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FOREWORD

In general, asphalt pavements have been constructed by following 

certain rules and specifications which have proven to be satisfactory 

over a long period of time. Such specifications closely control the 

gradation limits, the character of the filler and aggregate, and may 

specify the required per cent of the theoretical maximum density a pave

ment must possess. The amount of asphalt to be combined with the aggre

gate was usually determined roughly by an empirical formula and was 

adjusted by the engineer in charge at the time of construction as his 

expert experience might indicate. Such a procedure is in general satis

factory where wheel loads are constant and where engineers having long 

experience with local materials are available to supervise pavement 

construction.  

During World War II a different situation developed. Airport pave

ments were designed and constructed to carry wheel loads many times 

greater than those being carried by highways or city streets. Also, the 

construction was usually supervised by men not familiar with the aggre

gates locally available. Since simultaneous construction was in progress 

on a large scale at many locations, it was not possible to have export 

experienced supervision on all projects at all times. The need for a 

simple method whereby an asphalt mixture could be designed and controlled 

during construction with confidence that it would be satisfactory for 

heavy airplane wheel loads when completed was apparent. The investiga

tion herein presented was conducted to meet this need.
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INVESTIGATION OF THE DESIGN AND CONTROL OF 

ASPHALT PAVING MIXTURES 

SYNOPSIS 

This report presents the results of laboratory and field tests con

ducted by the Corps of Engineers to develop a method for the design and 

construction control of asphalt paving mixtures. The investigation con

sisted of: (a) the selection of a test apparatus and the performance of 

laboratory studies to develop techniques and procedures; (b) the construc

tion of a test section and the performance of traffic tests with 15,000

and 37,000-lb single and 60,000-lb dual wheel loads to obtain design 

criteria; and (c) additional laboratory work to adjust the test procedures 

to the design criteria.  

The results of the studies indicate that the quantity of asphalt 

is the most important factor in a paving mixture. Where there is too 

much asphalt in the mix the resultant pavement will "flush" and the pave

ment will rut and shove under traffic. Too little asphalt produces a 

brittle pavement that will crack and ravel. From the standpoint of dura

bility, it is desirable to include as much asphalt as possible.  

The method of design developed in these studies will assure the 

selection of the proper, or optimum, asphalt content with accuracy and 

will indicate the maximum permissible amount. In the method of design, 

specimens are compacted under controlled effort at several asphalt con

tents using the proposed aggregate. These specimens are then subjected 

to test and the asphalt content which gives the most desirable values
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for unit weight total mix, per cent voids total mix (complement of per 

cent theoretical density), per cent voids filled with asphalt, stability, 

and flow is selected as the optimum. The first three properties are in 

standard usage in asphalt terminology. The other two properties are 

determined in the Marshall stability apparatus. All are defined and 

discussed in the report.  

The studies confirmed previous ideas that asphalt paving mixtures 

increase in density under traffic. This increase must be considered in 

the design procedure, as a mixture containing the proper asphalt content 

when rolled at a lower density may "flush" as the density is increased 

by traffic. The method of design developed in this report has been 

adjusted to produce mixes which will be stable under traffic. Also, pro

cedures have been developed whereby the mixture may be controlled during 

construction to insure compliance with design requirements.  

In addition to developing a design method, the study furnished 

information for determining asphalt pavement requirements both as to 

thickness and quality to protect underlying bases for wheel loads of the 

magnitude tested. Pertinent information on aggregate gradation and 

filler requirements were also obtained.  

The limitations of the investigation are recognized. In common 

with all accelerated tests, it was not possible to incorporate and evalu

ate in this investigation such factors as age and durability of the 

asphaltic pavements. Neither was it possible to include in the test 

section all of the physical variables such as different types of fillers 

and asphalts that might be factors in the design of asphalt mixtures.  

Also it is recognized that other tests to measure such properties of a
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mix as flexibility are desirable. Since the tests conducted utilized 

tires inflated to pressures of about 100 lb, additional tests may be 

required to develop pavement criteria for extremely high-pressure tires.  

A long range research program has been scheduled by the Corps of Engi

neers to study the items not included in this investigation. The immedi

ate program currently in progress includes: work on the development of 

test procedures and criteria for bituminous binders and base courses 

which use aggregates with a maximum size from 1 to 2-1/2 in.; development 

of a flexibility test and apparatus; and additional tests of actual 

asphalt pavements to correlate with the design procedure reported herein.  

While the study reported herein was conducted primarily to aid in 

the construction of military airfields it is considered to be entirely 

applicable to the design of any densely-graded asphalt mixtures to be 

used as a pavement.
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PART I: INTRODUCTION 

Authorization 

1. The Office, Chief of Engineers, authorized the investigation 

of the design and control of asphalt paving mixtures in a letter to the 

Engineer Board, subject, Work Order DAC 3002 - Laboratory Investigation 

of Stability of Asphalt," dated 13 September 1943. The Engineer Board 

issued the "Directive for Investigation of Stability of Asphalt Paving 

Mixtures," dated 13 October 1943,.outlining the test program and designat

ing the Flexible Pavement Laboratory of the Waterways Experiment Station 

as the testing agency. Later, in the 5th indorsement to basic letter 

dated 28 April 1944, subject, "A Proposed Project for the Field Investiga

tion of Asphalt Pavements," the construction of a test section to be 

tested by accelerated traffic was authorized by the Office, Chief of 

Engineers. Additional funds to complete the traffic tests, to continue 

the laboratory correlation studies, and to prepare final reports were 

provided by letters dated 26 July 1946, 29 October 1946, and 17 December 

1946, from the Office, Chief of Engineers, to the President, Mississippi 

River Commission, attention: Flexible Pavement Laboratory, Waterways 

Experiment Station.  

Objectives 

2. The over-all objective of this investigation was to provide 

data from which a chapter on the design and control of asphalt paving 

mixtures could be prepared for the Engineering Manual published by the
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Office, Chief of Engineers. Specific objectives which are pertinent to 

individual phases of the investigation are presented in the appendices 

and are included with the synopsis of each in Part II of this report.  

The over-all objective includes the following features which are dis

cussed in this report: 

a. To select suitable test properties, develop laboratory 
techniques for their measurement, and by their use estab
lish limiting criteria for satisfactory asphalt mixtures.  

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

c. To fix gradation limits for asphaltic concrete, stone 
filled sand asphalt, and sand asphalt mixes.  

d. To investigate types of filler and select those considered 
best in asphalt mixes.  

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

Scope 

3. The scope of the investigation was to: 

a. Study the existing methods of asphalt pavement design and 
select a method requiring testing apparatus adaptable to 
field design and control. Incorporate the selected testing 
apparatus with military field CBR test kits, utilizing all 
of the latter equipment if practical. Conduct a comprehen
sive laboratory investigation of the testing apparatus and 
perform such correlations with other existing apparatus as 
considered necessary or advisable.  

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 gradation and amount and type 
of filler are variables. Conduct studies to correlate 
laboratory compaction of asphalt mixtures with densities
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obtained in the field at the time of construction.  

c. Construct a field test section of several qualities and 
thicknesses of asphalt pavements, including surface treat
ments on three qualities of base, and conduct accelerated 
traffic tests thereon.  

d. Conduct final laboratory studies as necessary. Study and 
analyze the data obtained from this investigation and 
establish satisfactory design criteria and control pro
cedures.  

Definitions 

4. A proper understanding of the terms defined below will be of 

assistance to the reader in the study of this report.  

General terms 

Asphalt paving mixture. The combination of aggregates, sand, 
filler, and asphalt cement properly proportioned to produce 

the desired mix.  

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 pave
ment.  

Binder course. The lower course of the pavement immediately 
above the base. This term is used only where the pavement 
consists of more than one course.  

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

Asphaltic concrete. A type of pavement composed of a mixture 
of coarse aggregate, fine aggregate, filler, and asphalt cement 
containing approximately 40 per cent by weight of aggregate re
tained on the No. 10 sieve or in sufficient proportion that 
interlocking of the coarse aggregate occurs. The exact amount 
of coarse aggregate that produces interlocking is dependent 
upon size, specific gravity, and character of the aggregate.

Sand asphalt. A type of pavement composed of a mixture of
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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 retained on the No. 10 sieve in 
quantities generally less than 40 per cent by weight or such 
that will 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 retained 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 limestone found in a solid state, quarried, 
and crushed to meet the grading requirements established for 
coarse aggregate in the investigation.  

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 consisting essentially of sili
cates and calcium compounds, a by-product of the steel industry.  
The product when cold was crushed and graded to meet the re
quirements established for coarse aggregate in this investiga
tion.  

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 manu
facture of asphalt pavements.  

Modified AASHO hammer. A compaction device in which the hammer 
weighs 10 lb 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 in pounds required 
to produce shear failure in 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 in the compacted specimen of the paving 
mixture at the point of maximum load when subjected to the 
Marshall stability test.  

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

Unit weight aggregate only. The total weight of all aggregate 
in an asphaltic mixture in lb per cu ft. The term is synonymous 
with aggregate weight.  

Per cent voids aggregate only. The total percentage of voids 
in the compacted aggregate mass including those occupied by 
asphalt and air. The term is synonymous with aggregate voids 
and per cent voids in the mineral aggregate and is the comple
ment of per cent solids aggregate only.  

Per cent 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 per cent solids total mix and per cent of 
theoretical maximum density.  

Theoretical maximum density. The theoretical specific gravity 
of the total asphalt mixtures in which it is assumed that all 
voids are eliminated. If expressed in pounds, the value is 
multiplied by 62.4.  

Per cent voids filled with asphalt. The percentage of the voids 
in the compacted aggregate mass which are filled with asphalt 
cement. It is synonymous with asphalt void ratio.  

Optimum asphalt. That asphalt content in a pavement mixture 
which is judged to be most desirable by one or more criteria.  

Terms relating to the test section 

Test section. The entire area consisting of tracks and turn
arounds 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 turn
ing and maneuvering the traffic equipment. The turnarounds were 
composed of various types of pavements used in special studies.
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Lane. The area of the test track subjected to controlled 
traffic. Three lanes were designated on each track for the 
15,000-, 37,000-, and 60,000-lb 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 in which the pavement is 
of constant thickness.  

Unit. A division of a subsection in which the aggregate grada
tion is uniform but the asphalt content may vary.  

Item. The smallest subdivision of a test lane in which all 
factors are constant.  

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

Acknowledgements 

5. This investigation was conducted by the Flexible Pavement 

Branch, Soils Division, Waterways Experiment Station for the Airfields 

Branch, Engineering Division (Military Construction), Office, Chief of 
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Outline of Report 

6. The work which has been accomplished in the performance of this 

investigation has been reported chronologically in considerable detail in 

the several appendices to this report. Brief summaries of these appendices
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are included in Part II. In Part III -- the analysis and discussion of 

the data secured from the entire program -- the test properties which have 

been reviewed briefly are fully developed and limiting value., for design 

criteria and their method of application to practical design problems 

are presented. The pavement thickness requirements are discussed in 

which quality and type of pavement, wheel load, and quality of base are 

factors. The analysis includes a table of pavement thickness require

ments to protect base course materials of several qualities when sub

jected to traffic of wheel loads in the range between 15,000 and 37,000 

lb for a single wheel and 60,000 lb for a dual wheel. The results of the 

studies relative to aggregate gradation are next discussed and gradation 

limits for asphaltic concrete, stone filled sand asphalt, and sand asphalt 

are given. As a supplement to the aggregate gradation studies, a limited 

amount of data was accumulated relative to type of filler and the amount 

of filler than can be acceptably incorporated in a given asphalt mixture.  

This analysis is presented. Such conclusions as appear justified based 

on the results of the study are listed in Part IV. Inclosure I contains 

all the basic formulas required for computing the several density proper

ties and also includes methods for blending aggregate from 2, 3, or 4 

bins to conform to a desired aggregate gradation providing the blend is 

possible. Inclosure II is a detailed outline of the method for preparing 

specimens, conducting the various tests, and applying the results in the 

design of a paving mixture. A brief description of the test technique 

and procedures will first be presented to clarify certain references to 

the test in subsequent parts of the report.
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Review of Design and Test Procedures 

7. The development of the test apparatus and the test techniques, 

plus the method of design analysis, are presented in detail in appropri

ate appendices to this report. The essential features of the test, how

ever, will be reviewed briefly in the following paragraphs so that the 

discussions presented in subsequent parts of the report can more readily 

be understood.  

8. Test specimens are prepared in the following manner. The pro

posed mixture of coarse and fine aggregate and filler is first heated and 

properly blended to produce a given desired aggregate gradation. To this 

aggregate blend a specified percentage of hot asphalt is added and the 

whole thoroughly mixed. A sufficient amount of the asphalt mixture is 

then placed in a 4-in.-diameter steel mold to produce a compacted speci

men 2-1/2 in. thick. The mixture is then compacted. The type and amount 

of compaction required were two of the items studied. The finally

selected effort consisted of the application of 50 blows to each face of 

the specimen with a 10-lb hammer falling free from a height of 18 in.  

To cover a range between lean and rich mixtures, specimens are prepared 

at five or more asphalt contents. The density of these specimens is 

determined by weight comparisons in air and water. Knowing the density, 

the total and aggregate weights in lb per cu ft, the per cent voids total 

mix, per cent voids aggregate only, and per cent voids filled with asphalt 

are computed.  

9. The test specimens are next tested in the Marshall stability 

apparatus. The specimens are heated to a temperature of 1400 F and placed
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in a breaking head consisting of two segments of a 4-in. inside diameter 

ring from which a 3/4-in. strip has been removed from each side. It 

should be noted (photograph 11-3 of Inclosure II) that the specimen is 

tested in compression with the stress applied parallel rather than per

pendicular to the flat faces. The load is applied at a rate of movement 

of 2 in. per min until the specimen fails. The total load in pounds re

quired to break the specimen is termed its stability. The amount the 

upper and lower segments of the breaking head were squeezed together in 

making the test is measured in hundredths of an inch and is called the 

flow value. It is considered that flow is a measure of the plasticity 

of the specimen.  

10. The results of the several density computations plus the sta

bility and flow values which are called "test properties" are used to 

evaluate the quality of the mix and to determine optimum asphalt content.  

The procedure consists of making a plot of asphalt content versus test 

property for each property. The manner in which these plots are inter

preted and the establishment of limiting values of the test properties 

for their use as design criteria are explained in this report.
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PART II: SUMMARY OF APPENDICES 

Appendix A 
Selection of Design and Control Method 

General 

11. The first objective of the general project, "Investigation of 

the Design and Control of Asphalt Paving Mixtures," was the selection or 

development of a simple method of asphalt pavement design and control 

which would utilize testing apparatus that was easily portable and could 

be used in the field. It was particularly desired that the apparatus be 

adaptable to the field California Bearing Ratio (CBR) testing equipment 

as this equipment is available to Engineer troops. Appendix A, Volune 2, 

covers the investigation made to select a method of design and control to 

fit these requirements.  

Preliminary comparisons 

12. The Tulsa District Office, Corps of Engineers, in a report, 

"Comparative Laboratory Tests on Rock Asphalts and Hot Mix Asphaltic 

Concrete Surfacing Materials," dated 1 October 1943, compared four test 

procedures. These were the Hubbard-Field, Hveem Stabilometer, Texas 

Punching Shear, and Skidmore test procedures. On the basis of the analy

sis presented in the referenced report, the Hubbard-Field test apparatus 

was selected for laboratory study along with the Marshall apparatus. The 

latter apparatus had been developed by Mr. Bruce G. Marshall while with 

the Mississippi State Highway Department. The Marshall apparatus had 

certain desirable features in that it was light and portable and could be
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used either in the laboratory for design or in the field for control.  

Laboratory comparisons 

13. Comparative laboratory tests were performed on a range of 

asphalt paving mixtures which utilized both the Hubbard-Field and Marshall 

test equipment.  

Results of investigation 

14. On the basis of these laboratory comparisons, the Marshall 

apparatus appeared to give test results comparable to those obtained 

using the Hubbard-Field equipment. The Hubbard-Field apparatus is large 

and heavy and is not easily portable. Also, the design features of the 

machine do not lend themselves to adaptation to CBR testing equipment.  

The Marshall apparatus is easily portable, can readily be used in the 

field, and can be adapted to existing CBR testing equipment. As a result 

of the preliminary investigation, the Marshall apparatus was selected for 

the principal laboratory study which is reported in Appendix B.  

Appendix B 

Presentation and Analysis of Initial Laboratory Test Data 

Tests Performed 

General 

15. After the selection of a suitable test apparatus, a laboratory 

test program was initiated to develop test procedures and to furnish data 

to accomplish the objectives listed as follows: 

a. By use of the selected testing apparatus, determine the
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effects on the test properties of sand asphalt mixtures 
of: 

(1) Aggregate gradation.  
(2) Type of filler.  
(3) Mixing temperature.  
(4) Penetration grade of asphalt cement.  

(5) Compactive effort.  

b. By use of the selected testing apparatus, determine the 
effects on the test properties of asphaltic concrete mix
tures of: 

(1) Aggregate gradation.  
(2) Type of aggregate.  

(3) Gap gradation in coarse aggregate.  
(4) Addition of coarse aggregate to different types of 

fine aggregate.  
(5) Filler.  

c. Determine the correlation that exists, if any, between the 
density produced by the compactive effort of the selected 
test method and the density obtained in field construction.  

d. Determine the relationship which exists, if any, between 
the results obtained by the selected test and the Hubbard
Field test.  

Laboratory tests 

16. Test properties. In order to evaluate the effect of the fac

tors listed in the objectives on an asphalt pavement, test specimens were 

prepared-and compared in which these factors were the variables. The 

comparisons made are based on the numerical values for seven test proper

ties that have been selected for this purpose. These properties are 

stability and flow which are measured in the Marshall apparatus and five 

density relationships: total weight, aggregate weight, per cent voids 

total mix, per cent voids aggregate only, and per cent voids filled with 

asphalt. In all cases these properties are measured for test specimens 

prepared and compacted in a definitely prescribed manner. A complete
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discussion of the test properties is given in Part III of this report.  

In Appendix B, Volume 2, it is shown that the properties of any aggregate 

gradation are changed with variations in asphalt content. Therefore, to 

compare other factors such as changes in aggregate gradation, such com

parisons must be made at equivalent amounts of asphalt. In Appendix B, 

all comparisons were made at the asphalt content which produced maximum 

stability in the test specimen, all other factors remaining constant.  

17. Sand asphalt. The range of sand asphalt gradations included 

in this study is presented on plate 1. As shown, not only was the sand 

fraction varied as to gradation, but the total amount of filler was varied 

in increments between 10 and 25 per cent of the total aggregate. Lime

stone dust was used as the filler throughout the investigation with the 

exception of a limited number of comparisons with a fine sand. The grada

tion of the limestone filler and the fine sand is shown on Fig. 5, plate 

1. The range in mixing temperatures was between 3000 and 4000 F for that 

portion of the study in which temperature was investigated. Practically 

all of the mixtures were prepared with one penetration (about 120) grade 

asphalt cement; a few comparative studies included a range in penetration 

grade between 50 and 135. In one series of test specimens the compactive 

effort was varied by increasing in increments both the number of blows 

and the static load.  

18. Asphaltic concrete. The asphaltic concrete studies primarily 

included comparisons of aggregate gradation and type. The variation in 

aggregate gradation is presented on plate 2 and includes three maximum 

sizes of aggregate. The types of aggregate studied were slag, crushed 

and uncrushed gravel, and crushed limestone. Limited studies were
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conducted also on the effect of gap gradation in coarse aggregate, the 

addition of coarse aggregate to different types of fine aggregate, and 

filler; however, gradation curves for these studies are not presented in 

this summary.  

19. Density. A limited number of correlation studies was con

ducted with respect to densities obtained by the compactive effort selected 

in the laboratory and actual densities determined in pavements in use.  

20. Hubbard-Field tests. Additional tests were made with the 

Hubbard-Field apparatus and were compared.with those obtained with the 

Marshall apparatus. The results of these tests are presented in Appendix 

B but are not included in this summary.  

Results of Investigation 

Sand asphalt 

21. Effect of aggregate gradation. The addition of coarse sand 

(No. 10-40) up to about 60 per cent by weight of the total aggregate im

proved the test properties of the mixture for the material tested. While 

the addition of coarse sand up to about 60 per cent improves 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.  

