
dous increase in Marshall stability de-
rived by using harder asphalts (280 lbs.
stability with 120 penetration binder as
compared to 440 lbs. with 54 penetration
binder) has not been observed in actual
service within the scope of the writer’s
experience. Instead it has been found
that a mix employing 120 penetration
binder which shoved and corrugated at
boulevard stops acted virtually the same
when a binder of less than 50 penetration
was employed. Similarly a desert sand
mix which ruts when bound with SC-2 or SC-
3 also ruts when bound with 200/300 pene-
tration asphalt. The pronounced effect
of asphalt grade on Marshall stability is
due to the relatively high rate of strain
(2 in. per minute)' employed in making
the test. A mix showing 500 lbs.
Marshall stabilitywill probably show less
than half that stability if tested at 0.2
in. perminute. If tested at 0.002 in. per
minute its stability may well be less than
20 pounds. Likewise the changes in
stability resulting from changes in pene-
tration grade of binder as illustrated
in Figure 11 of Mr. Boyd’s first paper
will disappear to a large extentif test-
ing 1s conducted at a much lower rate of
strain or at near static conditions. The
reason for this can be traced to the
viscous nature of asphalt and/or asphalt-
filler mixtures. Fifty penetration as-
phalt offers an exceedingly high resis-
tance when deformed at a noticeable rate,
whereas it offers virtually no resistance
to deformation at extremely low rates of
strain. Indeed we all have seen a chunk
of 50 penetration asphalt flow out into
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a puddle when left at room temperature
for several weeks. The rate of strain
employed in the Marshall test lies be-
tween these two extremes. For this reason
the resistance offered to deformation in
the Marshall apparatus approximates the
cohesive resistance which the mix will
offer to moving wheel loads. It has
little relation to the resistance which
the mixwill offer to static loads (parked
aircraft, parked automobiles) which have
been proven to represent the most severe
loading condition insofar as an asphalt
mixture is concerned. Therefore, good
correlation between Marshall test re-
sults and service behavior of taxiways or
city pavements should not be expected.
The need for using eight test specimens
to assure adequately accurate test data
is discussed in Mr. Griffith's second
paper. The fact that such a large number
of specimens of a specific mix are re-
quired indicates that the reproducibility
of the test is not as high as might be
desired for simplicity, economy, and
expeditiousness. It is the writer's be-
lief that this poor reproducibility is
due mainly to the effects of temperature
on the viscosity of the asphalt binder,
and the effects of oxidation of the as-
phalt during preparation of the specimens.
Figure 11 of Mr. Boyd’'s first paper shows
that a reduction of several points in
asphalt penetration results in a sizeable
increase in Marshall stability. A dif-
ference of several points in the pene-
tration of the asphalt binder will often
result even though mixes are prepared
strictly according to the very specific
procedures and temperature tolerances
outlined 1n the test method. Similarly
slight differences in the actual tem-
perature of the briquet being tested can
result with changes in room temperature,
use of cold testing heads as cempared to
testing heads that have become warm due
to contact with previous specimens, etc.
Any slight change in the temperature of
the specimen will greatly affect the
viscosity of the asphaltic binder and
will be reflected in erratic stability
results when testing is conducted at a
high rate of strain. It is suggested that

the Army Engineers further explore the
effects of very low testing speeds in
order to improve test reproducibility.
Army Engineers Proposed Design Criteria -
In Mr. Griffith’s second paper very speci-
fic design criteria are listed for esta-
blishing the suitability of a proposed
paving mix. For asphaltic concrete these
criteria are given as:

Marshall Stabilaty -
Flow -

more than 500
less than 20

Percent Voids, Total Maix - 3 to 5
Percent Voids filled wath
Asphalt - 75 to 85

The need for a Marshall stability
of over 500 to satisfactorily carry heavy
aircraft or other traffic has been ques-
tioned above. Field observations have
demonstrated that many road-mixes of
extremely low Marshall stability or un-
confined compressive strength perform
quite satisfactorily because they possess
high frictional resistance characteristics,
a property which does not influence the
Marshall test results to the proper degree.

The “ flow test” introduces anew empir-
ical measure of the plasticity character-
istics of bituminous mixtures. Undoubted-
ly, it meusures the same property as is
obtained from an unconfined compression
test when the percent strain at maximum
load is measured. The writer has been
unable to apply the results of such tests
to any specific characteristic obseryed
in the field. However, this property may
be useful in wearing surface design. It
will be quite interesting to determine how
certain road-mixes, asphalt macadams, and
high voids content mixes react to this
determination.