22. Effect of type of filler. The addition of a well-graded lime

stone dust filler to a sand asphalt mixture improved the measured test 

properties while the addition of a poorly-graded sand filler did not.  

23. Effect of quantity of filler. The test property values for 

asphaltic mixtures are improved with incremental increases of limestone



filler within certain limits. The limiting amount of filler for sand 

asphalt was about 20 per cent. Since other features such as flexibility 

and durability of a mix are considered to be influenced by filler con

tent the amount of filler that can be incorporated into a mix was not 

finally established. The study of the amount of filler that produces the 

most satisfactory pavement is being continued.  

24. Effect of mixing temperature. The temperature to which the 

aggregate was heated (between the limits of 3000 and 4000 F) prior to the 

preparation of a test specimen.had no appreciable effect on any of the 

measured properties except stability where an increase in the mixing 

temperature increased the stability of the mixture. It is probable that 

the asphalt cement was hardened by heating and was responsible for the 

increase in stability.  

25. Effect of penetration grade of asphalt cement. 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.  

26. Effect of compactive effort. An increase in the compactive 

effort increases both the stability and density of sand asphalt mixtures 

and reduces the quantity of asphalt cement required to produce maximum 

stability and density for a given aggregate gradation. In the test series 

conducted during this investigation, the maximum reduction in asphalt 

amounted to 2 per cent.  

Asphaltic concrete 

27. Effect of aggregate gradation. The measured properties of an
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asphaltic concrete mixture were improved by the addition of coarse aggre

gate to a maximum of between 60 and 70 per cent of the total aggregate.  

An increase in the maximum size of aggregate (from 1/2 to 1 in.) also im

proved the test properties of the mixture.  

28. Effect of type of aggregate. 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 per cent. When the amount of coarse aggregate exceeded 40 per 

cent, the type of aggregate became effective; slag produced the highest 

stability; crushed gravel and crushed limestone were about equal and un

crushed gravel produced the lowest stability.  

29. Effect of gap gradation in coarse aggregate. Gap-graded aggre

gates used in this study produced asphaltic concrete with test properties 

comparable to asphalt mixtures containing an equal amount of well-graded 

aggregate of the same maximum size. However, the data are very limited 

in scope and the removal of increments in other aggregate gradations than 

those selected might produce unsatisfactory mixtures.  

30. Effect of addition of coarse aggregate to different types of 

fine aggregate. In general, the addition of coarse aggregate improved 

the test properties of all fine aggregate mixtures. This effect decreased 

with an increase in the coarseness of the fine aggregate.  

31. Effect of filler. The addition of a well-graded filler im

proved all test properties of an asphaltic concrete and reduced the amount 

of asphalt cement required. In these studies the filler content ranged 

from 6 to 12 per cent of the total aggregate. The maximum amount of 

filler that could be added without being detrimental was not determined
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in this series of tests.  

Test properties 

32. Total weight. Test specimens of asphalt mixtures that are 

prepared with asphalt contents varying from lean to rich will increase 

in weight with each additional increment of asphalt to a maximum value 

after which further increases of asphalt will cause the total weight of 

the mixture to decrease. It is believed that the additional asphalt 

lubricates the aggregate particles and permits the material to compress 

more easily at optimum. Above optimum the asphalt replaces aggregate in 

the mass and being a lighter material causes a reduction in the total 

weight of the specimen. 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 comparison of mixtures containing different 

types of aggregate; however, in the control of a specific asphalt mixture 

where the proportions and types of aggregate are constant, it may be of 

practical value.  

33. Aggregate weight. Incremental increases of asphalt to a given 

aggregate mixture will produce an increase in the aggregate weight to 

some maximum value after which further increments of asphalt will cause 

the aggregate weight to decrease. The amount of asphalt required to pro

duce maximum density of the aggregate only is less than that required to 

produce maximum total weight.  

34. Per cent voids total mix. The per cent voids total mix is 

dependent on (a) asphalt content, (b) aggregate gradation, (c) filler 

content, (d) compactive effort, and (e) aggregate type. Establishment
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of limiting values for per cent voids total mix will aid in the control 

of these items.  

35. Per cent voids aggregate only. Where the asphalt content is 

the only variable, the selection of a per cent asphalt required to pro

duce maximum aggregate density may be made on the basis of the amount of 

voids in the aggregate only. The quantity of asphalt cement required for 

optimum asphalt content increases as the per cent voids aggregate only 

increases. The percentage of voids is dependent on the factors listed 

in paragraph 34.  

36. Per cent voids filled with asphalt. Well-graded aggregate mix

tures prepared at optimum asphalt with a prescribed compactive effort will 

have voids filled with asphalt that vary within very narrow limits. Very 

open or harsh-graded aggregates, when used in asphaltic mixtures, give a 

per cent voids filled with asphalt at optimum asphalt content considerably 

less than that of well-graded aggregates.  

37. Field and laboratory density correlation. The compaction ob

tained by the laboratory test was slightly greater than that obtained 

during field construction at the airfields studied in the investigation.  

Appendix C 
Design and Construction of Test Section 

General 

38. It was recognized that before laboratory tests on asphalt mix

tures can be properly evaluated or the values obtained from such tests 

can serve as design criteria the results obtained by the tests must be
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correlated with behavior of pavements under actual traffic of the wheel 

loads in question. The work performed and reported in Appendix B, Volume 

2, developed a procedure and a design method that seemed reasonable.  

Further validation of the test procedure by the construction and traffic 

testing of an asphalt test section became desirable. Appendix C, Volume 

2, shows in complete detail the construction of a test section for this 

purpose. Ajpendix C is summarized in the following paragraphs.  

Objectives 

39. The objectives to be answered by the construction of the test 

section and traffic tests were as follows: 

a. To compare asphalt pavement mixtures which have a wide 
range of physical properties but equal stability values 
under traffic of 15,000- and 37,000-lb single wheel loads, 
and a 60,000-lb dual wheel load.  

b. To determine the stability values of asphalt pavements 
satisfactory for 15,000- and 37,000-lb single wheel loads, 
and a 60,000-lb dual wheel load.  

c. To establish the minimum thickness of asphalt pavements 
based on a specified stability for the three wheel loads 
outlined in a above for a high-quality base.  

d. To determine the thickness of asphalt pavements of known 
stability necessary to support the wheel loads specified 
in a above for bases of medium and low quality.  

e. To compare the behavior of surface treatments on a high
quality base and on a medium-quality base under the three 
wheel loads.  

f. To determine whether the optimum asphalt content as 
determined by the Marshall stability test produces satis
factory pavements when submitted to traffic of the three 
wheel loads listed above.  

g. To gather data relative to construction control, such as 
mixing and rolling temperatures, mixing time, amount of 
rolling necessary, and comparison of laboratory and field 
densities.
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Description 

Test section 

40. The field test project as shown on plate 3 and photograph 1 

consisted of two parallel straight tracks each 850 ft long by 60 ft wide 

joined at the ends by turnarounds.175 ft square. The test tracks were 

divided longitudinally into three traffic lanes 18, 20, and 22 ft wide, 

respectively, for the 15,000-, 37,000-lb single and 60,000-lb dual wheel 

loads. The pavement and base were identical in each lane except that the 

base was increased in thickness to compensate for the heavier loads with 

respect to the subgrade. Separate lanes were also delineated for the 

three wheel loads in the turnarounds; however, the pavement was not always 

the same in the three lanes because the turnarounds were used for special 

studies. In order to provide the necessary variations to fulfill the ob

jectives listed above, the test tracks and turnarounds were divided into 

sections which were progressively subdivided into subsections, units, and 

items so that all the necessary variables in type of base and pavement, 

thickness, stability, and asphalt content could be included.  

41. Section. The test tracks were divided into eight sections in 

each of which was a major variation in the base or wearing course in order 

to comply with objectives a, c, d, e, and g. Three base materials and 

four types of pavement were used. Designation of the sections and the 

variations in each were as follows: 

Section Base Material Pavement 

1 Crushed limestone Asphaltic concrete, limestone aggregate 

2 Crushed limestone Asphaltic concrete, gravel aggregate
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Section Base Material Pavement 

3 Crushed limestone Sand asphalt 

7 Crushed limestone Double surface treatment 

4 Sand-clay-loess Asphaltic concrete, limestone aggregate 

5 Sand-loess Asphaltic concrete, limestone aggregate 

6 Sand-loess Sand asphalt 

8 Sand-loess Double surface treatment 

42. Subsection. In order to establish the minimum thickness of 

asphalt pavements for the three wheel loads (objectives c. and d) each of 

the sections, except the two surfaced with double surface 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 below.  

Pavement Thickness 
Asphaltic Concrete Sand Asphalt 

Subsection Sections 1, 2, 4, & 5 Sections 3 & 6 

A Surface course, 1-1/2 in. 2 in.  

B Surface course, 1-1/2 in. 4 in. (2 equal 
Binder course, 1-1/2 in. courses) 

C Surface course, 2 in. 6 in. (2 equal 
Binder course, 3 in. courses) 

The subsection designation is usually combined with the section number 

and the combined symbol used to designate a section of the test track.  

43. Units. Objective b, to determine the stability values of 

asphalt pavements satisfactory for the three wheel loads, was provided 

for by dividing each subsection into three units, each 30 ft long. A 

different design stability value for the pavement was used in each unit.  

Designations of units and stability values used in each are as follows:
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Unit Design Stability 

1 Low (Marshall value of approximately 150 lb; no 
filler added) 

2 Medium (Marshall value of approximately 350 lb; 
some filler added) 

3 High (Marshall value of approximately 550 lb; high 
amount of filler added) 

44. Items. In order to determine the relationship between the 

optimum asphalt content as determined by the Marshall stability test and 

the optimum required by traffic compaction by the three wheel loads 

(objective f), 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 permissible for traffic 

use; therefore, all variations in asphalt content were made on the low 

side of the Marshall optimum. Item designations and variations in asphalt 

content are presented below.  

Asphalt Content with Respect to 
Item Marshall Optimum* 

1 20 per cent below optimum 

2 10 per cent below optimum 

3 Optimum 

* Determined as that amount of asphalt which indicated maximum 

stability based on 15 blows of a 10-lb hammer 18-in. drop one 
side only, plus 5,000-lb static load held for 2 min.  

45. Turnarounds. 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 (sand-gravel-loess-clay)
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and only one thickness of pavement (2 in.) were used in the turnarounds, 

but different pavement mixtures with varying physical characteristics, 

stability, and asphalt content were used. In order to include these 

variables, the turnarounds were divided into 25 sections for the differ

ent types of pavement. Where feasible, these sections were subdivided 

similarly to those in the straightaways. In general, the designation of 

items in the turnarounds followed the procedure used for the main tracks; 

however, the items in the field compaction study, sections 11 to 16, are 

numbered to show change in asphalt content but without regard to the opti

mum asphalt relationship.  

46. Field compaction study. A part of the turnarounds was used in 

a field compaction study to obtain data on the amount of rolling necessary 

to produce the desired compaction (part of objective g). Sand asphalt and 

asphaltic concrete with both limestone and gravel aggregates were used.  

All mixtures were of medium stability. The part of the turnaround assigned 

for the field compaction study was divided into three sections which were 

divided into three subsections for the different weight rollers. Each 

subsection was further divided into six items for variations in asphalt 

content by 1 per cent increments from well below to well above estimated 

optimum. The pavements were rolled until 32 coverages were applied.  

Density tests were made after 4, 8, 16, and 32 coverages. An analysis of 

the effect of number of passes is presented in Appendix C, Volume 2.  

Pavement 

47. Materials. There were three basic types of paving mixtures 

used in the pavements of the test section. These were asphaltic concrete
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in 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-in.  

maximum size uncrushed gravel, and sand asphalt which, as is implied, 

contained principally fine (sand) aggregate. The fine aggregate in the 

majority of cases consisted of a blend of a siliceous sand from a river 

pit and a fine sand from a Mississippi River sand bar. A commercial 

limestone dust was used as filler in all mixes. Asphalt cement penetra

tion grade 120 to 150 was used in all pavements.  

48. Mixes. To fulfill the requirements of the test section it was 

necessary to use 27 different mixes which have been designated numerical

ly. Mixes 1-6 were binder courses. Mixes 7, 8 and 9 were sand asphalts 

and Mixes 10-15 were asphaltic concretes. Mixes 7-15 comprised the wear

ing courses in the main test tracks and assume primary importance in the 

analyses in this report. Typical pavement cores are shown in photograph 

2 for the three types of aggregates used in this study. Mixes 16-27 were 

placed in limited quantities in the turnarounds. Characteristics and 

location of each of the mixes are shown in the table on page 28.  

49. The pavements listed were all obtained from the basic aggregate 

types described in paragraph 47. For asphaltic concrete, the coarse ag

gregate, both crushed limestone and uncrushed gravel, was about 50 per 

cent of the total aggregate weight. The variation in stability was 

achieved by adding no limestone filler to the low stability mixes, a 

moderate amount (sufficient to bring total to about 5 to 7 per cent) for 

the medium stability, and sufficient to bring the total to about 10 per 

cent for the high-stability mixes. The same method was followed to vary 

the stability of the sand asphalt except the total filler in the sand



Aggregate Stability Range 

Asphaltic Concrete Binder Course 

Limestone Low, medium, high 

Gravel Low, medium, high

Sand Asphalt 

Low, medium, high

Gap graded 

25 per cent and 15 per 
cent filler

Medium, high 

Extremely high, 
medium high

Loc ation* 

1BC, 4BC, 5BC 

2BC

3ABC, 6ABC, 9A, 
13ABC, 14ABC 

10A 

9A

10, 11, 12 

13, 14, 15 

1$, 19 

20, 21 

24, 25

Asphaltic Concrete W 

Limestone

Gravel

Gravel, coarse aggre
gate gap graded 

Gravel, fine aggregate 
gap graded 

Gravel, 12 per cent and 
15 per cent filler

gearing Course 

Low, medium, high

Low, medium, high

Medium, high 

Medium, high

1ABC, 5ABC, 
17A, llABC, 
12ABC 

2ABC, 20A, 
15ABC, 16BC 

21A 

21B 

20A

Stone Filled Sand Asphalt 

Limestone, only 25 per Medium 
cent coarse aggregate 

Gravel, only 25 per Medium 
cent coarse aggregate

Section and subsection in test project.

Mix No .

1, 

4,

2, 3 

5, 6

7, 8, 9 

16, 17 

22, 23

26 

27

18A 

19A
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mixes was higher, about 7, 13, and 19 per cent, respectively, for low, 

medium, and high stability mixes. In the turnarounds 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 mixtures with a low percentage of coarse aggregate were 

obtained by reducing the coarse aggregate from 50 to about 25 per cent 

of the total. Also, a few mixes in the turnarounds were varied as to the 

amount of filler included as shown in the table.  

50. Construction. 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 accom

plished with a 10-ton tandem steel roller.  

Subgrade 

51. In this investigation the subgrade was not to be considered 

as a factor which might develop failure. In the test lanes the base and 

pavement were therefore constructed sufficiently thick to preclude this 

possibility. To the design requirements as determined by an assumed 

design CBR value of 20 per cent for the subgrade, an increase of 20 per 

cent was added to the total thickness for each wheel load. The in-place 

(unsoaked).CBR of the subgrade as constructed averaged 28 per cent. The 

total thickness of the base and pavement in the turnarounds was 11 in., 

which is the amount required for a 37,000-lb single wheel load (considered 

most severe in the test) and a subgrade CBR of 20 per cent with no factor 

of safety added.
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Base 

52. Track 1 of the test section was designed as a pavement study 

(objectives a, b, c, e, and f) with the base to be entirely adequate as 

to quality and thickness. As constructed, the base in Track 1 was a 

crushed limestone rock choked with screenings which had an average in

place CBR value of 74. Track 2 was designed to be an indirect study of 

base material (objectives d and e, paragraph 39), in that, pavement re

quirements were to be determined that would compensate for low-and medium

quality base material. As constructed, the so-called medium-quality base 

(Sections 5 ABC, 6 ABC, and 8) was a sand-loess mixture, cohesionless 

(zero P.I.), and had an average in-place CBR value of 41 per cent. Be

cause of the cohesionless nature of this base, it was difficult to prevent 

some surface granulation during construction of the overlying pavement.  

The low-quality base (Sections 4 ABC) was the same sand-loess used as a 

a medium base except that sufficient clay-silt (about 30 per cent) was 

added to make it cohesive (P.I. of about 7). The average in-place CBR 

value of this base was 28 per cent as constructed. The turnarounds were 

constructed of 79 per cent pit-run sand gravel and 9 per cent and 12 per 

cent, respectively, of less and silty clay. The average in-place CBR of 

this base was 45 per cent as constructed.  

Discussion 

53. The large number of variables in the test section made uniform 

construction extremely difficult; however, the completed section, in 

general, was considered satisfactory for the purpose of the tests.  

54. Compaction and CBR requirements of the subgrades and base
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materials were generally met in the construction of the test section with 

the exception that CBR values of the lower quality bases were somewhat 

below design.  

55. The design and construction of the pavement essentially ful

filled the requirements set forth in the objectives of the test. Although 

numerical values of stability were not always equivalent to design values, 

where a range of stability was called for, a range was obtained.  

56. The results of compaction studies show that the test property 

relationships developed in construction of the test section are similar 

to those obtained in the laboratory compaction procedures. There was an 

indication that the number of passes required to attain the laboratory 

design density may vary with the type of paving mixture and its asphalt 

content. The data with respect to weight of roller were considered too 

limited to permit an analysis; therefore, none are presented.  

Appendix D 
Traffic Tests 

57. Appendix D, Volume 3, presents a description of the traffic 

equipment, the tracking procedure and the results of tests and observa

tions made during and after the traffic tests on the asphalt stability 

test section. Analyses of the test results are also presented. Appendix 

D is briefly summarized in the following paragraphs.  

Procedures and tests 

58. General. The purpose of the traffic tests was to obtain data 

to answer the objectives listed in the summary of Appendix C in this
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report. The majority of all tests were conducted when the pavement 

temperatures were above 900 F because it desired to apply traffic when 

the pavement would be in the worst condition regarding displacement under 

traffic. In some instances temperatures as high as 1400 F were recorded 

during the tests. A limited amount of testing was done when the pavement 

temperatures were less than 500 F using a 37,000-lb wheel load in both 

the 37,000- and 60,000-lb wheel load lanes on the track constructed with 

crushed rock base. The cold weather tests were conducted to get informa

tion relative to the pavement when in the most brittle or least flexible 

conditions.  

59. Equipment and tracking procedure. A Model C Tournapull (see 

photograph 3) connected to a 12-cu-yd scraper loaded to 15,000 lb on each 

wheel was used in lane a, Tracks 1 and 2 (see plate 3). Traffic was so 

distributed in the lane as to subject an area about 12 ft in width to 

test. A total of 3500 coverages was applied. A Model Super C Tournapull 

(see photograph 4) connected to a specially-constructed load cart was 

used for the 37,000- and 60,000-lb wheel load tests. This cart was con

structed 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 load 

boxes on each end to produce the desired wheel load. There are four other 

wheels in the unit. The two wheels of the towing unit were loaded to 

14,000 lb while the outrigger wheels were loaded to 10,000 lb. Two of 

these on the test cart did not traverse the test area; however, since the 

Tournapull unit has wheels spread slightly more than 6 ft apart some cov

erages were unavoidably made with these wheels but were dismissed in the 

analysis as having only minor effect. During the warm weather tests with
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the 37,000-lb wheel load 1500 coverages were applied in lane b over a 

4-ft wide area and a like number of coverages was applied in lane c with 

a 60,000-lb dual wheel over an area 6 ft in width. During the cold 

weather tests, 400 coverages were applied in Track 1 to the same 4-ft 

lane tracked in the warm weather tests in the 37,000-lb lane while 475 

coverages were applied in a previously untracked area in the 60,000-lb 

lane in Track 1 (except for the lighter wheel loads from the test cart 

wheels). The average gross contact pressures were about 54, 99, and 91 

psi, respectively, for the 15,000-, 37,000- and 60,000-lb wheel loads.  

The net tire contact pressures, for the corresponding loads were 106, 146 

and 139 psi, respectively. The tire print blocks formed with the 15,000

lb load were larger and spaced more widely than those formed by the 

heavier loads.  

60. Observations and measurements. The performance of each pave

ment item under traffic was recorded throughout the test in the form of 

visual observations. These observations have been standardized into 

groups listed as tire printing, rutting and shoving, cracking, settlement, 

roughness, upheaval, and longitudinal movement (see photographs 5-14).  

Each of these observations is qualified as to degree so that one of four 

notations is possible for each and is listed as "none," "faint," "well

defined," or "pronounced." The performance of each pavement item sub

jected to the traffic in the test is recorded for comparison in this 

manner and is presented in Appendix D. In addition to these observations, 

movements of the pavement surface were recorded by level measurements at 

intervals during the traffic tests which are also presented in Appendix D.  

A few deflection gages were installed in order to obtain factual data



34

relative to the amount of surface deflection that was produced by the 

several wheel loads. These deflections varied between 0.06 and 0.30 in.  

61. Tests on pavement cores. Pavement cores (see photograph 2) 

were obtained from within the traffic lanes prior to the traffic testing 

and at frequent intervals throughout traffic testing. Cores of 4-in.  

diameter and of a height equal to the pavement depth were obtained in 

triplicate for laboratory testing. From these cores the Marshall stabil

ity flow, and the total unit weight in lb per cu ft were obtained. The 

other test properties, unit weight aggregate only, per cent voids aggre

gate only, per cent voids total mix, and per cent total voids filled with 

asphalt were computed. The complete record of test properties for each 

pavement item during the traffic tests is listed in Appendix D.  

62. Base and subgrade tests. In addition to the pavement tests, a 

number of inspection pits was excavated into the base and subgrade both 

during and after completion of traffic testing. Test measurements in

cluded density, moisture, and CBR tests, the results of which are pre

sented in Appendix D.  

Discussion and analysis 

63. 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 

showed more tire printing and slightly more rutting and shoving and were, 

in general, not the equal of the asphaltic concretes. However, this com

parison may not be strictly valid since almost all the sand asphalt
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pavements contained an excess of asphalt cement and were composed of the 

same mixture for the full thickness, whereas comparable asphaltic con

cretes included mixtures with a satisfactory asphalt content which were 

underlain by binder courses except in the 1-1/2-in. pavements. In the 

turnarounds the performance of sand asphalt pavements with lower asphalt 

contents was satisfactory and comparable to the asphaltic concrete items.  

In the main test track where the underlying base was of poor quality, the 

asphaltic concrete pavements containing crushed limestone were definitely 

superior 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 inferior base even at a thickness of 6 in. Three 

inches of good quality asphaltic concrete was generally satisfactory and 

5 in. was always adequate. However, the comparison may not be strictly 

valid since the sand asphalt mixes were rich in asphalt as previously 

discussed.  

64. Aggregate gradation. A comparison of the performances of pave

ments consisting of both sand asphalt and asphaltic concrete in which the 

aggregates larger than the No. 200 sieve were poorly graded with corres

ponding pavements containing well-graded aggregates revealed no significant 

differences in behavior when subjected to traffic of the wheel loads used 

in the test. The data are limited; however, it is indicated that aggre

gate gradation may be of lesser importance than other factors to be con

sidered in designing satisfactory bituminous pavements.  

65. Filler. Differences in stability on the main test track were 

obtained by placing asphalt mixtures in items at low, medium, and high
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percentages of filler. For asphaltic concrete, the adjective low denotes 

no filler added to the mixture; medium, a total of 5 to 7 per cent filler; 

and high, about 10 per cent filler in the aggregate mixture. In the turn

arounds a few items were placed at filler contents as high as 18 per cent.  

For sand asphalt the same range for low, medium, and high is interpreted 

to mean low, none added, medium, about 13 per cent, and high, about 19 per 

cent. In the turnarounds a few items were placed with filler content as 

high as about 24 per cent. Where the underlying 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 crack

ing and other detrimental behavior than those with normal filler contents.  

During cold weather traffic, the high--filler mixes on the main test tracks 

showed more aggregate shelling but no more cracking than those with lower 

filler contents. Where the underlying base was of low quality, the 

mixes containing a high percentage of filler gave, in general, more sat

isfactory performances than those with low filler; however, the results 

were inconclusive. Certain test properties such as per cent voids total 

mix and per cent 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.  

66. Stability. In general, the stability of all mixes increased 

with coverages, rapidly at first and at a slower rate beyond about 500 

coverages. In a very few cases the stability decreased slightly with 

coverage but this is not believed to be significant. There also appears
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to be a trend for the items subjected to the two heavier wheel loads to 

increase in stability at a faster rate than those subjected to the 

15,000-lb wheel load. However, at the end of 1500 coverages for all 

wheel loads the stability values for any one mix and asphalt content are 

approximately the same. The addition of a well-graded filler produced 

an increase in stability. In general, the stability increased more rapid

ly in the leaner than in the richer mixtures. For traffic at the higher 

temperature there was some indication that a high-stability pavement 

offers greater protection to a base of low quality than is obtained by a 

low-stability pavement. However, a low-quality base can be protected in 

a more positive manner by an increase in pavement thickness rather than 

by an increase in stability. It is shown that stability by itself is not 

a satisfactory "tool" for evaluating the ability of a pavement to resist 

displacement under traffic. The test data indicate that, where the under

lying base is of high quality, there is no particular advantage in a pave

ment with a stability value in excess of the minimum requirement of 500 

lb recommended in this report.  

67. Flow value. The following generalized statements indicate the 

trend in the flow value with coverage: 

a. In mixes considered to be deficient in asphalt, the flow 
value was initially below 20 and decreased with coverage.  

b. In mixes containing a proper amount of asphalt, the flow 
value was initially below 20 and did not change appreci
ably with coverages.  

c. In mixes containing an excessive amount of asphalt, the 
flow value was either initially above 20 or increased to 
more than that value with coverages.  

The data indicate that the flow value is an important property. If the



flow value was higher than 20 almost invariably the pavement was unsatis

factory regardless of the stability value, pavement thickness, gradation 

or any other property of the mix. Conversely, if the flow was less than 

20, any item placed on a high-quality base was satisfactory without regard 

to stability, pavement thickness, etc. For items placed on bases of poor 

quality other features, such as pavement thickness, were also factors in 

determining their adequacy. Since the flow value is largely dependent on 

the asphalt content it is apparent that the amount of asphalt in a mix is 

a critical feature in design.  

68. Pavement thickness. The test data indicate that where the 

underlying base is of high quality the thickness of the pavement is not 

an important factor. The double bituminous surface treatment, the 1-1/2

in. asphaltic concrete, and the 2-in. sand asphalt were entirely satis

factory for all three wheel loads where the base was of high quality.  

Conversely, where the bases were of inferior quality, all three of these 

wearing courses were entirely inadequate for any of the wheel loads. In 

general, rutting and shoving were more severe in the thicker than in the 

thinner pavements. This effect was particularly noticeable in the sand 

asphalt pavements where the asphalt contents were generally excessive and 

where the thicker pavements were without binder courses. On the other 

hand, pavement settlements were consistently more severe in the thinner 

than in the thicker pavements. Since in each test lane the combined 

thickness of pavement and base was a constant, the greater settlement 

under the thinner pavements may have been contributed to by a greater 

amount of consolidation as a result of the slightly thicker bases. It 

is also possible that the thicker pavements were more effective in
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distributing the stresses in the underlying layers. The following table 

extracted from Appendix D shows the minimum thickness of properly propor

tioned asphaltic concrete indicated by the test results as necessary to 

limit settlements to less than one inch or to prevent shear deformation 

in the underlying base.  

Thickness Requirements for Asphaltic Concrete* - Inches 

15,000-lb Wheel Load 37,000-lb Single Wheel Load & 
CBR of 60,000-lb Dual Wheel Load 

Base Base Consoli- Recommended Base Consoli- Recommended 
Per Cent Shear dation Thickness Shear dation Thickness 

40 3- 5 1.5 4 3- 5 5 5 

50 1.5 1.5 3 3- 5 5 5 

60 1.5 - 2 2 - 4 

80 1.5 1.5 2 1.5 3 3 

* Meeting the minimum requirements as recommended in this report.  

For bases with CBR values of 60 or better where there is no problem of 

preventing shear in the base, sand asphalt can be substituted for asphal

tic concrete on an inch for inch basis. The thickness of sand asphalt 

required to prevent shear deformation in the bases with CBR values of 40 

and 50 was not determined in these tests and to be conservative asphaltic 

concrete is recommended for these bases. A discussion of minimum thick

ness and stability requirements is made in a subsequent part of this 

report.  

69. Wheel load. Except that the 15,000-lb wheel load produced 

more severe tire printing which was due to the "blocky" treads of the 

"earth-mover" tires, the effect of the three wheel loads on the pavement 

was about the same. It should be noted that the gross tire contact
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pressures varied between about 55 and 100 psi (net pressures 106 to 146 

psi) for wheel loads between 15,000- and 37,000-lb. The indications are 

that tire pressure rather than wheel load is the principal factor in 

determining pavement quality and that the quality should be the same for 

the range of tire pressures indicated in these tests. With respect to 

the effect on the underlying base and subgrade, the two heavier wheel 

loads were about equal and were both more severe than the 15,000-lb wheel 

load. In this case, wheel load is the principal factor rather than tire 

pressure in determining pavement thickness requirements to protect under

lying base materials of inferior quality.  

70. Asphalt content. Mixtures having a wide range of physical pro

perties performed satisfactorily where the asphalt content was properly 

proportioned. For each mix, the per cent of asphalt indicated as optimum 

by the peaks of either the stability or unit weight total mix curves de

creased progressively with coverage and approached a minimum at approxi

mately 1500 coverages. Almost all the sand asphalt pavements placed on 

the main test track contained an excess of asphalt and for this reason 

the comparative performance of these pavements with those consisting of 

asphaltic concrete was inconclusive. The tests demonstrated that for 

each aggregate mixture there is a range of approximately 1.0 per cent in 

the asphalt contents within which the paving mixture performed satisfac

torily. Unsatisfactory behavior due to both an excess and a deficiency 

of asphalt was observed in all types of mixes. Mixes containing an excess 

of asphalt were too plastic and showed pronounced tire printing, rutting, 

shoving, surface cracking, and other undesirable characteristics. Mixes 

containing definitely deficient asphalt contents (placed on the turnarounds,
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see photograph 18) cracked badly, spalled, and were so brittle that it 

was impossible to obtain test cores. It should be noted that both rich 

and lean mixes produce cracking; however, they are of different types.  

Cracking due to a rich mix is restricted to the surface as illustrated in 

photograph 8 while a brittle mix will crack entirely through the pave

ment. The test results indicate clearly that the asphalt content is the 

most important feature in the design of a mix and to a large extent deter

mines the suitability of the mixture for use. None of the items placed 

on the main test tracks was as markedly deficient in asphalt as those 

placed on the turnarounds. However, several items with low asphalt con

tents on the main test tracks showed evidences of being slightly brittle.  

Moreover, during the cold weather tests, these items showed more aggre

gate shelling than those with a higher asphalt content.  

71. Density. In all cases the density increased with coverages.  

The changes were rapid at first and slower after the first few hundred 

coverages. Regardless of the initial differences in construction density, 

identical mixes placed in items subjected to the three wheel loads were 

always nearly equal in unit weight after 1500 coverages. The increase in 

density appeared to be somewhat more rapid in the leaner than in the 

richer mixtures. The increase in density results in a progressive in

crease in aggregate weight and in the per cent voids filled with asphalt 

and a progressive decrease in the per cent voids aggregate only and per 

cent voids total mix. It is apparent that these density determinations 

can be used for design purposes only when they are related to a specific 

compactive effort.  

72. Test property criteria. Based on the performance under traffic
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of all wheel loads, it was possible to evaluate the different mixes as 

to performance. They were then divided into four groups designated as 

approaching brittle, satisfactory, approaching plastic, and plastic mix

tures (see photographs 16 and 17). The pertinent test property values 

of each asphalt mix were then sorted in accordance with these four group 

designations. From the analysis of these data presented in detail in 

Appendix D, criteria which indicate satisfactory mixes can be listed for 

each test property and are based on a density which approximates that of 

500 to 1500 coverages. Since the results were different for asphaltic 

concrete and for sand asphalt mixes, separate criteria are tentatively 

presented for each. Further analysis is made and final criteria selected i 

Part III of this summary report. The binder data were limited and fell within 

the same criteria limits indicated for asphaltic concrete. Because bin

ders are allowed a reduction in asphalt content, it was felt that greater 

latitude was permissible. Therefore, limiting criteria for binder mixes 

have been omitted. The criteria tentatively selected are listed in the 

following table.  

Property Asphaltic Concrete Sand Asphalt 

Flow, maximum 20 20 

Per cent voids 3 to 5 5 to 7 

total mix 

Stability, 500 500 
minimum 

Per cent voids 75 to 85 65 to 75 
filled with 
asphalt 

Summary 

73. The results of the accelerated traffic test with 15,000- and
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37,000-lb single and 60,000-lb dual wheel loads are briefly summarized 

as follows. On a high-quality base, the results revealed no difference 

in performance between asphaltic concrete containing crushed limestone or 

uncrushed gravel as the coarse aggregate. Further, there was no appreci

able difference in behavior between items that had no filler added to the 

mix and items that had an appreciable amount added. The sand asphalt 

items were not equal to the asphaltic concrete items but valid compari

sons between the two types of pavement cannot be made since the sand 

asphalt items generally contained too much asphalt and were somewhat 

plastic. High-quality base material requires only a minimum thickness of 

pavement to provide a weather resistant and abrasive medium which is not 

required to prevent shear in the base. However, increasing the pavement 

thickness tends to reduce consolidation. For bases of poor quality, in

creasing the pavement thickness is effective in preventing shear deforma

tion in the base. Thickness requirements for a range of base CBR values 

were determined. The indications are that wheel load influences thickness 

but does not affect requirements for pavement quality. Since all satis

factory pavement items on high-quality bases were equal in performance, 

it follows that the stability values above a certain minimum are not par

ticularly important. There was a trend for high-stability mixes to be 

more effective in protecting poor-quality base materials. However, since 

pavement thickness is more effective in accomplishing the same purpose, 

it may be used to compensate for weak base material. The flow value is a 

good indicator of asphalt content. Values in excess of 20 indicate that 

the mix is potentially plastic and may become unsatisfactory while values 

less than 20 usually indicate a satisfactory mix. In all comparisons made
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in this test section, asphalt content was invariably the most critical 

factor in determining pavement quality. Tentative test property criteria 

for satisfactory pavements are listed in paragraph 72. It will be noted 

that separate criteria are listed for asphaltic concrete and sand asphalt.  

Appendix E 
Final Laboratory Correlation Tests 

General 

74. The selection of a test apparatus, the development of labora

tory techniques and procedures, and a preliminary investigation of aggre

gate gradations, all as related to the development of design and con

struction control criteria for asphalt mixtures, are presented in 

Appendices A and B, Volume 2. A continuation of the laboratory studies 

is presented in Appendix E, Volume 3. These studies can be grouped into 

four major subjects: compaction studies, test techniques, materials, and 

field and laboratory correlation studies. These are presented briefly in 

the following paragraphs.  

Compaction studies 

75. Purpose. The original procedure for compacting laboratory 

specimens (15 blows of the modified AASHO hammer plus 5,000-lb static 

load) had produced densities that were approximately comparable to those 

obtained in the construction of airfield pavements. Correlation tests 

of this nature are described in Appendix B. Also, the test section was 

constructed to densities conforming to this procedure as explained in 

Appendix C. During tracking operations on the test section it became
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apparent, from results of tests on cored samples, that compaction of the 

pavement was taking place. It has been shown clearly in both Appendices 

B and D that an increase in compactive effort will reduce the optimum 

asphalt content for any specific mix. Therefore, it was decided to in

vestigate the possibility of increasing the compactive effort to obtain 

densities approximating those resulting from a moderate amount of traffic, 

and thus to obtain a design asphalt content which no amount of traffic 

will render excessive. The means employed to increase the density of the 

laboratory specimens and the revisions made to the compaction equipment 

are described briefly in the following paragraphs.  

76. Dynamic compaction. The data from the principal mixes used in 

the test section were plotted as test property curves for several inter

vals of traffic coverages, and optimum asphalt for each mix at each 

interval of coverage was determined. In the laboratory the same aggregate 

materials corresponding to the test section mixes were mixed with a range 

of asphalt contents and compacted at three compactive efforts; namely, 40, 

55, and 75 blows of the modified AASHO hammer applied to each side of the 

test specimen plus a 500-lb static load to level the surface. The speci

mens were tested in the Marshall machine and test properties curves were 

developed for each mix. The optimum asphalt content for each compactive 

effort was compared with those from actual traffic tests. On the basis 

of these comparisons a compactive effort of 55 blows of a modified AASHO 

hammer applied to each face of the test specimen plus a 500-lb static load 

was tentatively selected as closely approximating the results obtained by 

traffic of the 15,000-, 37,000-, and 60,000-lb wheel loads at from 500 to 

1500 coverages.
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77. Static compaction. Since the compactive effort required to 

produce the desired density by dynamic methods was considerable, it was 

desired to compare specimens compacted by this method with corresponding 

ones compacted by static methods. Specimens were made at various asphalt 

contents and compacted with a static load of 2000 lb per sq in. (approxi

mately 25,000-lb total load on a 4-in.-diameter sample) applied to both 

sides of the sample through double pistons; the load was applied for 2 

min. This amount of static compaction failed to produce densities that 

were equal to those obtained by the 55-blow dynamic method.  

78. Drop compaction. The drop compaction tests were part of a 

further effort to reduce laboratory work required in compacting specimens.  

The machine used in these tests consisted of a cam operated table which 

picked the mold up and allowed it to drop through a distance of 2-1/2 in.; 

a 25-lb weight was placed on the specimen to assist in compaction. It was 

determined that 100 drops applied to each side of the specimen produced 

densities that approximated those secured with 55 blows applied dynamical

ly. Since the labor involved in preparing specimens by this method was 

greater than that required for the 55-blow compaction procedure the study 

was discontinued.  

79. Mold studies. The mold studies were conducted to investigate 

the possibility of reducing the compactive effort in the laboratory test 

by introducing a kneading action in the first part of the compaction proc

ess which would permit a closer interlock of aggregate particles. An 

attempt to obtain this kneading action was made by using curved base 

plates in the compaction molds. Bases with concave, convex, and combined 

concave-convex faces were tested. In operation the mixture was placed in
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the mold with the curved base plate in place and given 20 blows with the 

modified AASHO hammer. The curved plate was remoted and a standard flat 

base fitted to the mold. The specimen was then given an additional 35 

blows. These procedures were applied to both faces of the specimen. The 

first part of the procedure molded a specimen with a curved face and the 

second part caused the face of the specimen to be flattened. The movement 

of the particles in the second part of the procedure was expected to give 

the desired results. Another attempt was made to produce a kneading 

action by inserting 1/8-in. and 1/16-in. rubber disks between the specimen 

and the base plate during a part of the compaction procedure. The results 

of these tests indicated that the same compactive effort on nonstandard 

mold bases produced comparable test results with standard bases on sand 

asphalt and gave lower test values on asphaltic concrete. No change in 

the mold base was indicated as warranted as no reduction in the compactive 

effort could be made.  

80. Hammer design studies. These studies were performed to study 

the effect of the size and the design of the hammer foot on the comoactive 

effort required to produce test specimens of the required density. Ten 

different sizes and types of hammer feet were constructed in such a man

ner that they were interchangeable on the handle of the modified iA SHO 

hammer. The hammer feet were as follows: 1, 1-1/2, 1-3/4, 2-1/2, 3, and 

3-7/8 in. in diameter with flat faces, concave, convex, and stair-stepped 

faces 1.95 in. in diameter, and a bullet-nosed face. In general, the 

compactive effort consisted of 55 blows applied to each side of the speci

men and the results were compared with those obtained with the modified 

hammer with a 1.95-in. foot. The results of these tests indicated that
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nearly comparable results and had other attributes which made it a desir

able selection for use. Since the foot nearly filled the mold, it was 

unnecessary to space the blows during compaction. Also, the large size 

contributed toward uniformity of results between several specimens and 

reduced aggregate breakage. For these reasons the large foot was selected 

for use in the compaction test. There was no advantage to be gained from 

the use of any of the other types of hammer faces.  