The limitation percent voids total mix
of 3 percent to 5 percent will probably
be questioned in many quarters. Samples
of unstable wearing-courses taken from
various locations on the Pacific Coast
have shown percent voids total mix of 4
percent or less. This is in substantial
agreement with the Vicksburg findings
that instability results at percent voids
total mix of 3 percent or less. The mea-
sured voids content is subject to some
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variations depending upon the methods used
for measuring specific gravity of the con-
stituents and other factors. There is no
apparent justification for a 5 percent
maximum percent voids total mix, as many
surfacing mixes having voids contents con-
siderably in excess of 5 percent are being
used today after many years’ satisfactory
service. Extremely high voids content
mixes (above 10 percent) are likely to
leak water and therefore must be used
over foundations relatively unaffected by
moisture or they must be provided with a
seal coat. However, from a stability
standpoint and from a flexibility stand-
point (lack of brittleness) there is no
reason for establishing 5 percent voids
total mix as the maximum allowable. The
brittleness characteristics of an asphaltic
mixture are dependent upon the thickness
of the binder films on the surfaces of
the mineral particles which is only in-
directly related to the voids content of
the compacted mix. In support of this
argument, the accompanying Table 1 is
presented. The so-called “open-graded”
mix of Table 1 represents a somewhat
radical type of asphaltic concrete and
one which might leak water if not sealed.
However, from a stability standpoint this
type of mix has demonstrated the ability
to withstand surface stresses greatly in
excess of those imposed by the heaviest
aircraft. Likewise this type of mix has
demonstrated the capacity to deform over
1 inch in a radius of 12 inches without
visible signs of cracking or loss of
soundness. Yet field specimens of this
surfacing show voids contents of 16 per-
cent or slightly more. Of course, this
flexibility results from the relatively
thick films of binder which can be em-
ployed with this aggregate gradation with-
out introducing excessive lubrication.
Mix No. 11 of the Vicksburg experiments
represents a more “normal type” of asphal-
tic concrete. Comparing it with the open-
graded mixof Table 1, it is apparent that
on a surface area basis the binder films
in the high voids content mix are 6585
percent thicker than those of Mix No. 11.
Many similar cases can be cited which
substantiate the contention that § percent

voids total mix is entirely unreascnable
as adesign criterion. In fact, it appears
that voids content per se has little re-
lation to the suitability of an asphaltic
mixture. If this is correct, the pro-
posed limitatian of 75 percent to 85 per-
cent voids filled with asphalt is also
irrevelent.

Preparation of Marshall Test Specimens -
Mr. Foster’s paper emphasizes that com-
pactive effort has a considerable influ-
ence upon the measured stability proper-
ties of an asphaltic mix. He states that
“if values are to be established for the
test properties, they must be made with
respect to a very definite compactive
effort which must be specified and used
to qualify such values.” This matter
deserves maximum emphasis. In support of
the Army Engineers’ findings the data of
Table 2 are presented. These data illus-
trate the differences in measured stabil-
ity values resulting from different types
of compaction. Mix A contains 7.0 per-
cent binder and its measured stability
properties are little affected by type of
¢ompaction. Mix B and Mix C, the same
aggregate with 8.0 percent binder exhibit
widely different stability properties de-
pending upon the method of compaction em-
ployed. In this case, double plunger
compaction gives a much higher stability
at a given mix density than does the
mechanical (kneading type) (compaction.
The reason for this difference lies in
the fact that extreme pressures (2000 psi
or more) must be employed in plunger
compaction to achieve the densities that
are obtained with a kneading action or
with a roller in the field at relative
low compaction pressures (200-400 psi).
These extreme pressures result in punctur-
ing of binder films between particles,
films which are not punctured but continue
toact as lubricants under field compaction
conditions. Also these extreme pressures
result in excessive fracturing of the
aggregate particles. It is not known how
well the impact method recommended for
preparing specimens inMr. Shockley’s pap-
er will approximate the particle orienta-
tion obtained during field rolling. How-
ever, since a compaction foot covering
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TABLE A

COMPARISON OF PROPERTIES OF ASPHALTIC CONCRETE MIXES

Size Distrabution

Passing 3/4 1n. sieve, %

Passing 1/2 1n. sieve, %
Passing 3/8 . sieve, %
Passing No. 4 mesh sieve, %
Passing No. 10 mesh sieve, %
Passing No. 20 mesh sieve, %
Passing No. 40 mesh sieve, %
80 mesh sieve, %
200 mesh,sieve, %

Asphaltic Binder, %

Passing No.

Passing No.

Voids Total mix, approximate, %

Approximate Surface Area, sq. ft. per 1.2

Thickness of Asphaltic Binder Films, microns

2Considered optimum range.

Pacific Northwest
Open-Graded Max
(Shipyard Mix)

Vicksburg Mix 11

100 100
95 . 11
73 67
58 40
52 21
46 17
32 11
13

6 4
5.4-6.0° 5.1

2-7 16

37.3 19,2
6.2-6.9 11.4

bAccordxng to California Division of Highways Method.

the entire specimen is employed, it would
appear that little opportunity is pro-
vided for the aggregate particles to
orient themselves as they will under rol-
ling or kneading compactiop. In other
words, it is likely that some critical
mixes, such as Mix B or Mix C of Table 2,
will give high Marshall stabilities and
yet exhibit shoving distress in service.
Likewise, it would be expected that such
critical mixeswill yield Marshall stabil-
1ties on laboratory specimens greatly in
excess of the stabilities obtained on
cored specimens.

The data of Table 2 together with
voluminous additional data from a variety
of sources prove that density, per se, has
little meaning in the design and testing
of bituminous mixtures. It is the method
employed in achieving density which is
most important insofar as the load carry-
ing properties of the resulting mix are
concerned. This matter certainly de-
serves further study and such studies now

are being undertaken by various interested
groups.

Vicksburg Traffic Tests and Evaluations -
The construction and testing of the traf-

fic sections at Vicksburg undoubtedly re-.

presented a tremendously difficult pro-
blem because of the ramificationss in-
volved and the completeness and accuracy
desired. All who have had experience 1n
the construction and testing of field
sections realize the problems involved and
will praise the manner in which field
tests were conducted by the Waterways
Experiment Station and the thoroughness
and preciseness achieved. It is difficult
to assimilate and evaluate quickly all of
the data presented in Mr. Foster’s paper
and the Waterways Experiment Station re-
ports to which he refers. Certain test

results and conclusions highlight them-

selves when they serve to confirm or to
contradict one’s experience or other
laboratory or field test results. It is
those conclusions which do not seem to be
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supported by the actual data and those
which seem to contradict previous exper-
1ence that are discussed below.

In order to eliminate the possibility
that surface distress resulted from im-
proper foundation support these remarks
are confined to results observed on sec-
tions 1A, 1B, 1C, 2A, 2B, and 2C whach
consisted of asphaltic concrete mixtures
placed on thick, high bearing power bases
(80 + CBR) on a strong subgrade (20 CBR).

In the accompanying Table 3 pertinent
data have been tabulated for Mix 12 and
Mix 15 which comprised the high Marshall
stability (550 lbs.) mixes composed of
crushed limestone and uncrushed gravel,
respectively. The data of Table 3 were
copied from tables C-1, D-1, D-9, D-12,
D-13, and D-14 of the Waterways Experi-
ment Station Technical Memorandum No.
3-254, and are typical of the voluminous
data which appear in this memorandum.
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faint upheaval occurred. The optimum
binder content for Mix 15 is reported as
5.0-5.5 percent. The behavior of this
mix within this binder range parallels
that of Mix 12 within 1ts so-called opti-
mum binder content range.

An appraisal of the suitability of
these mixes for the heavy wheel loads
applied, depends upon the minimum stand-
ard of quality considered essential,
Most paving engineers consider that any
indication of rutting, shoving, or up-
heaval within the surfacing mix is indi-
cative of unsatisfactory stability and
high maintenance requirements in the
future. By these standards neither Mix
12 nor Mix 15 would be considered suit-
able for heavy aircraft loads or unlimi-
ted highway traffic. Incidentally, Mix
12 has been tested by the triaxial stabil-
1ty method and was found to fall some-
what below the stability requirements

TABLE B

EFFECTS OF COMPACTION PROCEDURE ON !25!.1!!0 STABILITY

Aspbalt Calculated
Method of Binder Unat Weaght Yoids Stabalaty Conatante® Supporting
Miz No *  Cospsction® Grede Total Max  Total Max 3 c Pover
% 16 per co.ft % pei
MC 10 120/150 146 7 46 .3 121 132
A DP T0 120/150 146 4 417 %0 142 160
MC 80 60/70 145 8 ¥9 108 90 3
B
nP 8o 60/70 145 7 39 39 4 15 7 180
MC 8 0 200/300 146 0 38 216 123 12
¢ DP 80 200/300 145 2 40 374 3o 137
®All mixes prepared from crushed basalt and graded sccording to middle of limits of Asphalt Inetitute Specifi-
cataon A-2-b
C - signifies sochanicel compection anccording tc method presented in “Journal Asphalt Techoology, ™ Janusry
1944 DP - sigoifies double pluager compaction according to Asphelt Institote Specification A-2.b

“According to method of test described i1n Asphalt Instatute Specification A-2-b

It will be noted fram Table 3 that the
550 Marshall stability expected for mixes
12 and 15 was achieved in most cases dur-
ing construction of the test sections and
this stability was obtained in all cases
after traffic compaction of several hun-
dred passes of the wheel loads. From
these and other field test results the
Army Engineers conclude that for Mix 12
the optimum binder content is 4.8 percent
to 5.4 percent. However, it will be not-
ed that faint or well-defined rutting and
shoving occurred 1n many instances at
binder contents of 4.8 percent. At 5.4
percent rutting and shoving was more pro-
nounced in general, and in some cases,

employed in many areas (Asphalt Institute
Specification A-2-b).