81. Hammer weight studies. In the previous paragraph it was indi

cated that the use of a 3-7/8-in. foot was the most desirable. However, 

the number of blows required remained at 55 applied to each face. It was 

thought that increasing the weight of the hammer might produce the same 

density in a test specimen at a lesser number of blows. It was determined 

from the study that a 12.5-lb hammer produced with 50 blows about the same 

results secured with the 10-lb hammer and 55 blows. The 12.5-lb hammer 

was tentatively used for a short period as a result of.this compar

ison. However, at a conference attended by consultants and representa

tives of the Office, Chief of Engineers, it was agreed to standardize on 

a 10-lb hammer since this weight was also used in other test apparatus.  

Further analysis of the data from the test section and the laboratory also 

indicated that the compactive effort required to produce test specimens 

could be somewhat reduced. The final compactive effort used for design 

purposes consisted of the application of 50 blows to each face of the 

specimen with a 10-lb hammer falling 18 in. and striking a foot 3-7/8 in.  

in diameter.
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Test techniques 

82. The procedures for obtaining data suitable for use in the 

design of asphalt mixtures involved the use of equipment and techniques 

that were quite new. It was desired to check the validity of some of the 

assumptions upon which the Marshall test was predicated and to make cer

tain other check tests as briefly discussed.  

83. Specific gravity studies. It was found that the use of a bulk 

specific gravity determination for aggregate in computations involving 

density produced values for theoretical density at times in excess of 100 

per cent. Since this condition was impossible, it was evident that the 

specific gravity values for the aggregates were in error. A limited series 

of tests was performed to find a method for determining the specific 

gravity of aggregates that would most nearly indicate the correct values 

for per cent voids, theoretical density, etc., in a compacted asphalt 

mixture. The results indicated that the apparent specific gravity as 

determined by standard A.S.T.M. tests gave values which produce reason

able results in the computations of properties of bituminous mixtures.  

It is recognized, however, that the use of apparent specific gravity will 

(particularly in porous aggregates) tend to show a slightly higher void 

content than is actually present.  

84. Time in water bath. The established procedure required that 

test specimens remain in a hot water bath for one hour prior to test for 

stability. Tests were conducted to determine if this period was excessive 

or insufficient to insure uniform results. The data indicated that there 

were no changes in stability, due to length of time in the water bath, 

after the specimens were kept at 1400 F for 10 min. To provide an ample
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margin of safety, it was recommended that specimens should be kept in the 

water bath for 20 min prior to testing for stability.  

85. Curing period for construction control. In the original proce

dure specimens were cured 24 hr before being tested in the Marshall sta

bility apparatus. The purpose of these studies was to determine the 

shortest curing period that could be used by field laboratory personnel 

in testing specimens for construction control of bituminous paving mix

tures. It was found that the stability and flow of specimens were not 

affected by the curing period. Specimens which were tested with no cur

ing period showed stability and flow equal to those which had been cured 

for a period of 24 hr.  

86. Variation of stability with age. Since traffic tests conducted 

on the test section continued for more than a year, it was desired to 

determine the influence that age might have on the stability of the sev

eral asphalt mixes. The tests that have been made indicate no change in 

either stability or flow with age between the limits of one hour and 350 

days. These tests are still in progress.  

87. Flow studies. Some criticism has been made that it is diffi

cult to measure the flow value accurately under field conditions. In the 

Flexible Pavement Laboratory, flow is determined by use of a stress-strain 

recorder, while in the field it is measured by hand methods. A comprehen

sive series of tests was performed in which the flow was read by both 

methods utilizing several operators. It was indicated that the values 

determined by the hand method compared favorably with those measured by 

the automatic recorder. A slightly greater accuracy was developed when 

the speed at which the specimen was tested was reduced from 2 in. to 1 in.
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per min, but the increased accuracy was not sufficient to warrant chang

ing the procedures.  

88. Rate of deformation varied. The purpose of these tests was to 

determine the effect on stability and flow when the rate at which the 

specimens were tested was varied. Consideration was also given to the 

possibility that two mixes might indicate equal properties at one rate of 

deformation while one might be shown as superior at some other rate. The 

results of the investigation demonstrated that the stability measured by 

the Ma-shall a l:,.era us was d function of the rate of deformation, the 

higher the rate, the greater is the stability of the test specimen. This 

relationship may be plotted as a straight line on logarithmic paper, with 

stability and rate of deformation as the coordinates. There was a very 

minor trend for the flow to be less at lower rates of deformation but 

this is so slight that it can be ignored. The studies further indicated 

that the relative order of stability and flow values of the mixes tested 

did not change when the rate of deformation was varied.  

Materials 

89. General. In Appendix B a study was made of the effect of 

aggregate gradation on the properties of both sand asphalt and asphaltic 

concrete mixes. Also types of aggregate and filler were compared. These 

studies were based on results of specimens prepared with the original 

compactive procedure. Since the compactive effort for design purposes 

was later increased, it was desired to check the original results with 

similar tests at the increased compactive effort.  

90. Filler. The scope of the work included a comparison of six
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types of filler for the purpose of gradation studies, as follows: lime

stone dust, portland cement, fine sand, clay-loess, less, and clay. In 

addition, studies were made to determine the approximate maximum amount 

of filler that can be added to an asphalt paving mixture. The test re

sults showed that, for the sand asphalt mixes, the maximum allowable per

centage of filler was 15 per cent for all the filler materials tested 

except the limestone dust and portland cement which showed a maximum of 

20 per cent. Only the limestone dust and portland cement gave satisfac

tory performances as filler materials. The less, clay, clay-loess, and 

sand were inferior or not acceptable as filler materials. For asphaltic 

concrete mixes, the results showed that the maximum percentage of lime

stone dust filler for the best test properties is a function of the fine 

aggregate portion of the mixture.  

91. Aggregate gradation. The aggregate gradation studies were 

limited and were intended to supplement the work reported in Appendix B.  

Six gradations of one type of sand and nine gradations with one type of 

coarse aggregate were studied. The results of these tests were comparable 

to those obtained in the previous studies. For sand asphalt mixtures, it 

was found that the addition of coarse sand (No. 10-40) up to a maximum of 

50 per cent improved the test properties of the mixture. This improvement 

occurred in sand asphalt mixtures containing 10 per cent and 20 per cent 

filler. For asphaltic mixtures, it was found that the addition of coarse 

aggregate up to a maximum of approximately 60 per cent improved the test 

properties of the mixture. No significant differences were observed 

between asphaltic concrete mixtures tested in which the coarse aggregate 

was well graded and those in which it was gap graded.



53

Field and laboratory correlation studies 

92. At various times throughout the investigation, information was 

obtained on the relationship between densities of bituminous pavements as 

constructed and the compactive effort required to duplicate those densi

ties in the laboratory. Information was obtained from investigation of 

airfield pavements as reported in Appendices B and E, from construction 

of items in the test section as presented in Appendix C, and from rolling 

studies conducted at Eglin and MacDill Fields, Florida, and Stockton Test 

Section No. 2, California, as reported in Appendix E. The densities of 

the pavements just listed were correlated with laboratory compaction and 

are discussed in Appendix E.  

93. The results of the field and laboratory correlation studies 

indicated that the construction densities of pavements approximately 

equalled those obtained in the laboratory using the original compaction 

procedure of 15 blows of the modified AASHO hammer on one side plus a 

5,000-lb static load. However, it was also indicated that if rolling 

procedures were carefully controlled these densities could be exceeded in 

the field and would approximate those attained in the laboratory with 15 

blows, each side, of the 10-lb hammer with 3-7/8-in. foot. Since it was 

not desired to have a separate compaction procedure for the construction 

control of bituminous pavements, further analysis was made and reported 

in Appendix E to determine the relationship between 15-and 50-blow compac

tion. Examination of the data shows that the 15-blow compactive effort 

produces a density that averages about 3 lb per cu ft less than the 50

blow compactive effort. This differential can be expressed either in terms 

of theoretical maximum density or unit weight. By either method, the 15-
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blow compactive effort produces a density that averages 98 per cent of 

that produced by the 50-blow compactive effort.  

Summary 

94. The results of the compaction studies, the review of test 

techniques, and the field and laboratory correlation studies are re

flected in Inclosure II, Procedures, whichis includedjwith this report.  

Also, the results of the tests relative to aggregates and fillers are 

further analyzed in Part III of the report. For this reason they are 

not further summarized at this time.
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PART III: ANALYSIS AND DISCUSSION 

Development of Test Properties 

General 

95. In the summary of Appendix D presented in Part II of this re

port, it was stated that the amount of asphalt in an asphalt mixture was 

the most important factor in determining its suitability for use as a 

pavement. If the asphalt content is low, the pavement is dry and brittle; 

cracking and spalling take place, and the pavement deteriorates rapidly.  

If the asphalt content is excessive, the same pavement mixture is plastic 

and will rut and shove under traffic. Illustrations of both rich and lean 

mixtures are shown in photographs 17 and 18. It will be shown that the 

range of asphalt contents is not great for a satisfactory mix, less than 

one per cent. Therefore, to accomplish the basic objective of this inves

tigation, which was to develop a satisfactory design method, it was neces

sary to develop "tools" whereby optimum asphalt could be accurately 

measured. In addition, it was desired to have a basis for making compar

isons between mixes and for evaluating them as to suitability for use.  

As has been explained, the Marshall apparatus was selected to measure 

stability and flow of asphalt mixtures prepared as test specimens. Also, 

five density relationships were determined. These are: total weight, 

aggregate weight, voids in the aggregate, voids in the total mix, and 

asphalt void ratio. The "tools" listed have been termed test properties.  

Inclosure I to this report presents the methods for computing these densi

ty test properties. In this discussion, each test property will be
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described individually and the effect of traffic on the test properties 

given. From the results of the test section, limiting criteria for the 

numerical values of each property will be presented to determine the 

suitability of the mixture for use. In addition, each property will be 

evaluated as to its utility to determine optimum asphalt for a given 

asphalt mixture. The correlation between the results obtained from the 

test section with the revised final laboratory procedures will then be 

presented. Finally the design procedure as developed will be demonstrated.  

Stability 

96. The term stability as used here refers to the resistance to 

compression of a standard test specimen tested in the prescribed Marshall 

apparatus. The stability is designated as the total load in pounds re

quired to produce failure. By reference to plate 4; it is demonstrated 

that if asphalt is the only variable, increasing the amount of asphalt in 

increments will increase the stability of prepared test specimens to a 

maximum amount and that further increments of asphalt beyond this amount 

will reduce the stability. In Appendix B, the peak of the stability curve 

was used to determine optimum asphalt content; however, as will be dis

cussed later in this report, it is not considered as the only criterion.  

It has been shown in the several appendices that the stability of mixes 

will respond to variations in the gradation and other physical factors of 

the mixture. Therefore, it is considered that stability measured at opti

mum asphalt can be used as one criterion to compare asphalt mixtures.  

Since stability values plot as a curve which first increases and then de

creases with additional increments of asphalt, it is obvious that equal
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stabilities can be measured at two widely different asphalt contents.  

To test one pavement at a single asphalt content and draw conclusions 

therefrom on the basis of stability only might be misleading unless the 

flow and other properties of the specimen are also known.  

Flow 

97. Flow as measured during the performance of the Marshall test 

is the total amount of movement recorded in hundredths of an inch at the 

point of maximum load in the stability test. On plate 4, it is shown 

that specimens prepared with increasing increments of asphalt have cor

respondingly higher flows. Unlike stability, the flow value does not 

reach a peak value and diminish but increases with each increase in 

asphalt. The flow value is considered a measure of the plasticity of 

the test specimen. A mixture that is deficient in asphalt will be dry 

and brittle and will break quickly under test with a small flow value.  

On the other hand, one that has an excess of asphalt will deform a great 

deal before breaking and the flow value will be large. Stability and 

flow must be used together to properly evaluate either property. For 

example, a specimen with a stability of 500 and a flow of 15 may be 

superior to another specimen having a stability of 1000 and a flow of 30 

since the latter specimen probably would be much more plastic and would 

deform under constant load to a greater amount than the first. Since the 

flow increases with additions of asphalt without reaching a peak or maxi

mum value, criteria for its use must be developed from field observations 

of pavements subjected to traffic.



Density 

98. Total weight. The total weight of a compacted asphaltic mix

ture is the weight of both the aggregates and the asphalt expressed in lb 

per cu ft. It is the first density determination made and all other den

sity values are computed from it. On plate 4, the variation in total 

weight with increments of asphalt is shown. As the asphalt content is 

increased, the weight increases to a maximum and further increases in the 

amount of asphalt result in a decrease in the total weight. The increase 

in total weight is accounted for by the fact that additional asphalt re

duces intergranular friction during compaction which permits the- aggregate 

to be seated together more compactly; also, each added increment of 

asphalt up to a certain amount occupies a greater per cent of the voids 

between aggregate particles, thus adding weight to the mass. For a given 

compactive effort, a point is reached where the asphalt replaces aggre

gate in the mass and, being a lighter material, causes a reduction in the 

total weight of the specimen. For extremely coarse and open gradations, 

particularly in asphaltic concrete binder courses, it is not always possi

ble to develop typical asphalt versus total weight curves because the 

voids between aggregate particles are excessively large and will not re

tain additional increments of asphalt. The fact that the curve reaches a 

maximum value suggests its possible use as a tool in selecting optimum 

asphalt. Criteria for its use must be developed from field behavior.  

99. Aggregate weight. With the total weight of the specimen deter

mined by test and knowing the per cent of asphalt that has been added (or 

determined by extraction) the unit weight of the aggregate portion may be 

found by computation. A typical curve in which aggregate weight is
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compared with variation of asphalt is shown on plate 4. This curve is 

similar in shape to the total weight curves previously discussed. From 

the total weight curves, the amount of asphalt required to produce the 

greatest total weight of the test specimen can be determined. The curves 

based on the aggregate fraction permit the selection of an asphalt con

tent which allows maximum aggregate weight. In all cases the asphalt 

content required to produce maximum aggregate density is less than that 

required for maximum total density. Because the aggregate weight data do 

not always develop a well-defined curve, they are not consistently reli

able for use in selecting optimum asphalt.  

100. Per cent voids total 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 per cent solids is per cent voids total mix. It is 

therefore a matter of choice as to .which of these properties is discussed.  

On plate 4, curves for this test property are plotted with a scale showing 

the per cent 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 is 

added the voids in the aggregate fraction become less until a point is 

reached where the mass contains a minimum of voids and any further increase 

in asphalt spreads the aggregate particles apart leaving the per cent voids 

virtually unchanged. Therefore, the point on the curve where the rate of 

curvature changes indicates the per cent asphalt required to secure the 

maximum practical density. It should be noted that this change in curva

ture is not always sharply defined (particularly for coarse, open-graded 

materials) so that an optimum asphalt content can be only roughly
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determined by a change in the rate of curvature. Limiting values for per 

cent voids total mix must be established as a result of actual field tests 

in order that this property be of value in selecting an optimum asphalt 

content.  

101. Per cent voids aggregate only. The aggregate weight may be 

converted to volume by calculation (see Inclosure I) and expressed as a 

per cent of the total volume of the mixture. The volume occupied by the 

aggregate expressed as a ratio of the total volume of the mixture may be 

termed "per cent solids aggregate only". The complement of this value is 

termed "per cent voids aggregate only". The amount of asphalt that pro

duces the greatest aggregate weight is the same amount as will produce 

the least per cent voids in the aggregate. The principal value in com

puting and studying the property is to gain information relative to the 

amount of the voids that may Ve expected when different aggregate types 

and gradations and fillers are compared.  

102. Per cent voids filled with asphalt. The ratio of the volume 

of asphalt in a mix to the aggregate voids may be expressed as the per 

cent voids filled with asphalt or as the asphalt void ratio. For example, 

if the aggregate occupies 80 per cent of the volume of a test specimen, the 

voids available for asphalt are 20 per cent. If the asphalt occupies 15 

per cent of the volume of the specimen, then 15/20 or 75 per cent of the 

available voids are filled. It may be seen on plate 4 that the per cent of 

the voids filled increases with each increment of asphalt and would theo

retically reach but never exceed 100 per cent. Since the curve for this 

property does not reach a maximum value and then decrease, criteria for its 

use must be established by limiting values determined from field tests.
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Effect of Traffic on Test Properties 

103. The effect of traffic on the test properties as determined 

from the several items of the test section is discussed herein. Only 

three properties, stability, flow, and total weight are presented on 

plate 5, since the remaining properties vary in direct relation to changes 

in the total weight for any given mix. During the traffic operations, 

cored test specimens were removed from each item at intervals and their 

test properties measured. The results of one aggregate mixture (Mix 11) 

for three asphalt contents are used as a typical example. Mix 11 is an 

asphaltic concrete composed of 50 per cent crushed limestone aggregate 

coarser than a No. 10 sieve with sufficient limestone filler added to make 

the amount passing the No. 200 sieve about 5 per cent. As noted in the 

summary of Appendix C, the mix was placed on the main test tracks at three 

asphalt contents: optimum (asphalt content at maximum stability, 15 blows 

of a 10-1b hammer plus 5000-lb static load), 10 per cent less than opti

mum, and 20 per cent less than optimum. The curves shown on plate 5 are 

based on the average results of this asphalt mixture placed in eight loca

tions in the test section and subjected to 3500 coverages of a 15,000-lb 

wheel load. The average results are considered satisfactory since the 

mix was identical in each location, the only variation being the type and 

thickness of material upon which the wearing course was placed. In the 

case of Mix 11, the wearing course was placed 1-1/2 in. thick on crushed 

rock, sand-clay less, and sand-loess bases, and 1-1/2 to 2 in. thick on 

binder courses overlying the same base materials. In computing the aver

age values, items were used only where there was no failure for any reason
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whatsoever. Under such circumstances, it is believed that the changes in 

density, stability, and other properties can be shown as average values 

which tend to eliminate the scattering of test results which are present 

to some extent in any test.  

Stability 

104. On plate 5 the variation in stability with coverages is shown 

for three asphalt contents. As constructed, the pavement items placed at 

optimum asphalt (determined in the preliminary design to be 6 per cent) 

and the items placed at 10 per cent less than optimum asphalt (5.4 per 

cent) both had an average stability of 440 lb. Items placed at 20 per 

cent less than optimum asphalt had the lowest stability averaging about 

330 lb as constructed. As the pavement items were subjected to coverages 

of a 15,000-lb wheel load, the stability of all items at the three asphalt 

contents increased constantly to 3500 coverages. The items that contained 

minus 20 per cent asphalt increased in stability more rapidly than the 

others so that they not only equalled but exceeded items with optimum and 

minus 10 per cent asphalt. The items containing optimum asphalt increased 

the least so that at the end of 3500 coverages, the order of the items 

from lowest to highest was completely reversed from their order at the 

start of the tests.  

Flow 

105. The flow values of the three asphalt contents for Mix 11 as 

constructed were 14, 14, and 16 for minus 20, minus 10, and optimum 

asphalt content respectively. These variations are considered negligible.  

The pavement items with optimum asphalt increased slightly in flow and at
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the end of 3500 coverages amounted to 19 or a gain of three points.  

Items placed at minus 10 per cent asphalt changed scarcely at all during 

the entire test and were 15 upon completion of tracking. The minus 20 

per cent 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-lb wheel load show that the items containing optimum 

asphalt had well-defined or pronounced tire prints, showed indications of 

very slight rutting and shoving, and otherwise gave indications that the 

asphalt content was slightly high. The fact that the flow increased with 

traffic is believed to be significant. The items containing minus 10 per 

cent asphalt performed satisfactorily under traffic without appreciable 

movement or marking. It is pointed out that the flow in this case neither 

increased nor decreased with traffic coverages. The items that contained 

minus 20 per cent asphalt also were entirely satisfactory and did not mark 

under traffic. Since the flow decreased slightly, it is suggested that 

the amount of asphalt was a trifle deficient and the pavement was becoming 

more brittle with coverages.  

Unit weight total mix 

106. As shown on plate 5, at the time of construction the items 

placed at optimum asphalt had the greatest density, 146.5 lb; those placed 

at minus 10 per cent were next at 145.9 lb; and items placed at minus 20 

per cent had the least density, 145.0 lb; all expressed as average values.  