The data of Table 3 show a trend toward
poorer stability as thicker asphaltic
surfaces are employed. This phenomenon
agrees with theoretical principles, in
that a mix having insufficient shearing
strength to resist imposed stresses should
show greater resistance to movement when
it is employed in thinner layers.

The data of Table 4 also were copied
from the previously mentioned tables of
Technical Memorandum 3-254. These data
are typical of tests on traffic sections
employing asphaltic concretes of differ-
ent Marshall stabilities. It can be seen
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TABLE C

SUMMARY OF VICKSBURG RESULTS WITH HIGH STABILITY ASPHALTIC

CONCBETE MIXES ON HIGH SUPPORTING POWER FOUNDATION

Asphalt
Content

Thickness (Inches)

Section Unit Jtem Wesring Surface Wear Surfece Binder Course As Placed At 500 3 Coversges
%

Mix 12 - Crushed Limestone®

Marshall Stabalaty - Lbs

109

Service Behavior Noted

1A 3 1 48 15 L] 426-590 912-1250 Well defined tare-printing 15M lane,
' Faint tire-printing 608 lene
2 sS4 15 o 774-1006 1062-1387 Feinot rutting and shovmg 37M and
60M lanee Well defined tire-print-
10g 60M lane
3 60 15 0 “8-740' 7137-966 Faint rutting and shovang 15M and
60M lanes Well defined tare print-
ang o1l lanes
1B 3 1 48 15 15 386-558 960+ 1257 Well defined rotting 15M lene, famt
opheaval 60M lane, feint rutting and
shoving 37 M leae
2 54 15 15 583-802 1170-1250 Well defined rutting 15 N lene, fmant
rutting and shovang 37M end 60M
lanes
3 60 18 15 610-893 988-1160 Well defined rutting 15 M and 37M
lanes, faint rutting shoving 60M lane
1c 3 1 48 20 30 543-733 852-1066 %ell defined rotting and faint up-
! ' heaval 37 M lane Feint rutting and
shoving other lanes
2 S 4 20 30 294-476 902- 1342 ¥Well defined rotting sll lanes, farnt
upheaval 15SM and 37M lenes
3 60 20 30 702-834 716-133% ¥Well defrned rottang all lanes, faint
upheaval 15M and 3TM lanes
Mix 15 - Unerashed Gravel®
2A 3 1 45 15 [] 319-427 663-9';3 Faint rutting and shovaing all lenes
2 $0 15 0 121736 1043-1148 Well defined rutting 15M lane, faint
° ’ rutting and shoviag 37M lene
3 $5 15 ] 466-535 866-1173 Faint rutting end shovang 37M and
60M lanes
28 3 1 45 15 15 336-462 846-1162 Faint ruttaing and shovang all lages
2 50 1S 18 484-705 693-1058 . Faint rutting end shovang all lanes,
. wall defined tire printing 15M lane
3 55 15 15 652-747 982-1181 Faint rutting and shoving all lsnes,
well defined tare printing 1SN lune
2 3 1 45 20 30 302-489 T731-1072 Faint rutting and shoving all lanes
2 $0 20 30 348-523 673-1182 Faant ratting and shovang all lanes
3 $5 20 30 $34-670 817-1104 Well defined rutting 15M and 37

lanes with faant upheaval 25M leoe
Faint rutting 60M lane

*Designed for 550 Marshall Stability - From traffic results 4 8% - 5 4% 1s considered optamam binder content range
e1goed for 550 Marshal) Stabality - From traffic results 5 0% - 5 5% i»s considered optizun binder content range

from these data wearing surfaces of wide-
ly varying Marshall stabilities exhibited
virtually the same service behaviors. In
fact, in many cases the low Marshall sta-
bility mixes out-performed the high sta-
bility mixes. Certainly the minimum re-
quirement of 500 lbs. Marshall stability
cannot be justified on the basis of these
results. This lack of correlation is
believed by the writer to be due entirely
to the fact that the Marshall test does
not measure adequately the frictional
resistance of bituminous mixes toward
slow-moving or static compressive stresses.
Conclusions - The traffic tests ¢onducted
by the Waterways Ecperiment Station pro-
vide a wealth of information which merits

detailed review by all highway engineers.
Additional laboratory work should be un-
dertakemy wherein other stability tests
are correlated against the results obtain-
ed in accelerated traffic tests. As the
Marshall test ‘is influenced predominately

- by the tensile or cohesive properties of

bi tuminous mixtures under dynamic loading
conditions, the results reported to date
represent mainly a study of the effects
of tensile properties upon mix perfor-
mance.