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 3500 coverages, the density
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of the items at the two lower asphalt contents was nearly identical at 

150.7 and 150.8 lb per cu ft while optimum asphalt items had increased 

to only 150.3 lb. In round numbers the gain in density amounted to 6, 5, 

and 4 lb 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 addi+ 

tional coverages would have been negligible.  

Test properties versus asphalt content 

107. On plate 6 the changes that take place with coverages of a 

15,000-lb wheel load on pavements containing Mix 11 placed at three 

asphalt contents are shown for all seven test properties. In this plate 

the data are shown as typical test property curves versus asphalt content 

at 0, 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 reduced as 

the coverages increased.  

Discussion 

108. Both the density and the stability of all items increased 

with traffic. The increase in density must result in a tighter packing 

of 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. The increase in flow 

is believed to indicate that the voids are becoming overfilled and is



65

reflected by a more plastic condition of the pavement. From a study of 

the change in flow value with coverages together with a study of the 

correlation of flow value with behavior, it is believed that the follow

ing statements are valid.  

a. If the flow initially is below about 20 and decreases 
with coverages, the mix is probably somewhat deficient 
in asphalt and the increase in density results only in 
a closer packing of the aggregate particles, resulting 
in a more rigid mix.  

b. If the flow is below about 20 and neither increases nor 
decreases with coverages, the increase in density which 
tends to produce rigidity is offset by the asphalt con
tent which fills a greater per cent of the voids.  

c. If the flow initially is above about 20 or increases to 
above 20 with coverages, the indications are that there 
is an excessive amount of asphalt in the mix. (The se
lection of the flow value of 20 as the maximum limit is 
presented in a subsequent paragraph.) 

109. With the possible exception of flow, the numerical values for 

all test properties are variables which are dependent entirely upon the 

amount of compaction that has been applied. Still referring to Mix 11 

the density of the items with minus 20 per cent asphalt varied between 

145.0 and 150.8 lb per cu ft. This change can also be expressed as an 

increase in the per cent of maximum theoretical density (per cent solids) 

from 91.9 to 95.6 per cent. To say that this particular mix was designed 

to have, say, 95 per cent density is true only for one particular condi

tion 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 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.
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Limiting Criteria 

General 

110. In the preceding paragraphs, the test properties developed 

during the laboratory phase of the investigation by which asphalt mixes 

can be compared and evaluated have been presented. Also, the changes in 

the numerical values of these test properties that were produced in 

actual pavement items subjected to traffic (increased compactive effort) 

have been described. The limiting criteria for each test property will 

be developed in the subsequent paragraphs for satisfactory asphaltic con

crete, stone filled sand asphalt, and sand asphalt mixes which will be a 

summary of the factual data presented and analyzed in Appendix D.  

Observations and tests 

111. During the accelerated traffic tests the performance of each 

pavement item was recorded at intervals from visual observations. These 

observations were grouped appropriately by type of pavement behavior and 

are listed as tire printing, cracking, rutting and shoving, longitudinal 

movement, and roughness. Each behavior characteristic was in turn de

scribed as to the degree present in the pavement by four adjective ratings: 

none, faint, well-defined, and pronounced. Illustrations of each type of 

observation showing the several degrees of rating are shown in photographs 

5-14. The results of these observations have been tabulated and analyzed 

in Appendix D, Volume 3. Based on the conclusions reached from a study 

of these observations, each asphalt mixture at each asphalt content has 

been evaluated as approaching brittle, satisfactory, border plastic, or 

plastic. The average test property values at 'definite coverages in the
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traffic program are presented in tables 1 and 2 and are grouped in accord

ance with the pavement evaluation procedure just described.  

112. In the two main tracks there were 486 pavement items which 

were subjected to test; in addition, there was a large number of items 

in the turnarounds. Since the test property values were not constant but 

changed with the amount of traffic, each item was sampled by cores before 

traffic, at intervals during traffic, and after traffic. It can be seen 

that the amount of data which was obtained is enormous. A series of steps 

was taken, therefore, to reduce the data to workable proportions. The 

data for the same mix and asphalt content from the various locations in 

the test section were averaged as explained in paragraph 103 and curves 

of test properties versus coverages were plotted. From these curves, 

values were determined at intervals of traffic coverages; namely, zero, 

500, 1500, and 3500; the 3500 coverage data being available only for the 

15,000-lb wheel load. From this compilation of data it was seen that the 

properties changed a great deal between zero and 500 coverages and at a 

much slower rate thereafter. It was desired to select criteria which 

would be representative of a pavement 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-lb single wheel and 60,000-lb dual wheel, the 

test property values determined for all mixes were selected for study at 

500 and 1500 coverages. In the detailed analysis presented in Appendix D, 

it was shown that for any given number of coverages the density of a mix 

was approximately the same for the three wheel loads used in these tests.  

The data to support the analysis are contained in tables D5-D7 of Appendix
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wheel loads were therefore combined for each mix. Tables 1 and 2 present 

a summary of the data showing the maximum and minimum test property 

values that were measured for each mix at its several asphalt contents.  

Selection of satisfactory test properties -- asphaltic concrete 

113. There were six asphaltic concrete mixes placed in the two 

main tracks each of which was laid at three asphalt contents. Mixes 10, 

11, and 12 were composed of crushed limestone, while Mixes 13, 14, and 

15 were composed of uncrushed gravel as the coarse aggregate fraction.  

In each series the mix with the lowest number had no filler added while 

that with the highest number had sufficient limestone dust added to bring 

the total filler to about 10 per cent. Referring to table 1, the range 

of values for mixes that are classed as brittle, satisfactory, and plastic 

can be readily seen. Brief statements for each property are made in the 

following paragraphs and are based on the data presented in table 1.  

114. Stability. It is seen that the average stability of all mixes 

did not vary a great deal when comparing brittle with plastic pavements.  

Stability by itself is therefore not a criterion of pavement quality.  

Since all satisfactory pavements had a stability of about 500 or greater 

after 500 to 1500 coverages, this figure is selected as the minimum figure 

desired for design purposes. The point of maximum stability on a stabil

ity versus asphalt curve can be used to select the proper asphalt content.  

This is shown in later paragraphs.  

115. Flow. It has been found that the numerical value of flow 

does not vary a great deal until the mixture contains an excess of asphalt.
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For this reason, the difference between brittle and satisfactory mixes 

is not reflected in the flow values. It is noted, however, that the 

plastic mixes have higher flow values. The critical value indicated as 

borderline between satisfactory and plastic pavements for flow is about 

20 and this value has been selected as the maximum recommended for use.  

116. Unit weight total mix and aggregate only. Limiting criteria 

for the numerical value of these properties cannot be established since 

the specific gravity of the material can cause wide variations in the 

weight of mixes of equal quality. However, it will be shown elsewhere 

that the asphalt content required to produce the maximum unit weight 

total mix for any particular aggregate is within the range that produces 

a satisfactory pavement.  

117. Per cent voids total mix. The voids in the mix are reduced 

as the pavements vary between brittle and plastic. For brittle mixes in 

this test section the deficiency in asphalt produced voids in excess of 

about 5 per cent. Also, mixes that were satisfactory varied between about 

3 and 5 per cent while plastic pavements generally contained less than 3 

per cent voids.  

118.' Per cent voids aggregate only. It can be seen from a review 

of the data presented in table 1 that the per cent voids aggregate only 

is not a significant value since there is no trend in the values in the 

three plasticity brackets. Limiting criteria for per cent voids aggre

gate only therefore cannot be established. For any given mixture, there 

is an asphalt content which will produce a minimum amount of aggregate 

voids; this quantity is within the range of acceptable asphalt limits for 

such a mix as will be shown later in this report. No limiting criteria
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relative to the per cent of aggregate voids are therefore presented.  

119. Per cent voids filled with asphalt. The data indicate that 

brittle mixes contain only enough asphalt to fill about 70 per cent or 

less of the available aggregate voids. For satisfactory mixes, between 

75 to 85 per cent of the voids were filled while a plastic mix was pro

duced in general when the value exceeded 85 per cent.  

Selection of satisfactory test properties -- sand asphalt 

120. A summary of the data for the sand asphalt mixes is presented 

in table 2. In this case the data for the items in the main tracks are 

combined with those from the turnarounds. There were two reasons for 

this: (a) in general, all sand asphalt mixes in the main track tended to 

contain too much asphalt; therefore, the tests yielded only limited data 

for satisfactory mixes and none for brittle mixes; and (b) there were not 

sufficient items of sand asphalt in the main test track to establish 

adequate data as a basis for selecting limiting criteria. It is recognized 

that inclusion of the turnarounds introduces the possibility of minor 

errors since the coverages could not be accurately determined. However, 

these errors are not great and are not believed to seriously impair the 

validity of the criteria selected. An analysis was made of the data con

tained in table 2 for each test property in the same manner as was first 

developed for asphaltic concrete. Since the results are similar, the 

analysis will not be repeated; however, the analysis for two test proper

ties, per cent voids total mix and per cent voids filled with asphalt, 

indicates that the range for each is slightly different for sand asphalt.  

The plastic and border plastic mixes had values for per cent voids total
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mix of from 3 to 5 per cent and the satisfactory mixes had from 5 to as 

much as 10 per cent. On this basis the range of acceptable values for 

per cent voids has been established between 5 and 7 per cent. The range 

of values for per cent voids filled with asphalt for satisfactory mixes 

was generally between 65 and 75 per cent with plastic mixes ranging above 

75 per cent and brittle mixes below 65 per cent. The reason for this 

difference in the range of values between asphaltic concrete and sand 

asphalt must be speculative; however, it is believed that the coarse 

aggregate in the asphaltic concrete produces stability to a large extent 

by resistance to shear, and possesses a high angle of internal friction.  

The addition of asphalt to such mixes to a maximum amount permits these 

particles to seat more closely together and increases the resistance to 

shear. Sand asphalt, on the other -hand, probably depends on resistance 

to shear to a lesser extent and achieves maximum stability through cohe

sion of the asphalt films on the sand aggregate particles. It appears 

reasonable to assume that these films should be somewhat thinner to pro

duce maximum stability at a satisfactory flow than is required to produce 

comparable properties where internal friction is the larger factor.  

Stone filled'sand asphalt 

121. In the preceding paragraphs the range in test properties has 

been presented for both asphaltic concrete and sand asphalt mixes. The 

data available to establish the same limits for stone filled sand asphalt 

are limited. By definition, as will be explained later under aggregate 

gradation, stone filled sand asphalt in general has less than about 35 to40 

per cent coarse aggregate by weight and there is no interlocking of the
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coarse aggregate fraction. Stone filled sand asphalt therefore will have 

gradations between sand asphalt and asphaltic concrete. No range of sat

isfactory values is established because of the limited available data.  

Binder mixes 

122. Only a limited range of gradations and asphalt contents of 

binder mixes were included in the test section. All of the mixes were 

satisfactory and had test properties in the same range as the asphaltic 

concrete. But since binder mixes are intended to contain less asphalt 

than wearing courses mixes, it is felt that a wider range of test proper

ties should be accepted. The study of bituminous binder and base courses 

for the purpose of establishing suitable test properties is being con

tinued.  

Optimum asphalt content 

123. In the preceding paragraphs, the ranges of properties for 

satisfactory mixes have been presented. It is expected that if these 

ranges are used for evaluation of mixes they will eliminate from use 

aggregate mixes that may be unsatisfactory. Also, it was suggested that 

the midpoint of the range of per cent voids total mix and per cent voids 

filled with asphalt and the critical value for flow would be useful 

"tools" in selecting optimum asphalt. For the other four properties, 

stability, total weight, aggregate weight, and per cent voids aggregate 

only, it is considered that optimum asphalt should be selected from the 

peak of their respective property curves, plate 6. To demonstrate the 

applicability of these to selecting optimum asphalt, comparisons will be 

made of the asphalt contents selected using the tools with the range of
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satisfactory asphalt contents for the test section mixes which have been 

established by actual traffic tests and evaluated in Appendix D. On the 

basis of these comparisons, the combination of test properties which 

gives asphalt contents most nearly equal to the satisfactory field ranges 

will be recommended as tools for selecting optimum asphalt.  

124. Field correlation. Table 3 is reproduced in this report from 

table D9, Appendix D. The table lists the asphalt content indicated by 

each test property for nine mixes when subjected to 500 and 1500 coverages 

of the three wheel loads. The values are obtained from curves for each 

test property plotted against asphalt content which are listed as plates 

D85-Dlll of Appendix D. Also appearing on the table are ranges of asphalt 

contents for each mix that proved to be satisfactory by actual traffic 

performance which were taken from table D3 of Appendix D. The arrangement 

of the table is such that comparisons of the asphalt contents selected for 

each mix can be made for each property independently and in combination 

with the other properties. For example, the first three lines of the 

table show, in order, the asphalt contents selected by three of the pro

perties, stability, midpoint of the range of per cent voids total mix, 

and midpoint of range of per cent total voids filled with asphalt. The 

fourth line shows the average of the three preceding lines. Similarly, 

the fifth line shows the values selected by the unit weight total mix 

curves, and the sixth line is a new average of all preceding values.  

125. From table 3 it is seen that there is no appreciable trend 

for the asphalt content to vary with wheel load for any mix. This is 

considered significant and as discussed in a previous paragraph indicates 

that the compactive effort produced by each wheel load was similar and
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produced very nearly the same density at equal coverages. Because there 

is no significant difference, the asphalt content for all three wheel 

load values is averaged for each mix as shown. The asphalt contents 

selected on the basis of test results at 1500 coverages appear to be from 

0.1 to 0.3 per cent lower than for results at 500 coverages. This reduc

tion is caused by the added compaction as explained in paragraph 107. In 

Appendix D, paragraph 190, it is stated that the reduction in the optimum 

asphalt content between 1500 and 3500 coverages (15,000-lb wheel load) is 

small and can be disregarded. For this reason, it is believed that the 

selection of optimum asphalt on the basis of data for 500 to 1500 cover

ages will be satisfactory for an unlimited number of coverages.  

126. A study of table 3 shows that the asphalt content selected on 

the basis of the unit weight aggregate only and per cent voids aggregate 

only is generally lower than the asphalt content selected on the basis of 

any of the other test properties. This is especially true for the 

asphaltic concretes. Further, it is usually below the range of accept

able values. Since more asphalt is desirable, these two properties can 

be eliminated. Conversely, the asphalt content selected on the basis of 

a flow of 20 tends to be higher than desirable. The value of 20 for flow 

represents the upper limit of satisfactory mixes rather than the middle 

of the range. Further, the flow curve is so shaped that the selection of 

an average intermediate value for selecting asphalt is not possible. For 

these reasons, it is considered that the flow should be used as a check 

on the plasticity of a mix rather than as a criterion in selecting the 

asphalt content.  

127. By reference to table 3, it is seen that the asphalt contents
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selected for asphaltic concrete (Mixes 10-15) on the basis of 4 per cent 

voids total mix and 80 per cent voids filled with asphalt are in reason

able agreement with the asphalt contents determined as satisfactory under 

traffic, but tend to be near the low end of the acceptable range. The 

asphalt contents selected for sand asphalt on the basis of 6 per cent 

voids total mix and 70 per cent voids filled also show a slight trend to

ward the low end of the acceptable range but not so much as the asphaltic 

concrete. Since these properties give asphalt contents near the low end 

of the acceptable range, it seems desirable to include the asphalt con

tents at the peaks of the stability and unit weight curves since these 

are generally higher and would tend to bring the average value hearer the 

midpoint of the acceptable range. Also, it should further be considered 

that the values for per cent voids total mix and per cent voids filled 

with asphalt are based on determinations of the specific gravity of each 

part of the mix, bitumen, coarse aggregate, sand, and filler. If any of 

these specific gravity values are in error or if the actual proportions 

of each ingredient are different than that used in the calculations, then 

the results will be erroneous in proportion to these errors. Stability 

and unit weight total mix are determinations made independently of the 

others. It is therefore considered desirable to use all four properties 

in selecting the proper asphalt content of a mix. Each of the four test 

properties, if performed accurately, is shown to be satisfactory; there

fore, they act as checks on each other and assure more reliable analysis 

of the available data.  

128. On the basis of the discussion given above, it appears that 

optimum asphalt should be the average of the asphalt contents based on
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the following criteria: the peaks of the stability and unit weight 

curves, and the midpoints of the satisfactory ranges for voids total mix 

and per cent voids filled with asphalt. The stability and unit weight 

criteria are the same for both asphaltic concrete and sand asphalt, but 

the satisfactory ranges for the voids are different for the two types of 

mixtures. The difference, however, is not great and consideration was 

given to combining the void criteria limits into single values for the 

two types of asphalt mixtures. This was not done, however, for reasons 

that are given in the following paragraph.  

129. As has been pointed out previously in the report (paragraph 

113) two basically different types of aggregate were used in the asphaltic 

concrete mixes. Further definite values were secured for mixes determined 

to be both on the lean and rich sides of optimum. Also all data presented 

are from pavement items in the main test tracks. For these reasons the 

criteria limits established for asphaltic concrete are believed to be 

entirely valid. In paragraph 120 it is shown that the data for sand 

asphalt were less valid since mixes from the turnarounds are included and 

in general the sand asphalt mixes were on the rich side of optimum. To 

select single criteria for per cent voids total mix and per cent voids 

filled with asphalt on a compromise basis would have the effect of giving 

weight to the sand asphalt data equal to that given the asphaltic con

crete. Such a compromise would reduce the asphalt content for asphaltic 

concrete and increase it for sand asphalt mixtures. This is considered 

undesirable. If the asphaltic concrete criteria were adopted for all 

types of mixtures, certain of the sand asphalt mixes in the test section 

which were plastic would be evaluated as being satisfactory. Therefore
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in this report separate criteria are recommended for asphaltic concrete 

and sand asphalt mixes. It is believed that the asphaltic concrete cri

teria are entirely valid while the criteria for sand asphalt are con

sidered as tentative and may be subject to revision as additional data 

become available.  

130. Summary. On the basis of the field correlations discussed 

above, the following limiting criteria are recommended for the design 

and control of asphaltic concrete and sand asphalt paving mixtures. Data 

are not available to set limits for stone filled sand asphalts; however, 

it is considered that the limits would fall between those proposed for 

asphaltic concrete and sand asphalt. Binder mixes meeting the criteria 

listed below for asphaltic concrete are considered satisfactory; however, 

wider limits are believed allowable for binder courses although the 

allowable range was not determined in these tests.  

Test Property Limiting Criteria Select Asphalt At 
Asphaltic Sand Asphaltic Sand 

Concrete Asphalt Concrete Asphalt 

Stability Min. of Min. of Peak of Peak of 
500 500 curve curve 

Flow Max. of Max. of -
20 20 

Unit Weight Total Mix - - Peak of Peak of 
curve curve 

Per Cent Voids Total Mix 3 - 5 5 - 7 4 6 

Per Cent Voids Filled 
with Asphalt 75 - 85 65 - 75 80 70 

Laboratory design method 

131. General. In the initial laboratory investigation reported in



Appendix B, the test specimens were compacted with 15 blows of a 10-lb 

hammer falling 18 in. and striking a foot 1.95 in. in diameter. This 

supplemented by a 5,000-lb static load applied for 2 min. The density 

produced by this compactive effort was estimated to duplicate the density 

normally found in an asphalt pavement subjected to normal rolling. All 

items placed at this density in the test section later increased under 

traffic as has been discussed. hlso, this increase in density reduced the 

optimum asphalt content for any pavement mixture. The limiting criteria 

for the four test properties (not including flow) selected in the proced

ing paragraphs are based on values for items that have been subjected to 

traffic in the test section. This traffic is considered to be sufficient 

to determine accurately an asphalt content that will produce a mixture 

which will be satisfactory for an unlimited amount of traffic. When 

used to evaluate laboratory specimens, these criteria are considered valid 

only if the specimens are subjected to a compaction technique which, when 

applied to the same asphalt mixes as were used in the test section, per

mits the selection of the same asphalt content as was selected by the 

traffic tests. It is important to note that the laboratory study was not 

made to reproduce a compaction equal to some finite number of coverages.  