- ‘At asphaltic bander contents considered
optimum in the Vicksburg studies appreci-
able shearing distress took place in most
of the surfacing mixes. These data and a
few tests made on some of the mixes by
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TABLE D

SUMMARY OF VICKSBURG RESULTS WITH ASPHALTIC CONCRETE MIXES OF VARIOUS
MARSHALL STABILITIES ON HIGH SUPPORTING POWER FOUNDATION

Asphalt Content

Morshall Stability

Service Behavior Noted

Section Unat Item Wearing Surface As Placed At 500 % Coversges
%

Max 10°

1A 1 1 S 4 172-210 353449 Faint tire printing
2 60 203-343 462-647 Feint rutting and ahoving 37M and 60M lenes
3 66 361-495 738-796 Faint rutting end shoving, faint upheavel 1n 37T
lane
Mll llb
1A 2 1 48 349-447 809-887 Farat rutting and shoving 37M lane
2 S 4 375-738 846-1019 Faint rutting end shoving 37M end 60M lanes
3 60 407-603 618-1111 Feint rutting 60M lene, well.defined tire printing
15M and 60M lanes
Mix 12°
1A 3 1 48 426-590 912-1250 Well-defined tire printing 15M lene, feint printang
60M lene
2 54 174-1006 1062-1387 Feint rotting snd shoving 37M and 60M lanes, well-
defined printing 60M lane
3 60 448-740 137-966 Faint rutting and shoving 15M end &0M lanes, well-
defined printing all lanes
i 13¢
2A 3 1 6.0 216-259 495-5T0 Faint rotting and shoving 37M and 60M lanes, well-
defaned pranting 15M lene
2 68 369-415 339-707 Approximately same as above
3 75 337-400 357-625 Approximately same as above
Mix_14°
2A 2 1 57 276-314 719-801 Faint rutting and shoving 60M l-ne, tire printing
other lanes
2 64 398-463 825-859 Faant rutting end shovang all lenes
3 71 357-414 473-514 Well-defined ruttang 15M lane, faint shoving wath
well-defined printing other lanes
Mix lS‘
2A 3 1 45 319-427 663-973 Faint rutting end shoving all lanes
2 50 727-736 1043-1148 Well.defined rutting 15M lene, faint rutting and shovang
37M lane
3 55S 466-535 866-1173 Faant rotting and shoving 37M and 60M lenes

®M1x 10 Crushed limostone - Designed for 150 Marshall Stebility - Optimem Binder Range reported ss 6 3-

1x 11 Crushed limestone - Designed for 350 Marshall Stebility - Optimuc Binder Range reported as S.4-
SMax 12 Crushed limestone - Designed for 550 Mershall Stability - Optimum Binder Range reported as ¢ 6-
duu 13 Uncrushed gravel - Designed for 150 Marshall Stability - Optimum Binder Renge reported as 6 0-6
®Mix 14 Uncrushed gravel - Designed for 350 Marshall Stability - Optimum Binder Range reported as 5 7-6
(Mn 15 Uncrushed gravel - Designed for 550 Marshall Stabality - Optioum Bander Range reported as 5 0-5

other test methods indicate that at *“opti-
mum binder content” most of the Vicksburg
mixes possessed stability qualities be-
low the standards required in many areas.

The Marshall test possesses the simpli-
city and portability desired for use dur-
ing mlitary operations. As 1t measures
predominantly the tensile characteristics
of a bituminous mix, it should be com-
plemented with another test which measures
the other important stress resisting fac-
tor, frictional resistance. The need for
testing eight specimens to determine
Marshall stability indicates that a more
reproducible and precise test would be
desirable. This lack of reproducibility

0
.0
4

o~

is believed to result primarily because
the test is made at an extremely high
rate of strain. That is, small differences
from specimen to specimen in the viscosity
of the bituminous binder result in rela-
tively large changes in the measured sta-
bility due to the nature of viscous re-
sistance of asphalts.

The design cniteria suggested by the
Army Engineers do not appear to be justi-
fied on the basisof traffic test results.
Likewise these criteria would eliminate
as unsatisfactory many types of asphaltic
paving mixes which have proven themselves
suitable through many years of service.
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J. T. PAULSL. - A tremendous amount of
work has been done in this investigation.
The data presented indicates the useful-
ness of the Marshall stability test as a
too] in'the design of bituminous mixtures.
This test, unlike other stability tests in
current use, provides direct information
on the plastic properties of such mix-
tures. The same type of information, of
course, is obtainable from the simple
compression test when load-deformation
curves are plotted.

The principal consideration leading to
the selection of this particular test
method was the portability of the test
equipment required and its adaptability
in conjunction with bearing test apparatus
which has been adopted by the Army for
field testing by advance engineer units.
The weight of this consideration in con-
nection with this special military pro-
blem is no doubt important. In most civ-
ilian highway work, however, design of
bituminous mixtures is done in a central
laboratory considerably in advance of the
construction. Once the job formula has
been established, frequent checkups by
the plant inspector on aggregate grad-
ation and asphalt proportioning are be-
lieved to be the most effective means of
insuring uniform agreement with the de-
sign.

The Marshall test, like the campression
test, the Hubbard-Field test, and the
Hveem stability test is an empirical test,
and like the others mentioned it measures
cohesion and to some extent internal
friction. Although these tests do not
permit separate evaluation of these two
forces, the test results reflect the in-
fluences of both forces in varying degrees.
The influence of frictaon on the test
values obtained by either the Hubbard-
Field test or the Hveem stability test
is probably greater than those obtained
by the compression test or the Marshall
test. In the two latter tests the prin-
cipal force acting to resist displacement
is cohesion.

1Pr1nc1pal Highway Engineer, Division
of Physical Research, Public Roads Admin-
1stration.

The importance of stability is recog-
nized. Stability test provides valuable
information on such factors as grading,
bitumen content, and density. At the
same time stability should not be consid-
ered the sole element of design. There
are many other important factors that
effect the durability and surface char-
acteristics of bituminous highway pave-
ments not brought out by determining the
stability alone. For example the resis-
tance of the pavement to the act ion of
moisture might be of vital importance.
Improvement of this resistance might nec-
essitate the use of a particularly dense
mixture, the use of aggregate of small
particle size resulting in reduced pore
size in the compacted pavement, the sel-
ection of a particular type of filler, or
the elimination from .consideratiom: of
certain aggregates because of their hydro-
philic properties.

The hardness and toughness of the
coarse aggregate is another important
factor affecting the behavior of a bitu-
minous pavement that is not brought out
by a test for stability. Aggregate de-
gradation under rolling and later under
traffic may alter the particle size and
gradation to such an extent that failure
of the pavement due to revelling, bleed-
ing, or instability results.

The durabilityof an asphaltic pavement
is also greatly affected by the ability
of the binder to resist alteration of its
physical and chemical characteristics
caused by exposure to air and sunlight.
Depending on source and refining processes,
asphalts differ considerably in this re-
spect. Stability tests made on a mixture
at the time of construction fail to pro-
vide reliable indication of the service
behavior of some of the bituminous bind-
ers, due to their tendency to harden
rapidly. When such materials must be
used, bitumen contents somewhat higher
than are indicated by stability tests may
be selected, with a view to retarding the
effects of the aging process by provid-
ing greater film thickness.

Much work has been done recently to
develop a test to differentiate asphalts
with respect to their resistance tc



112

alteration with age. The thin film oven
test and the Hveem weathering test are
noteworthy results of this work and are
recognized as having considerable value.
In conclusion, necessarily hasty exam-
ination of the data lead to the following
sbservations. .
1. The apparent sensitiviey of the
Marshall stability test to such vari-
ables as bitumen content, density,
type of aggregate, grading, etc. de-
monstrates its usefulness as a tool
for designing bituminous mixtures with
respect to the property of stability.
2. Substantially all of these papers
emphasize the property of .stability, to
the exclusion of other equally essen-
tial properties.
3. The tentative design limits sug-
gested in the papers were based on cor-
relation with accelerated test tracks.
The essential difference between the
effects induced by the intensive test
conditions and those obtained in nor-
mal service should be borne in mind
in evaluating these limits.
HARRY M. REX!. - The. greater part of this
symposium is devoted to the development
- of design procedure for bituminous wear-
ing course mixtures based on the use of
the Marshall stability test, and to the
correlation of tentative design limts
with results obtained on test sections
subjected to accelerated traffic effects.
The value of any laboratory method for
testing bituminous mixtures rests on

testing.bituminous mixtures rests on its
ability to-predict the ‘service behavior
of such mixtures, and in the present
instance the decision: to use accelerated
field tests to furnish data that would
allow selection of laboratory test values
in the design procedure ‘in the shortest
time possible is wholly understandable.

A consideration tending: to qualafy
somewhat the findings of investigations
of bituminous .mixtures based on-accelerat-
ed traffic tests is, :of course, the time

lMaterxals Engineer, Division of Phy-

sical Research, Public :Roads Administra-
tion. . : !
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element. The binder in a bituminous wear-
ing course is in its most plastic condi-
tion at the time of construction. There-
after, throughout its service life, aging
of the pavement 1s accompanied by grad-
ual alteration of the bitumen, evidenced
by decreasing penetration and duct1]1ty.
As the viscosity.of the bxnder increases,
the resistance to consolxdthon under
traffic increases. It is conceivable,
then, that the degree of consolidation
noted for some of the nixtures in the test
sections might never obtain in actual ser-

_vice, where repeated loadings might be

spread out over relatively long periods
of time, during which the bituminous

. cement would be becoming less plastic and

. and doubtless wil}l;

the wearing course chom1ng progressively
more resistent to compactiom,. Many of the
mixtures that were designated as “plastic”
or “border plastic” under the test con-
d1t1unsmxghttherefore, ‘under actual ser-
vice conditions, prove to be entirely
satisfartory and_:n some cases superior
to those rated as “satisfactory.”