This is an unnecessary refinement practically impossible of attainment 

and without any particular value. It should be remembered that while 

stability and density change with coverages the volume of asphalt is not 

a variable and must be included in the proper amount at the time of con

struction. The amount must be satisfactory for all degrees of density 

to which the pavement mixture will subsequently reach. The complete 

laboratory correlation program is discussed in detail in Appendix E.
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A summary of the compaction requirements will be discussed in the follow

ing paragraphs.  

132. Laboratory compaction. At the time the wearing course items 

of the test section were constructed, samples of the aggregate for each 

mix as processed through the plant were stored for laboratory use. Using 

this material, the six asphaltic concrete and three sand asphalt mixes 

found in the main track wearing course were compacted in the laboratory 

for a range of asphalt contents. The compactive effort consisted of the 

same hammer used in the original studies but instead of 15 blows the com

pactive effort was increased in three increments. Three series of speci

mens were prepared at 40, 55, and 75 blows, respectively, applied to each 

side of the test specimen and which were leveled by momentarily applying 

a 500-lb static load. Optimum asphalt was selected for each mix and for 

each compactive effort in accordance with the criteria listed in para

graph 130. These data are included in table 4. Also included in this 

table is the range of satisfactory values selected from traffic behavior 

and which appeared at the bottom of table 3. From table 4 it is seen 

that the optimum asphalt content for each mix is reduced with an increase 

in laboratory compactive effort. Also, the optimum asphalt contents for 

the various compactive efforts fall within the range of acceptable values 

determined by traffic test with individual exceptions for Mixes 7 and g 

sand asphalt. It is considered desirable for the asphalt content to 

approach the high side of the range of acceptable values because some 

airfield facilities do not receive heavy continuous traffic. On this 

basis a compactive effort of 40 blows of the original hammer applied to 

each side of the specimen permitted the selection of reasonable asphalt 

values.



133. However, it had been found advantageous to increase the size 

of the compaction foot from 1.95 to 3-7/8 in. in diameter. This increase 

in size was desirable from three standpoints: (a) it eliminated the 

necessity of spacing the blows in the mold which permitted easier mechan

ization of compaction equipment; (b) greater uniformity in the density of 

duplicate specimens was obtained; and (c) degradation of aggregate during 

compaction was reduced. The change necessitated a study to determine the 

compactive effort required with the new foot to equal that produced by 40 

blows of the original hammer on the 1.95-in. foot. These comparisons are 

also shown in table 4. It may be noted that compaction with the original 

hammer was repeated for the mixes included in this latter study. This 

was done because the mixes in the latter study were prepared synthetically 

in the laboratory whereas in the previous study the original aggregate 

was used. As a further check, an asphaltic concrete blend was prepared 

using slag as the coarse aggregate. Specimens were prepared at varying 

asphalt contents and compacted with 40 blows of the hammer with the 1.95

in. foot and with 40 and 50 blows (each side of the specimen) of the 

hammer with 3-7/8-in.-diameter foot. It may be seen on table 4 that the 

optimum asphalt contents for 40 blows of the hammer on the 3-7/8-in. foot 

are consistently higher than those for the 40 blows on the original foot.  

A comparison of the values for 50 blows of the hammer on the 3-7/8-in.  

foot with 40 blows of the original hammer shows optimum asphalt contents 

in all cases within 0.1 per cent for each of the blends tested. On this 

basis, 50 blows applied to each side of the specimen with a 10-lb hammer 

falling 18 in. and striking a foot 3-7/8 in. in diameter were selected as 

standard for design purposes.



134. Illustration. The use of the laboratory design method is 

illustrated by reference to plate 16. This plate shows curves of test 

property versus asphalt content for an asphaltic concrete mix. The curves 

were prepared from the results of tests conducted on specimens compacted 

by the design compaction effort of 50 blows applied to each face of the 

test specimen with a 10-lb hammer dropping 18 in. striking a 3-7/8-in.

diameter foot. The specimens were compacted at the asphalt contents 

indicated on the plots. Using the criteria recommended in paragraph 130, 

the following asphalt contents are selected on the basis of each criteria: 

At peak of stability curve 5.2 per cent 

At peak of unit weight total mix curve 5.5-per cent 

At 4 per cent voids total mix 5.8 per cent 

At 80 per cent voids filled with asphalt 6.3 per cent 

Average 5.7 per cent 

The indicated optimum asphalt is therefore 5.7 per cent. Picking off 

values for each test property at this asphalt content from the curves on 

plate 16, the following values are obtained.  

Test Property Acceptable Range of 
Property Value Test Property Values 

Flow 14 lhaximum 20 

Stability 700 Minimum 500 lb 

Voids total mix 4.0 3 to 5 per cent 

Voids filled 76 75 to 85 per cent 

Since all of the properties fall within the range of tolerance listed for 

each, the asphalt mixture is considered to be satisfactory and the optimum 

asphalt is acceptable as 5.7 per cent.



Density requirements for construction control 

135. The compactive effort selected for design purposes (50 blows 

on each side of specimen) produces higher densities than are usually ob

tained by construction rolling. For this reason, it is necessary to 

determine the relation which exists between the density of the design 

specimens and that which will insure thorough rolling of the pavement at 

the time of construction. The compaction and correlation studies pre

sented in Appendix E, Volume 3, indicate that the construction density 

resulting from the application of good rolling practices i~s equal to about 

15 blows applied to each side of the specimen with a 10-lb hammer and an 

18-in. drop striking a foot 3-7/8 in. in diameter. A series of compari

sons is also presented in Appendix E in which the difference between 15

and 50-blow compaction is established. The data indicate that the density 

secured from 15-blow compaction will average 98 per cent of that secured 

with 50 blows. This percentage reduction can be applied to either the 

unit weight total mix in lb per cu ft or to the per cent of the maximum 

theoretical density. It is recommended that the density requirements for 

construction control be 98 per cent of the density obtained in the labora

tory with 50 blows of the adopted hammer applied to each face of the 

specimen.  

Pavement Thickness and Stability Requirements 

136. A complete analysis of the data pertaining to the thickness 

and stability requirements for wheel loads of 15,000 and 37,000 lb on a 

single and 60,000 lb on a dual wheel is presented in Appendix D, Volume 

3. The results will be briefly summarized in subsequent paragraphs. It



is considered that a wearing course is provided over a base to perform 

the following functions: (a) waterproof the base; (b) supply a smooth, 

cohesive surface capable of withstanding the shearing and impact forces 

applied thereto; (c) protect the underlying base and subgrade from detri

mental shear; and (d) reduce detrimental consolidation. The first func

tion is beyond the scope of these tests. However, general experience 

indicates that the voids in a finished pavement should be low. Pavements 

with 5 per cent voids or less may be readily designed and are considered 

to be impervious to the infiltration of water. Pavement thickness and 

stability are principal factors to be considered in functions b, c, and 

d. Thickness and stability requirements for pavements placed on a base 

of high quality are presented first followed by the requirements for 

bases of lesser quality. The data are then summarized and final recommen

dations presented.  

Pavements on high-quality base 

137. Thickness requirements to prevent base shear. Four sections 

of pavement were placed on a high-quality crushed rock base (plate 3).  

CBR tests on this material showed an in-place value of 74 per cent before 

and 80 per cent after traffic. The pavement for two sections was asphal

tic concrete which was placed 1-1/2, 3, and 5 in. thick. One section was 

paved with sand asphalt 2, 4, and 6 in. in thickness, and there was a 

short section surfaced with a double surface treatment approximately 3/4 

in. thick. The results of the traffic tests showed no indication of 

shear in the base under any thickness of pavement or the surface treat

ment under any of the three wheel loads. The data indicate that thickness



of pavement is not a factor in preventing shear deformation in a high

quality base; therefore, the minimum pavement was satisfactory.  

138. Thickness to prevent settlement. Settlement is the vertical 

downward movement of the traffic lane. Except where base failure or rut

ting and shoving occurred settlement was due to consolidation of the 

pavement and underlying materials. Consolidation of the pavement was 

very minor amounting to a maximum of about 0.3 in.; therefore, most of 

the settlement occurred in the base and subgrade. Observations of settle

ment were made throughout the traffic tests and were tabulated in Appendix 

D under four descriptive categories defined as follows: none, less than 

1/4 in.; faint, 1/4 to 1/2 in.; well-defined, 1/2 to 1 in.; and pronounced, 

in excess of 1 in.  

139. An analysis of the data tabulated in Appendix D definitely 

indicates that the 15,000-lb wheel load produced less settlement than the 

37,000- and 60,000-lb wheel loads. Of the two latter loads, the 37,000

lb apparently was slightly more severe. There was a definite trend for 

settlements to be less severe as the thickness of the pavement increased 

provided the asphalt mixture was satisfactory. This can best be illus

trated in a summary taken from Appendix D in which only satisfactory items 

(including a few sand asphalt items) are considered.  

Pavement 15,000-lb Lane 37,000- & 60,000-lb Lanes 
Thickness Well Pro- Well Pro

in. Faint Defined nounced Faint Defined nounced 

1.5 10 5 - 1 19 10 
3.0 8 6 1 7 21 2 
5.0 15 - - 10 19 1 

In this table, data for the 15,000-lb load are listed separately from 

the 37,000- and 60,000-lb loads. The figures in each column represent



the number of items in which the indicated degree of settlement occurred.  

These data show that increasing the thickness of pavement is effective in 

reducing the amount of settlement. This trend is especially definite for 

the 37,000- and 60,000-lb wheel loads. If pronounced settlement (in excess 

of 1 in.) which might produce surface irregularities or "bird baths" are 

detrimental, then it is indicated that on the crushed rock base 1-1/2 in.  

and 3 in. of pavement are sufficient, respectively, for the 15,000-lb 

wheel load and the 37,000-lb single and 60,000-lb dual wheel loads.  

140. Stability. In the discussion of test properties, it was 

shown that equal stability values can be measured for the sane mixture 

at two asphalt contents, one stability slightly over and one slightly 

under the optimum asphalt content. Therefore, all comparisons must be 

made with mixes that not only have comparable stability but satisfactory 

flow values (20 or less). In general, the flow values for mixes placed 

in Section 3 were high and observation made (rutting, shoving, tire 

printing, itemized in Appendix D) determined that they were plastic.  

They cannot therefore be compared with aggregate types placed in Sections 

1 and 2. Considering only mixes which were not plastic and which had 

flow values of 20 or less at the end of 1500 coverages, it has been deter

mined that all such mixes were satisfactory for all wheel loads. Those 

mixes with the least stability performed equally as satisfactorily as did 

the high-stability mixes. Because even the low-stability mixes were sat

isfactory, it is apparent that it is not possible to compare mixes com

posed of a wide range of physical properties and placed on a high-quality 

base on the basis of stability. The minimum-stability value upon comple

tion of 1500 coverages was about 500 lb and as previously indicated was



selected for the minimum design limit.

Pavements on low-quality bases 

141. General. Section 4 consisted of pavements of asphaltic con

crete, crushed limestone aggregate placed 1-1/2, 3, and 5 in. thick. The 

sand-clay-loess base as constructed had an average in-place CBR of about 

28, which increased under traffic to as much as 50 per cent in satisfac

tory areas and to 40 per cent in areas that failed. Asphaltic concrete 

containing crushed limestone aggregate was also placed 1-1/2, 3, and 5 

in. thick on the sand-loess base in Section 5 and sand asphalt was placed 

2, 4, and 6 in. thick on this base in Section 6. The performance of this 

sand-loess base under traffic was discussed in Appendix D and analyses 

made of the properties. The analysis indicated that a CBR of 40 per cent 

is applicable for evaluation. The turnarounds were uniformly paved 2 in.  

thick. Items were placed with variable aggregate type, aggregate grada

tion (which included variations in filler content and gap-graded aggregate), 

and asphalt content. The base was a blended clay-gravel of medium quality 

with an average CBR of 60.  

142. Thickness requirements to prevent base shear. In Appendix D, 

the behavior of each item on the sand-clay-loess base with a CBR of about 

50 was analyzed and the pavements classified with respect to preventing 

shear deformation in the base. These classifications are presented in 

summary form in table 5. This table shows that the 1-1/2-in. pavements 

were satisfactory for the 15,000-lb wheel load except for one borderline 

case. All the 1-1/2-in. pavements were unsatisfactory for the 37,000

and 60-000-lb jheel. loads. The 3-in. pavements were all sat isfactory for



the 15,000-lb wheel load, but there were some failures under the 37,000

and 60,000-lb wheel loads. The 5-in. pavements were satisfactory for all 

wheel loads. This review indicates that thickness was the primary factor 

in determining the adequacy of the pavements since a range in stability 

was included. It should be remembered, however, that the 3- and 5-in.  

pavements contained binder courses which were of good quality.  

143. The performance of the asphaltic concrete placed 1-1/2, 3, 

and 5 in. thick on the sand-loess base in Section 5 is also summarized 

in table 5. It is seen that 1-1/2 in. of pavement was not sufficient for 

any wheel load. Three inches of pavement was borderline between satis

factory and unsatisfactory and 5 in., in general, was adequate for all 

wheel loads. The maximum thickness of sand asphalt pavement placed in 

Section 6 was not satisfactory.  

144. Although data are not presented in this report, it is shown 

in Appendix D that except for localized areas of weakness caused by water 

seeping in through repairs made to pits of inspection no base failure was 

recorded in the turnarounds with a clay-gravel base. Two inches of pave

ment is therefore adequate to prevent shear deformation for the three 

wheel loads on a base with a CBR of 60.  

145. Thickness required to prevent settlement. As explained in a 

preceding paragraph, observations pertaining to settlement were made dur

ing and upon completion of traffic. The results of these observations 

indicating the number of items that were evaluated according to degree of 

settlement are summarized as follows. Because the performances of the 

37,000-lb single and 60,000-lb dual wheel loads were comparable, they 

are grouped.



Sand-Clay-Loess Base, Section 4 

Pavement 15,000-lb Lane 37,000- & 60,000-lb Lanes 
Thickness Well- Well

in. Faint Defined Pronounced Faint Defined Pronounced 

1.5 5 - - - 3 7 
3.0 5 - - - 2 8 
5.0 5 - - - 9 1 

Sand-Loess Base, Section 5 

1.5 1 7 - - 11 5 
3.0 3 5 - 1 9 6 
5.0 3 6 - 8 8 2 

It can be seen that no particular advantage is gained from the thicker 

pavements for the 15,000-lb wheel load, but there is a definite advantage 

in a 5-in. pavement for the 37,000- and 60,000-lb loads in that it reduced 

settlement to less than 1 in, in all but three cases.  

146. Stability. A detailed analysis relative to the effect of 

stability in pavements on the lower quality bases is presented in Appen

dix D. A summary of the results will be reviewed here which is based on 

the data contained in table 5. In Section 4 on the sand-clay-loess base 

(CBR of 50 per cent), the 1-/2-in. pavement was satisfactory for the 

15,000-lb wheel load and not satisfactory for the 37,000- and 60,000-lb 

loads. This was true without respect to the stability of the mixes. The 

3-in, pavement was borderline satisfactory for the heavier wheel loads 

and the low design stability mixes proved to be more satisfactory than the 

mix with high design stabilities. While the data are not presented, the 

high design stability mix was somewhat plastic which accounts for the 

apparent reversal in the performance of those mixes. The 5-in. pavement 

was adequate for all loads regardless of stability.  

147. In Section 5, sand-loess base (CBR of 40 per cent), the



1-1/2-in. pavement was inadequate for all loads. The 3-in. pavement was 

borderline with the high design stability mixes proving to be adequate.  

Nearly all 5-in. pavements were satisfactory with the low design stabil

ity mix on the borderline. There are, in general, indications that a 

high-stability mix will protect a low-quality base to a greater extent 

than will one of lower stability. However, the differential is not great.  

The data clearly indicate that pavement thickness is of much greater 

importance than additional stability. With respect to the sand asphalt 

item, Section 6, no specific data are presented. However, there was an 

increase in stability from Mix 7 to Mix 9 (items of low to high stability) 

which was reflected in the behavior. Although all items failed, in any 

one thickness, failures occurred first in Mix 7, next in Mix $, and last 

in Mix 9. Also, it is pointed out that Mix 9 at 20 per cent less than 

optimum, which performed best, had the highest stability. In addition to 

a trend with stability, there was a definite trend with thickness as fail

ures consistently occurred earlier in the thinner pavements.  

Evaluation 

148. Thickness. It has been shown in the preceding analysis that 

the surface treatment placed on a high-quality base was adequate to pre

vent shear in the base. Since it is not an asphaltic concrete, the data 

indicate only that a minimum thickness is required. The minimum thickness 

for asphaltic concrete is 1-1/2 in. and this value is used. The pavement 

thickness requirements to protect the underlying base from shear deforma

tion and from pronounced settlement for the range of base CBR values in

cluded in the tests are presented in the table on the following page:
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Summary of Pavement Thickness Requirements* 

CBR 15,000-lb Wheel Load 37,000- & 60,000-lb Wheel Load 
of Base Consoli- Recommended Base Consoli- Recommended 

Base Shear dation Thickness Shear dation Thickness 

40 3-5 1.5 4 3-5 5 5 
50 1.5 1.5 3 3- 5 5 5 
60 1.5 - 2 2 - 4 
80 1.5 1.5 2 1.5 3 3 

* Meeting the minimum requirements as recommended in this report.  

For bases with CBR values of 60 and more where there is no problem of 

preventing shear deformation in the base, sand asphalt may be substituted 

for the asphaltic concrete on an inch for inch basis. The thickness of 

sand asphalt conforming to the minimum requirements needed to prevent 

shear deformation in bases with CBR values of 40 and 50 was not determined 

in these tests. To be conservative asphaltic concrete is recommended for 

these bases. The values recommended in the table above represent thick

nesses 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-lb wheel load (or for lighter loads) 

because a construction tolerance is believed desirable. It appears desir

able to design a pavement 2 in. thick to insure that it will never be less 

than 1.5 in. thick. It should also be noted that 3 in. is recommended for 

the 15,000-lb 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 

considered reasonable. The selection of a 4-in. thickness for 37,000

and 60,000-lb wheel loads on a CBR of 60 was also based on obtaining a 

differential on a sliding scale for bases with CBR values between 50 and 

80.
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149. Stability. In the evaluation of Sections 1, 2, and 3, where 

the base was high quality, it was determined that a given value of sta

bility was not a satisfactory tool for evaluating the ability of a pave

ment to resist displacement under repetitive wheel loads. The reason for 

this fact is that the curve of stability versus asphalt content peaks 

which makes it possible to obtain equal stability values in any mix, one 

on the rich side and one on the lean side. The mix on the rich side will 

displace under traffic whereas the one on the lean side will not. How

ever, all mixes that had a flow value less than 20 were satisfactory.  

The minimum stability values that were tested were satisfactory, and 

there was no apparent advantage in obtaining higher stability mixes. The 

indications from these results are that the stability test alone is not 

a satisfactory criterion for evaluating the capacity of mixes of widely 

different physical properties to resist displacement under traffic, A 

tentative minimum stability design requirement of 500 lb was established 

and represents a pavement subjected to from 500 to 1500 coverages of 

traffic. Although there are no data to prove that a lower value would 

have been unsatisfactory, there is merit in requiring this value. It is 

not difficult to obtain with a reasonably well-graded aggregate and its 

requirements will insure better gradation, closer control, and a mix that 

will lay and roll satisfactorily.  

150. In the evaluation of pavements on the sand-clay-loess base 

(Section 4), there was no trend for higher stability mixes to be more 

effective in preventing shear deformation in the underlying base than 

lower stability mixes. On the sand-loess base (Sections 5 and 6), there 

was a trend for the higher stability mixes to be more effective in both
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the asphaltic concrete and sand asphalt mixes; however, the trend was 

only general and specific ratings of given stability values could not be 

made. Also, the beneficial effect of a high-stability mix was not as 

pronounced as the beneficial effect of increasing the pavement thickness.  

For this reason, no attempt was made to assign variable thickness require

ments depending on the stability of the mix.  

Summary 

151. Thickness. For a high-quality crushed rock base, a pavement 

is not required to prevent shear deformation in the base for any of the 

three wheel loads used in the traffic tests. Therefore, the minimum 

thickness of asphaltic concrete placed on this base and which was 1-1/2 

in. is shown as adequate. Increasing the thickness of a pavement is 

effective in preventing shear deformation in bases of poor quality. The 

data also indicate that the pavement thickness requirements are greater 

for heavier wheel loads. Thicker pavements are also effective in reducing 

settlements in any type of underlying material. Heavier wheel loads pro

duce greater consolidation than the lighter wheel load. A table listing 

the pavement thickness requirements to (a) prevent shear in the under

lying base, and (b) to prevent consolidation in excess of 1 in.,has been 

presented (paragraph 148) for base materials that range in quality from 

CBR values between 40 and 80. It is believed that these thicknesses are 

adequate for pavements constructed and subjected to traffic approximating 

that conducted during this test.  

152. Stability. On a high-quality base pavements that had satis

factory asphalt contents performed equally well regardless of their-
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stability value. It was therefore not possible to determine if mixes 

that have equal stability (and flow) values were equal, though the physi

cal properties of the aggregate were widely different. The data indicate 

that high-stability mixes are somewhat more effective than low stability 

mixes in protecting inferior base materials. However, the differential 

was not great and could not be evaluated. A minimum value for stability 

of 500 and a maximum flow value of 20 are considered satisfactory.  

Aggregate Gradations 

153. In Appendix B a comprehensive laboratory study with regard to 

aggregate gradations satisfactory for both asphaltic concrete and sand 

asphalt is reported. These studies were conducted upon specimens pre

pared and compacted to simulate construction rolling. The compactive 

effort used was 15 blows of the modified AASHO hammer on one side of the 

specimen, plus 5000-lb static load. When it was found that the compactive 

effort should be increased for design purposes, a limited portion of the 

study was repeated with the increased compactive effort (50 blows of the 

12.5-lb hammer, 3-7/8-in. foot, on each side of the specimen) to check 

the validity of the trends indicated in Appendix B, Volume 2. This study 

is reported in Appendix E, Volume 3. Since the initial studies, reported 

in Appendix B, were conducted at a low compactive effort, the test proper

ties values obtained therefrom were not in agreement with the design cri

teria established with the higher compactive effort. Therefore, only 

trends are indicated from the initial studies and specific values are not 

used. As the studies reported in Appendix E were conducted at a compac

tive effort which approximated that used for the selection of design
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criteria, the test property values may be used to establish aggregate 

gradation relationships. In particular it was desired to have available 

for analysis test property values pertaining to those aggregate grada

tions which delineate the critical zones in both the upper and lower gra

dation limits for asphaltic concrete and sand asphalt pavements. In 

addition to the laboratory studies some items in the test section were 

constructed of aggregate considered to be unbalanced in its gradation.  

Its performance under traffic is reported in Appendix D. All data will 

be summarized in the paragraphs to follow and gradation limits for both 

asphaltic concrete and sand asphalt that are considered satisfactory for 

use in wearing course mixes will be presented. Sand asphalt will be dis

cussed first, not because it is of greater importance, but because it is 

a fraction of the asphaltic concrete and is a definite factor in fixing 

the gradation limits of the latter, as will be discussed. Because there 

is a gap between the upper limits for asphaltic concrete and the lower 

limits for sand asphalt, an intermediate material termed stone filled sand 

asphalt is introduced. Arbitrary gradation limits for this type of mix

ture are indicated. The recommended gradation limits for sand asphalt, 

stone filled sand asphalt and asphaltic concrete, based on the data ob

tained from the investigation, are presented on plate 15.  

Sand asphalt 

154. Lower gradation limits. The lower gradation limit refers to 

the least amount of material specified to pass any given screen size 

(greatest percentage retained). Specific data are available for the 

study from Appendices B and E. For the purposes of analysis, differentials
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in sand aggregate gradation will be referred to as the amount of mate

rial retained on a No. 40 sieve. On plate 1 of this report the ranges 

of aggregate gradation studies in Appendix B are presented and the re

sults are summarized on plate 7. It is seen that the stability and unit 

weight increased as the amount retained on a No. 40 sieve was increased.  

The peak of the summary property curves varied, depending on the amount 

of filler present in the mix. Other than these trends, specific data may 

not be used to set gradation limits as the compactive effort used in the 

study was considerably less than that adopted for the design procedure.  

The gradation studies from Appendix E are presented in this report on 

plate 8 and are summarized on plate 9. The criteria used for selecting 

optimum asphalt are listed in paragraph 130. It can be seen from the 

curves presented that the mixes at optimum asphalt for some of the aggre

gate gradations did not meet the requirements established as limiting 

criteria which are also listed in paragraph 130. In this series it is 

shown that the stability and density increased and the voids decreased 

with addition of material coarser than a No. 40 sieve to a maximum of 

about 50 per cent. There are general indications that by adjusting the 

filler content satisfactory mixes could be prepared using aggregate with 

as much as about 65 per cent retained on the No. 40 sieve. Therefore a 

figure of 65 per cent is considered entirely reasonable as representing 

the maximum amount that can safely be permitted to be retained on this 

sieve, plate 15. The amount of filler (percentage passing the No. 200 

sieve) is also considered as a control point. In the data summarized 

from Appendix E, and presented on plate 9, if a minimum stability of 500 

lb is selected as a satisfactory design value it is seen that only a
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limited range of aggregate (42 to 72 per cent retained on the No. 40 

sieve) is able to meet this requirement with but 10 per cent filler, 

whereas all of the gradations with 20 per cent filler had greater than 

the minimum stability. A filler content of 8 per cent was the minimum 

of any sand asphalt item in the test section which was satisfactory when 

placed on a high-quality base. A minimum limit of 8 per cent has there

fore been tentatively selected for filler content.  

155. Upper gradation limits. Although the studies in Appendix B 

showed that increase in stability and unit weight were to be expected with 

increasing amounts of material coarser than the No. 40 sieve, very little 

increase in stability was noted until gradation 4, with about 35 per cent 

material retained on the No. 40 sieve, was reached (reproduced in this 

report as plate 7). However, this value is considered only as an indica

tion since the compactive effort in these tests was low. The aggregate 

studies conducted at a higher compactive effort and reported in Appendix 

E, as presented on plate 9 of this report, show that blends with less 

than about 25 to 42 per cent retained on the No. 40 sieve and with 10 per 

cent filler do not meet the test property design criteria for stability 

and voids total mix. As reported in Appendix C, Mixes 9, 22, and 23 were 

constructed with as little as 40 per cent retained on a No. 40 sieve.  

These mixes were judged in Appendix D to have performed satisfactorily 

under traffic provided the asphalt content was not excessive. From the 

foregoing it appears that as little as 35 per cent material can be re

tained on the No. 40 sieve and the resulting mix will be satisfactory.  

Since the blends with 20 per cent filler and less than 35 per cent 

retained on the No. 40 sieve on plate 9 had satisfactory test properties
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it is probable that in some cases the amount of coarse material could be 

less. However, a minimum of 35 per cent retained on a No. 40 sieve is 

not an unreasonable value and is considered to be conservative. A dis

cussion relative to maximum filler limits will be made later in this 

report under the subject of filler. It will be shown that 20 per cent 

is the maximum amount that should be permitted in a sand asphalt mix.  

This figure will therefore be used to define the upper gradation limits 

at the No. 200 sieve size.  

156. Summary. The limiting points which fix the boundaries for 

satisfactory sand asphalt aggregate gradations have been established as 

discussed in the preceding paragraphs and are presented on plate 15.  

Reasonable latitude has been considered permissible to fill out the 

curves at points other than were fixed by discussion. It should be noted 

that the portion of the lower gradation limit between the No. 10 and No.  

20 sieve is shown as a dotted line. As a general rule any sand asphalt 

mixture has some material coarser than a No. 10 sieve. In the case of 

the sand asphalt used in the test section about 10 per cent of the aggre

gate was between the No. 4 and No. 10 sieves. In recognition of this 

fact and to present practical limits for sand asphalt a solid line has 

been drawn between the No. 4 and No. 20 sieves as shown on plate 15. The 

location of the line was on an arbitrary basis and was placed to develop 

well-proportioned gradation limits. The inclusion of the No. 20 sieve 

with those now normally used to determine aggregate gradation was dis

cussed in Appendix E under the title gradation control. The desirability 

of its inclusion with the screens now in use is stated as a conclusion in 

the referenced appendix.



Asphaltic concrete 

157. Upper gradation limits. On plate 2 of this report the scope 

of the aggregate gradation study reported in Appendix B is presented. The 

results of the tests for 3/4-in. maximum size aggregate are summarized on 

plate 10. The summary includes tests on 4 types of aggregate: slag, 

crushed limestone, crushed gravel, and uncrushed gravel. In all cases the 

stability and unit weight increased with addition of coarse aggregate 

(material retained on a No. 10 sieve) up to a maximum or optimum point.  

It is shown on plate 10 that the aggregate type was not effective in in

creasing stability for mixtures containing less than about 35 to 40 per 

cent coarse aggregate (taking into account the light weight of the slag).  

This is taken to indicate that the coarse aggregate acts more or less in

dependently in the mixture when this percentage is less than about 40 per 

cent, and only when this amount is exceeded does granular interlock of 

coarse particles begin to take effect. Since this study was conducted at 

a low compactive effort it is possible that with the increased compactive 

effort used in design the aggregate interlock would become effective with a 

lower percentage of coarse aggregate; however, no definite information is 

available. It has been shown that an asphaltic mixture is improved with 

additions of coarse aggregate material retained on a No. 10 sieve. As this 

improvement is gradual it is difficult to select a dividing point between 

asphaltic concrete and stone filled sand asphalt gradations solely on the 

basis of laboratory tests. The minimum figure of 40 per cent coarse 

aggregate (plate 15) has been arbitrarily selected as the upper limit for 

asphaltic concrete principally because it was considered reasonable. The 

remainder of the upper gradation limits between the No. 10 and No. 200
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sieves is derived from the upper gradation from sand asphalt on a propor

tional basis. On this basis, the maximum percentage passing the No. 200 

sieve is set at 12 per cent.  

158. Lower gradation limits. On plate 10 it is seen that the 

stability and unit weight are improved with the addition of coarse aggre

gate up to a maximum of about 65 per cent retained on a No. 10 sieve. As 

has been noted in the preceding paragraph the compactive effort used in 

this study (Appendix B) was low, therefore the data should be taken only 

as a general indication of a trend. A similar study conducted at a higher 

compactive effort reported in Appendix E is shown on plate 11. The cri

teria used in selecting optimum asphalt are listed in paragraph 130. In 

the latter study the stability and unit weight increased slightly with 

increasing amounts of coarse aggregate (retained on a No. 10 sieve) up to 

a maximum of about 50 per cent. The addition of further amounts of coarse 

aggregate up to about 65 per cent caused little change in test properties, 

but beyond this there was a decrease in stability and unit weight and an 

increase in total voids for the mixtures. Therefore, 65 per cent coarse 

aggregate retained on a No. 10 sieve is selected as a reasonable maximum 

figure. The remainder of the curve between the No. 10 and No. 200 sieves 

has been derived proportionately from the lower limit for sand asphalt.  

159. Summary. On plate 15 the recommended gradation limits for 

3/4-in. maximum size aggregate are shown. The exact limits above a No.  

10 sieve are a matter of judgement and were drawn so as to include the 

greatest range of possible gradations permitted by the fixed points that 

were established as previously discussed.  

160. Stone filled sand asphalt. From a review of the gradation
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limits presented, it can be seen that an intermediate material between 

asphaltic concrete and sand asphalt is indicated as desirable and is 

called stone filled sand asphalt. On plate 15 the proposed upper and 

lower gradation limits for stone filled sand asphalt are shown as heavy 

lines. The light lines indicate respectively the lower sand asphalt and 

upper asphaltic concrete gradation limits which have been established by 

previous discussion. From inspection of the light lines, it is seen that 

they overlap in the finer sand fractions and do not include all possible 

gradations in the coarse fractions. The limits have been arbitrarily 

fixed based on reasonable estimates. It is assumed that an overlap in 

gradation limits (with sand asphalt) amounting to 6 or 7 per cent on the 

No. 10 sieve is desirable (see light lines). The limits established 

therefore are between 18 and 45 per cent retained on a No. 10 sieve. The 

amounts passing the No. 200 sieve have been determined proportionately 

from the upper and lower gradation limits for sand asphalt. It is appar

ent from the curves that it may be possible to have a given aggregate 

gradation such that it could be classed in two categories, i.e., either 

asphaltic concrete or stone filled sand asphalt. However, the overlap is 

considered desirable for borderline gradations. For example, a specified 

aggregate might have sufficient material coarser than a No. 10 sieve to 

just classify it as asphaltic concrete; however, the gradation of the 

sand fraction might be such as to fall outside the asphaltic concrete gra

dation limits. In such case assuming the gradation to be within the in

dicated limits it could be termed stone filled sand asphalt.  

Uniformity of gradation 

161. The effects of non-uniformities in gradation (gap-graded
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aggregate) were studied in the laboratory and reported in Appendices B and 

E; also items containing gap-graded aggregate are included in the test 

section as reported in Appendices C and D. The scope of the gradation 

studies is shown on plates 2 and 8 while the results are summarized on 

plates 11 and 12. The laboratory study did not indicate that the test 

properties of a mixture were seriously affected by the substitution of 

gap-graded for well-graded aggregate. It is noted that the gap gradations 

studied are extreme cases, and it is not possible to secure them within 

the limits set up for asphaltic concrete. In Appendix C Mixes l and 19 

are shown as being gap graded in the fine aggregate fraction. No detri

mental effects due to these unbalanced gradations could be detected in 

the test properties nor was their performance under traffic any less sat

isfactory than adjacent better graded mixtures. It is recognized that 

these data may not be entirely conclusive since a complete range of mate

rials was not investigated. However, the amount of gap grading that can 

occur within the gradation limits proposed for both sand asphalt and 

asphaltic concrete cannot be severe. It is recommended that additional 

control requirements simply state that the aggregate should be reasonably 

well graded from coarse to fine and meet the criteria for the test proper

ty values as enumerated elsewhere in the report. A desirable and not 

improbable goal with additional experience is the use of limiting values 

for certain definite properties rather than gradation limits.  

Comparison of aggregate types 

162. A comparison of types of aggregate can be made from a review 

of the data presented in Appendix B (reproduced in this report as plate 

10), and from Appendix D in which crushed limestone and uncrushed gravel
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mixes were compared-on a high-quality base. On plate 10 it is shown that 

slag has the highest stability, crushed limestone and crushed gravel are 

equal and somewhat lower and uncrushed gravel has the least stability.  

On the test section all mixes of both crushed limestone and uncrushed 

gravel were entirely satisfactory on a high-quality base. No comparisons 

of coarse aggregate types were made on inadequate bases. It is probable 

that some of the crushed aggregate mixes would have proved to be superior 

in protecting such weaker bases if the pavement thickness were in a crit

ical range. In summing up the data it can be said that for equal grada

tions crushed material is superior in stability to uncrushed material.  

However, if the base is of high quality a wearing course with a stability 

greater than the minimum requirements listed in this report is not neces

sarily required. If an inadequate base does not have sufficient thickness 

of wearing course above it to protect it from the effects of traffic, it 

is probable that crushed material in the wearing course would reinforce 

and protect such a base to a greater amount than would uncrushed material.  

There are additional comparisons of aggregate type that should be made 

other than stability and test properties. Some of these comparisons are 

listed as: relative affinity of aggregate for asphalt in the presence 

of moisture, hardness or resistance to abrasion, absorption of asphalt 

(possibly), and soundness or resistance to temperature change. These fac

tors enumerated are not discussed since data are not available. However 

they are recognized and should be considered in any final comparison of 

aggregate type.  

Filler 

163. Both laboratory ?nd field studies were conducted in which
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filler content of asphalt mixtures was varied between wide limits. The 

results are presented in Appendices B and E for the laboratory and in 

Appendix D for the field phases of the study. The fact that the filler 

study did not include such considerations as flexibility and durability 

is recognized, and the results are limited to this extent. The principal 

study has been made with sand asphalt and with one type of filler to 

determine the quantity of filler permissible. Also, work was performed 

to secure data relative to filler type and gradation. Since it was con

sidered that the sand-filler fraction was a complete unit of the total 

aggregate comprising asphaltic concrete mixes, only minor comparisons with 

asphaltic concrete mixes were made. As was explained for aggregate grada

tion studies, the data presented in Appendix B were obtained from speci

mens compacted at a low (15 blows plus 5,000-lb static load) compactive 

effort. The values for test property criteria, particularly for per cent 

voids total mix and per cent voids filled with asphalt, are therefore not 

in agreement with the data obtained in Appendix E. For this reason, 

trends are noted for changes in filler content as recorded in Appendix B 

but specific values will be quoted from Appendix E since the latter are 

applicable to the design standards established. A discussion of the filler 

study is presented in the following paragraphs.  

Quantity of filler 

164. Appendix B. Reference is made to the gradation curves, 

figures 1-4, plate 1. Nine basic sand gradations are shown which are 

identified by gradation numbers. Equal gradation numbers on the several 

figures on plate 1 indicate that the only difference is in fillor content.
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The results of tests on laboratory specimens of this series of aggregate 

gradation in which limestone dust was used as filler are shown as test 

properties on plate 7. It is seen that the stability and density of all 

gradations for the sand asphalt mixtures are improved with additions of 

filler. An analysis of the data also indicated that there was little 

difference in the maximum allowable amount of filler over the range of 

gradations tested. Although the data are not presented in this report, 

in Appendix B, plate B16, the results are plotted for all test properties 

for one asphaltic concrete in which the filler content was varied in 

increments between 6 and 12 per cent. In this study the results indicated 

that all of the test property values were improved with additions of 

filler. Since a low compactive effort was used in preparing test speci

mens, a quantitative analysis of the maximum allowable amount of filler 

is not presented.  

165. Appendix E. In Appendix E, a similar laboratory study was 

repeated at a compactive effort equal to that used for final design re

quirements and in addition included a number of filler types. Gradation 

curves for the aggregates and the fillers are shown on plate 13. The 

results of the study are shown on plate 14. As in the previous study, 

the stability and density of the sand asphalt mixtures are increased with 

each addition of filler. However, the function of filler in an asphalt 

mixture can best be illustrated by a review of typical data from Appendix 

E. The tabulation on the following page presents test values for a sand 

asphalt mixture with 10, 15, 20, and 25 per cent limestone dust filler.  

The values in the table are slightly different from those presented in 

Appendix E inasmuch as the asphalt contents have been adjusted to conform
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Asphalt Unit Weight Voids
Filler Sand Cement Aggre- Per Cent Voids Fille 

Per Aggregate Per gate Total Aggre- Total with Asphal 
Cent lb lb Cent lb lb lb gate Mix Per Cent 

10 13.0 117.1 7.5 10.5 130.2 140.6 21.9 5.4 75 
15 20.1 113.8 6.8 9.8 133.9 143.7 19.9 4.6 77 
20 27.3 109.4 6.0 8.7 136.7 145.4 18.6 4.9 74 
25 34.6 103.8 5.8 8.5 138.4 146.9 17.9 4.5 75 

to the selected design criteria for sand asphalt as given in paragraph 

130. From an inspection of this tabulation it can be stated that an in

cremental increase in filler over 10 per cent and not to exceed a total 

of 25 per cent in the paving mixture will: 

a. Reduce the per cent of asphalt required in the mix.  

b. Reduce the weight of the sand aggregate in the mix.  

c. Increase both the total and aggregate weights.  

d. Reduce both total and aggregate voids.  

e. Effect no significant change in the asphalt-void ratio.  

Since an increase in filler reduces the volume of the voids in an asphalt 

mixture, with a consequent replacement of some asphalt, it must be con

sidered as a void-filling material. However, it not only fills the voids 

in the sand aggregate mass but actually replaces some of the sand aggre

gate. The number of aggregate particles is thus increased; therefore, the 

size of the voids must become smaller. A comparison of the weights of 

filler and sand in the table above shows that between 20 and 25 per cent 

filler, 7.3 lb of limestone dust were added and 5.6 lb of sand were lost; 

thus, the filler replaced all of the sand with enough left over to fill 

some of the voids. It may be noted, however, that although there was a 

reduction in the amount of asphalt required up to 20 per cent filler, 

approximately the same amount was required for the 25 per cent filler.

d 
t
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On the basis of this type of analysis, 20 per cent of limestone dust 

filler is probably the maximum for this particular aggregate gradation.  