Likewise, this c¢onsideration should,
be taken into account
in mak1ng findl selectién of certain de-
tails in the laboratory compaction pro-
cedure. Density correlation between lab-
oratory specimens and samplés taken per-
iodically from actual service installa-
tions will probably be fourid ‘to be more
significant than correlation based on
samples from accelerated test tracks.
While it may be held that design based on
the latter type of correlation will be
conservative, at the same time there is
the possibility that such procedure may
eliminate mixtures having bitumen contents
in the higher ranges that would prove to
be satisfattory in actual service. It is
assumed that the studies will be extended
to include correlation of the design
limits suggested in the symposium with
the service behavior' of additional air-
field wearing courses. '

‘Good correlation between the density
obtained by field compaction and the dén-
sity obtained in the laboratory campacting
procedure is important in the satisfactory
use, for design purposes, of any type of
stability test. In the Marshall test,
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this correlation would appear to be
especially important, since the selection
of bitumen content 1s based upon the
stability, unit weight of total mix and
aggregate only, percent of voids aggre-
gate only and total mix, and percent
voids filled with asphalt.

It is believed that, whenever possible,
the laboratory work in studies intended
to correlate laboratory and field densi-
ties should be started at the time of
constructing the field jobs, at which time
samples of the fresh uncompacted mixture
can be used for laboratory compaction.
Densities of samples taken in the field
from the finished work may then be com-
pared to those of original laboratory-
compacted specimens, thus avoiding the
necessity to reheat and recompact.

One of the authors makes an observatian
with respect to specifications governing
the campactien to be attained by rolling
during construction that is particularly
worthy of emphasis. He points out that
many engineers have used specifications
requiring compactaon that will result in
pavement densities equivalent to from
“90 to 95 percent of the theoretical den-
sity without realizing that they were
neither specifying a definite amount of
compaction nor obtaining sufficient com-
paction in many cases."”

Expanding on this point, it should be
noted that similarly expressed require-
ments may sometimes result in over-com-
paction, accompanied by excessive crush-
ing of the aggregate. If the theoretical
density of a voidless mass is used as the
reference specific gravity in such require-
ments, care must be exercised in select-
ing the numerical relative density to be
required on individual jobs, giving con-
sideration to the volume requirements of
the bitumen content selected, and the void
content of the mineral aggregate when
compacted to its densest condition. Use
of the observed specific gravity of lab-
oratory-compacted specimens of the mix-
ture that 1s to be used on a particular
Job, as the reference density with which
the density of construction samples will
be compared, is a much more realistic and
logical practice. Whether laboratory

compaction is accomplished using the pro-
cedure described in the symposium or by
other laboratory procedures is a matter
of choice, provided that the results may
be correlated with field compaction.

RAYMOND C. HERNER, Civil Aeronautics Ad-
mwnistration - The vast amount of labora-
tory and field work so ably summarized
in this symposium has given us a valu-
able tool for use in the design of bitu-
minous mixtures and flexible pavements.
It is a tool, however, which must be used
with a proper regard for its limtations.

First, we must recognize the fact that
the approach is strictly empirical and
that the resulting conclusions can be con-
sidered valid only within the limits of
the test conditions. The Marshall test
does not measure any fundamental quality
of the asphaltic mixture or pavement, but
indicates a composite result of several
qualities when a specimen is tested under
certain arbitrary test conditions. It
is entirely possible that these qualities
arenot given the same comparative weights
in the test results as they are under
service conditions.

In this connection we should note that
the word “stability”, when applied to the
Marshall test, is somewhat of a misnomer.
This is brought out clearly in the sym-
posium, from which the following quota-
tions are made:

“Referring to both the stability and

flow curves, it canbe seen that values

of equal stability can be selected
both below and above the optimum as-
phalt content. The flow curve shows
that such values do hot represent

equally stable mixtures.” (Paper No. 1.

Underlining added).

“The stability value is not a satis-

factory indicatiion of the ability of a

mix to resist displacement under traf-

fic ---.” (Paper No. 4. Underlining

added).
This is shown also in the field tests
where we find instances of asphaltic con-
crete mixes with Marshall “stability”
values greater than 500 and initial flow
values less than 20 which still were
rated as plastic.
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As indicated in the symposium, accel-
erated traffic tests do not permit any
evaluation of durability. Both experi-
ments and experience have shown that a
comparatively high asphalt content will
contribute materially to achievement of
this desirable quality. In the proposed
method of mixture design the asphalt con-
tent is determined by averaging the re-
sults obtained from certain laboratory
tests. It would appear more desirable
to set the asphalt content at the maximum
amount which would satisfy the limiting
values set up for the various criteria.

For instance, 1n Paper No. 6 a design
example was worked out by the averaging
method which gave a value of 5.7 percent
for the selected asphalt content. If this
percentage is increased to 6.6 the mix-
ture still will meet the limiting require-
ments for Marshall stability, flow, voids
total mix, and voids filled with asphalt.
The unit weight will be reduced only one
pound per cubic foot. If the criteria are
valid such a mix should be satisfactory
for resistance to traffic, and it should
be superior to the 5.7 percent mixture
from the standpoint of durability.

W. H. CAMPEN, Manager, Omaha Testing Lab-
oratories - One of the major conclusions
reached in this symposium states that
asphaltic content and .density are the
principal controlling factors in the dev-
elopment of stability. My own observa-
tions in the laboratory and field confirm
this conclusion in a general way. How-
ever, the type of aggregate is most im-
portant also. I wish to elaborate on
this phase because in my opinion the
symposium does not cover it adequately.

On this point the sympasium states
that the type of coarse aggregate is not
important in mixtures of sheet asphalt
and coarse aggregate unless the percentage
of coarse aggregate is 40 or more. I
agree that the effect of coarse aggregate
is not pronounced until the percentage
exceeds about 40 regardless of whether it
is round or angular and I also agree that
when the percentage of coarse aggregate
is high enough to produce interlocking
the angular aggregates are more effective

in developing stability than rounded ones.
But, the effect of angular aggregates in
bituminous mixtures 1s not confined to
coarse aggregate sizes.

For instance, we find that we can more
than double the Hubbard-Field stability
1n sheet asphalts by replacing about 40
percent of the natural sands with angular
ones. Furthermore, stone-filled sheet
asphalt mixtures inwhich the minus No. 10
portion contains about 40 percent angular
material possess from 300 to 700 percent
as much stability as do those in which
the minus No. 10 material is all natural
sand.

Furthermore, asphaltic concretes con-
taining about 50 percent uncrushed coarse
aggregate are three times as strong when
about 40 percent angular aggregate is in-
cluded in the minus No. 10 material as
when natural sands only are used in the
minus No. 10 portion. Even when the coarse
aggregate consists of angular aggregate
the stability increases from 50 to 100 per-
cent when about 40 percent angular mater-
ial is included in the minus No. 10 por-
tion.

All these examples show the important
part played by angular fine aggregate.
They also show that coarse angular aggre-
gates are more effective in producing
stability when used in conjunction with
strong mortars than with weak ones.

This brief analysis shows definitely
that the role of angular aggregates in
the development of stability is of ut-
most importance. A complete study will
show that a wide range of stabilities can
be produced in all types of mixtures by
including angular aggregates which may be
found in natural deposits or which may be
produced by crushing durable rocks or
gravels. A rather comprehensive study of
the effects of both fine and coarse an-
gular aggregates is included in a paper
entitled: “A Study of the Role of An-
gular Aggregates in the Development of
Stability in Bituminous Mixtures” by
W. H. Campenand J. R. Smith, and publish-
ed in the proceedings of the Association
of Asphalt Paving Technologists, Vol. 17,
1948.

The symposium also attaches importance
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to a flow test. It is used as a measure
of plasticity. I certainly agree that we
need a test to measure the wetness of
bituminous mixtures because many of us
are wondering if in designing for stabl-
ity we are not sacrificing durability.
However, the flow test as finally used in
the symposium establishes upper values
only. This is unfortunate because I be-
lieve it even more important to specify
the lower limit than the upper one. My
own experience in designing for stability
leads me to conclude that the chances are
much greater for preducing dry, brittle
mixtures than for producing wet, flexible
ones.

That part which shows the effect of
traffic on the density of bituminous mix-
tures is no doubt the most valuable con-

tribution of the symposium. The labora-
tory compactive effort finally adopted for
the preparation of test specimens is high
enough to be equivalent to that of high
wheel loads. For that reason the highest
density which can be developed in the
field w11l probably never be higher than
that obtained in the laboratory and con-
sequently the voids will not become lower
than the minimum obtained in the labora--
tory.

I think it is good engineering to es-
tablish a compaction method which applies
a specified amount of enmergy. All of us
who make stability tests by other methods
should take advantage of the data furnish-
ed by the U. S. Engineers and modify our
compactive efforts accordingly.
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