Tabulations have been made for each type of filler in the same manner 

as was just presented for the limestone dust. These tabulations appear 

in Appendix E but are not included in this report. The maximum filler 

content permissible for each filler type as determined in Appendix E is 

summarized below. Also shown is the percentage of asphalt required in 

the mix at the respective filler contents. In all comparisons the same 

sand asphalt aggregate gradation was used with all types of filler.  

Maximum Asphalt 
Allowable Cement 

Type of Filler Percentage Per Cent 

Linestone Dust 6.0 
Sand Less than 10 7.8 
Portland Cement 20 6.2 
Clay 15 6.7 
Loess 15 6.0 
Clay-Loe ss 15 6.9 

It is seen that the maximum allowable percentage of filler varies slightly 

with the type of filler used, but in all cases except the sand about 15 

to 20 per cent of filler is desirable based on density, stability, and 

proper void relationships in a sand asphalt mixture. The asphalt content 

also varied with the type of filler; it is interesting to note that the 

limestone dust required the least asphalt, sand the most, and the other 

fillers required slightly more asphalt than did the limestone dust. It 

is apparent that the amount of filler selected for a particular design 

should include the following considerations: (a) the amount required to 

produce satisfactory stability; (b) the amount required to produce 

satisfactory void values; and (c) the gradation of the aggregate; and
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(d) relative cost of asphalt cement, aggregate, and filler. There are 

other factors which are probably of considerable importance and may de

crease the maximum amount of filler shown above. Among these are flexi

bility and durability of a mix and the tendency to check and crack during 

construction rolling. These factors were not determined by the labora

tory study.  

166. Appendix D. Sand asphalt mixes were placed in the test sec

tion that contained limestone dust as filler ranging from g to 25 per 

cent of the total aggregate. During construction it was noted that items 

containing 25 per cent filler cracked and checked while being rolled.  

During the warm weather traffic tests, there was a trend for the 25 per 

cent item to check which indicates that this amount of filler was unde

sirable. There was nothing from the cold weather tests to indicate that 

higher filler contents were detrimental. The data indicate that a sand 

asphalt mix can be constructed which will be satisfactory for the wheel 

loads used in this test that contain filler contents between 8 and 20 per 

cent. One of the conclusions contained in Appendix D states that 16 per 

cent filler in an asphaltic concrete mix was detrimental under traffic.  

The mixtures referred to contained roughly 45 per cent coarse aggregate 

(material retained on a No. 10 sieve). On the basis of the fine aggregate 

fraction, the filler was about 30 per cent of the total. It would 

seem the amount of filler than can be incorporated into an asphaltic 

concrete mixture will be in proportion to the amount of material passing 

a No. 10 sieve in the mix.  

167. Summary. The use of filler which is a void-filling material 

increases stability and the density of a pavement mixture. Since test



property criteria have been established that place limits for stability, 

per cent voids total mix and per cent voids filled with asphalt, the use 

of filler to achieve these limits is considered legitimate. Available 

information indicates that amounts of filler up to 20 per cent in a sand 

asphalt mix and proportionately less for asphaltic concrete will be satis

factory. However, asphalt is also a void-filling material and is replaced 

by filler. Filler is an inert material which may be deleterious; if it 

is proved to promote loss in flexibility and increase cracking, asphalt 

is the cementing medium which provides the cohesion, flexibility, and 

durability of the mix. The use of as little filler and as much asphalt 

as possible is therefore believed to be desirable. Studies to establish 

the most satisfactory limits for material passing the No. 200 sieve to be 

used in an asphalt pavement are continuing.  

Types of filler compared 

168. Six types of filler were tested in the laboratory for grada

tion purposes as reported in Appendix E. Their test property behavior 

can be studied by reference to plate 14. The gradation curves of all 

filler are shown on plate 13.  

169. Sand filler. It is seen that increments of sand filler added 

little to stability or the density of the mixes. The per cent voids ag

gregate only are higher than for any other filler type. A quantitative 

analysis made as illustrated in paragraph 165 shows that the addition of 

sand filler supplanted almost an equal amount of aggregate. On this basis, 

it is considered that the gradation represented by the sand is not suit

able as a filler.
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170. Loess, clay-loess, and clay filler. The less, clay-loess, 

and clay fillers performed in a closely comparable manner and are dis

cussed jointly. The stability of mixes containing the clay and clay--loess 

fillers was very high, whereas that for the less filler was slightly 

lower and matched closely the stability of the mixes with limestone dust 

and portland cement fillers. However, increments of the less, clay-

loess, and clay fillers to asphalt mixes did not add greatly to the unit 

weight of the mix nor were they as effective in reducing the voids in the 

aggregate fraction as were the limestone dust and portland cement. In 

fact, in excess of 15 or 20 per cent filler, the aggregate voids were in

creased. It was also observed that the clay filler was difficult to mix 

with the asphalt without causing small clay balls to form. The data 

indicate that fillers with gradations corresponding to the less, clay

loess, and clay studied in the investigation are not desirable.  

171. Limestone dust and portland cement fillers. These fillers 

performed in approximately a comparable manner and are discussed together.  

The stability of the asphalt mix was improved by increments of either at 

a uniform rate. Both were superior to all other fillers in their capacity 

to increase the aggregate weight and reduce aggregate voids. They also 

required less asphalt in the mix as indicated in a preceding table. Since 

the functions of a filler are to reduce aggregate voids, improve stability, 

and reduce the asphalt required, it is apparent that these fillers are the 

best that were investigated. The gradations indicated by these materials 

are therefore considered as acceptable.  

172. Summary. The sand filler was very uniformly graded just pass

ing a No. 200 sieve. This material is considered unsatisfactory as a
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filler. Loess, clay-loess, and clay fillers are also considered undesir

able on the basis of their behavior. Portland cement and limestone dust 

are satisfactory as fillers. The gradation limits for fillers that are 

believed to be suitable for use are shown on plate 15. It is noted that 

the less falls within the gradation limits established; however, it has 

a uniform gradation. Therefore, it should be further stipulated that 

acceptable fillers falling within the gradation limits shown should be 

well-graded materials.
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PART IV: CONCLUSIONS 

173. The conclusions presented herein are divided into two sec

tions: (a) general conclusions that are considered to be of primary 

importance for which discussions are presented in the principal report; 

and (b) specific conclusions of importance to the over-all program but 

which are presented and discussed in one of the appendices. The general 

conclusions are listed in the order of their importance. The specific 

conclusions are listed by appropriate subject matter, and the order in 

which they appear is not significant.  

General Conclusions 

174. The following general conclusions from the principal report 

are presented. .They are considered to be applicable for wheel loads 

between 15,000- and 37,000-lb on a single, and 60,000-lb on a dual wheel 

load with gross tire pressures between 55 and 100 psi and net pressures 

as high as 140 psi.  

175. The selection of the proper asphalt content is the most 

important factor in the design of an asphalt paving mixture.  

176. A design procedure hs been developed and is presented in 

this report which enables the proper asphalt content to be selected with 

accuracy.  

177. The limiting criteria established for the test properties of 

asphalt pavements are not only useful in selecting optimum asphalt but 

can be used to evaluate the quality of an asphalt mixture proposed as a 

pavement. The criteria for selecting optimum asphalt and limiting values
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for satisfactory asphaltic concrete and sand asphalt paving mixtures are 

presented as follows. Values for stone filled sand asphalt would fall 

between the limits given below.  

Test Property Limit Select Asphalt At 
Asphaltic Sand Asphaltic Sand 
Concrete Asphalt Concrete Asphalt 

Stability Min. of Min. of Peak of Peak of 
500 500 curve curve 

Flow Max, of Max. of -
20 20 

Unit Weight Total Mix - - Peak of Peak of 
curve curve 

Per Cent Voids Total Mix 3 - 5 5 - 7 4 6 

Per Cent Voids Filled 
with Asphalt 75 - 85 65 - 75 80 70 

178. The laboratory compactive effort for the design of asphalt 

mixtures for airplane wheel loads with gross tire pressures between 55 

and 100 psi and net contact pressure up to 140 psi shall be equivalent to 

the following effort: 50 blows applied to each face of the specimen with 

a 10-lb hammer falling 18 in. and striking a specified foot 3-7/8 in. in 

diameter.  

179. The laboratory compactive effort just described will produce 

test specimens from which optimum asphalt can be determined and which will 

be the same asphalt content as would be selected from the same mix sub

jected to from 500 to 1500 coverages of a wheel load used in these tests.  

180. For construction control, pavements should be rolled to pro

duce 98 per cent of the density obtained when specimens are compacted as 

outlined in paragraph 178. Density may be expressed either as per cent 

of the theoretical density or as unit weight for purpose of construction 

control.
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181. A high-quality base does not require a pavement to protect 

it from shear deformation; however, for the heavier wheel loads, thicker 

pavements tend to reduce consolidation in the underlying materials.  

182. Bases of inferior quality may be protected from shear deforma

tion by increased thicknesses of asphaltic pavement provided the mixture 

is properly designed. In addition, the increased pavement will reduce 

consolidation of the underlying materials.  

183. The following thicknesses of pavement conforming to the cri

teria listed in paragraph 177 are recommended to prevent shear deformation 

in the base, to reduce settlement of the pavement surface to an amount 

that is considered tolerable, and to provide thicknesses that consider 

such factors as a construction tolerance minimum requirements for internal 

stability and abrasion resistance.  

Thickness in Inches 
15,000-lb 37,000- & 60,000-lb 

CBR wheel Load Wheel Loads 

40 4 5 
50 3 5 
60 2 4 
80 2 3 

184. Higher stabilities are not as effective as additional thick

ness in preventing shear deformation. Mixes with higher stabilities are 

slightly more effective in preventing shear deformation in an underlying 

base of medium or low quality than mixes with lower stabilities but no 

specific ratings are assigned.  

185. The proposed aggregate gradation limits (see plate 15) for 

each pavement type are considered satisfactory, provided the limiting 

criteria for the test properties of compacted asphalt mixtures are also
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satisfactory. The recommended gradation limits are listed as follows: 

Gradation Limits Per Cent Passing 
Sieve Asphaltic Stone Filled Sand 
Size Concrete Sand Asphalt Asphalt 

3/4-in. 100 100 
1/2-in. 76-100 92-100 
No. 4 50- 80 72-100 100 
No. 10 35- 60 55- 82 75-100 
No. 20 22- 49 40- 66 50- 82 
No. 40 12- 38 28- 52 35- 65 
No. 80 7- 26 16- 35 18- 44 
No. 200 3- 12 5- 16 8- 20 

It is recognized that good mixes may be designed that do not conform to 

any of the gradation limits as listed.  

186. The inclusion of a No. 20 sieve is desirable for the control 

of aggregate.  

187. Acceptable filler materials should be well graded from coarse 

to fine. The recommended gradation limits for filler, based on 100 per 

cent of the material passing a No. 200 sieve, are as follows: 

Grain Size Gradation Limits for Filler, Per cent Passing 

0.05 mm 70 - 100 
0.02 mm 35 - 65 
0.005 mm 10 - 22 

188. Filler is a void-filling material which will increase both 

the stability and density of a pavement mixture. The available data in

dicated that for sand asphalt 20 per cent, and for asphaltic concrete 12 

per cent is the maximum amount of filler that should be used neglecting 

effects on flexibility and durability.  

189. Asphalt cement is also a void-filling material and is replaced 

by filler. The use of the most asphalt and the least filler consistent 

with limiting test property criteria is considered desirable.
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Specific Conclusions 

190. The following specific conclusions are presented from Appen

dices A, B, C, and D.  

Marshall apparatus 

191. The Marshall stability apparatus is considered an excellent 

tool for use in design and construction control of asphalt paving mixtures.  

192. Test results obtained by use of the Marshall equipment compare 

favorably with those secured with Hubbard-Field stability test equipment.  

Stability 

193. The peak of the curve of stability versus asphalt content is 

considered an excellent criterion in selecting optimum asphalt.  

194. The stability value in itself is not a satisfactory "tool" for 

evaluating the ability of a mix to resist displacement under traffic due 

to the fact that equal stability values can be obtained in a given mix at 

different asphalt contents, one below and one above optimum.  

195. No apparent benefit is gained from using a mixture with higher 

than minimum stability when the base has a CBR of 80 per cent or better.  

196. No conclusion can be reached relative to the performance of 

asphalt mixtures composed of widely different physical properties but 

which have satisfactory test property values including equal stability 

values.  

Flow 

197. The flow test as an integral part of the stability test meas

ures the relative plasticity of an asphaltic mixture.
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19g. Incremental increases of asphalt cement to asphalt mixture 

will increase the flow value of representative test specimens.  

199. The flow value is an excellent index of the plasticity of a 

mix. In general, values in excess of 20 indicate a mix that will displace 

under traffic regardless of the stability.  

200. The stability of two mixes can be compared only if their flow 

values are satisfactory.  

Unit weight total mix 

201. Incremental increases of asphalt to a given aggregate mixture 

will produce an increase in the total weight to some maximum value after 

which a further increase in asphalt will cause the total weight of the 

mixture to decrease.  

202. In general an increase in the weight produces an increase in 

the stability of a mixture.  

203. Density, expressed as unit weight in lb per-cu ft, cannot be 

used in a relative comparison of different types of aggregate mixtures; 

however, it is considered to be of practical value in selecting the opti

mum asphalt for a specific mixture.  

Unit weight aggregate only 

204. The amount of asphalt required to produce maximum density of 

a mixture considering the aggregate only is less than that required to 

produce maximum total weight.  

205. The use of the peak of the aggregate weight curve in select

ing asphalt content results in mixes that are leaner than field behavior 

indicates -is desirable. Its use as a criterion for selecting optimum
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asphalt is therefore abandoned.  

Per cent voids aggregate only 

206. The amount of asphalt required to produce the least voids in 

the aggregate is equal to the amount required to produce the greatest 

aggregate density. Its use as a criteria for selecting optimum asphalt 

is therefore abandoned.  

207. The quantity of asphalt cement required for optimum increases 

as the per cent voids aggregate only is increased.  

208. The per cent voids in the aggregate only is not a significant 

factor in evaluating pavements subjected to traffic tests.  

Per cent voids total mix 

209. The per cent voids in the total mix is a useful index in 

evaluating the quality of a pavement and for selecting optimum asphalt.  

The limits for this property listed in paragraph 177 are considered to 

represent satisfactory asphalt mixtures.  

Per cent voids filled with asphalt 

210. The per cent voids filled with asphalt is a useful index in 

determining the quality of an asphalt mixture and for selecting optimum 

asphalt. The limits for this property listed in paragraph 177 are con

sidered to represent satisfactory asphalt mixtures.  

211. Very harsh or open-graded aggregates, when used in asphaltic 

mixtures, have a lower per cent voids filled with asphalt factor than 

that of well-graded aggregate mixes.



Effect of wheel load 

212. The density of all pavement items was increased by the appli

cation of traffic of the three wheel loads used in the tests. The in

crease in density resulted in a change in all test property values.  

213. The change in the test property values for identical pavement 

items was the same for all three wheel loads at equal coverages.  

214. The 37,000-lb single and 60,000-lb dual wheel produced ap

proximately equal effects on the underlying base and subgrade. Both were 

more severe in this respect than the 15,000-lb single wheel load.  

Compactive effort 

215. The results of compactive studies show that the test property 

relationships developed in field construction tests are similar to those 

obtained in the laboratory compaction procedure. The density of the 

pavement was increased as the number of passes of the construction roller 

was increased.  

216. The increase in density of an asphalt paving mixture due to 

traffic compaction reduces the quantity of asphalt required to fill a 

given per cent of the voids. It is necessary to design the pavement mix

ture with an asphalt content that will be satisfactory after traffic in 

order to prevent the mix from becoming plastic due to increase in density 

under traffic.  

217. The compactive effort in the traffic tests was a function of 

the coverages and the tire contact pressure rather than the wheel load.  

218. The results of these tests at between 500 and 1500 coverages 

are applicable for determining the laboratory compactive effort to be
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used in designing asphalt paving mixtures.  

219. An increase in laboratory compactive effort increases both 

the stability and density of asphalt mixtures.  

Effect of aggregate type 

220. In pavements placed on a high-quality base, the type of aggre

gate was a minor variable as asphaltic concrete containing both crushed 

limestone and uncrushed gravel coarse aggregate and sand asphalt performed 

satisfactorily when the mixture was properly proportioned.  

221. In these tests the asphaltic concrete containing limestone 

aggregate was more effective in preventing shear deformation in the under

lying 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 to protect a low-quality base was not determined.  

222. In the laboratory the test properties of an asphalt mixture 

were not changed by the type of coarse aggregate (slag, crushed gravel, 

uncrushed gravel or crushed limestone) when present in the mixture in 

amounts less than about 35 to 40 per cent.  

223. When the amount of coarse aggregate exceeded 35 to 40 per cent, 

the type of aggregate became effective; slag produced the highest stability, 

crushed gravel and crushed limestone were about equal and were intermediate 

in stability, while uncrushed gravel produced the least stability.  

Effect of aggregate gradation 

224. The test properties of a sand asphalt mixture are improved 

with additions of coarse sand (No. 10 to 40 sieves) up to about 50 to 60 

per cent of the total aggregate.
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225. The test properties values of an asphaltic concrete mixture 

are improved with the addition of coarse aggregate up to about 50 per 

cent and are satisfactory to about 65 per cent of the total aggregate.  

226. An increase in the maximum size of the aggregate from 1/2 in.  

to 1 in. improved the test property values of the mixture.  

227. In the limited laboratory tests conducted the gap-graded mix

tures showed test property values equivalent to those of well-graded mix

tures having the same quantity of coarse aggregate.  

228. The traffic tests did not reveal any important differences 

between well-graded and poorly-graded aggregate. Asphaltic concrete 

mixtures containing poorly-graded aggregate gave performances which were 

reasonably comparable to those in which the grading conformed to standard 

practice. It is possible that in some cases, poorly-graded aggregate 

(not including filler material) may produce satisfactory pavements.  

Filler 

229. The addition of a good-quality filler will assist in develop

ing test property characteristics that are desirable and will reduce the 

amount of asphalt required; however, excessive filler is detrimental from 

the standpoint of durability. Filler contents of 24 per cent and 16 per 

cent were detrimental for sand asphalts and asphaltic concretes respective

ly in warm weather traffic tests. Lesser amounts may be detrimental in 

cold weather traffic.  

230. In the laboratory investigation the maximum amount of filler 

to produce the best property values for sand asphalt mixtures (ignoring 

flexibility and durability characteristics) was 15 per cent for all the
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fillers tested except limestone dust and portland cement, which showed a 

maximum of 20 per cent.  

231. The maximum allowable percentage of limestone dust filler for 

the best test property values for asphaltic concrete mixture was a func

tion of the sand fraction.  

232. The limestone dust and portland cement performed satisfac

torily as fillers in laboratory tests. The less, clay and clay-loess 

were inferior filler materials. The sand tested was not acceptable as a 

filler.  

Effect of mixing temperature 

233. The temperature to which the aggregate was heated (between 

300 and 400 F) prior to the preparation of a test specimen had no appre

ciable effect on any of the measured test property values except stability 

which increased as the temperature increased.  

Effect of penetration grade of asphalt cement 

234. The use of different penetration grades (between 50 and 135) 

of asphalt cement had no effect on any measured test property value except 

stability which was increased with each decrease in the penetration grade 

of asphalt.  

Test techniques 

235. The apparent specific gravity of aggregate as determined by 

ASThi methods is tentatively recommended for use in computing the proper

ties of bituminous mixtures.  

236. No change in stability was noted for specimens remaining in
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the 1400 F water bath for periods longer than 10 min.  

237. Test specimens may be placed in the water bath immediately 

after molding and tested after 20 min in the bath with no detrimental 

effect on the test properties.  

238. No significant change in test properties was noted for speci

mens cured in air up to 350 days before testing.  

239. The use of the flow meter gives satisfactory values of flow 

in the field testing apparatus.  

240. The relationship between stability and rate of deformation 

follows a definite pattern from which it is possible to predict stability 

values for minor changes in rate of deformation. The relative quality 

of the mixes tested did not change when the rate of deformation was 

changed.  

241. The standard compaction mold used in the Marshall test is 

satisfactory for laboratory tests providing the maximum size of the aggre

gate does not exceed 1 in. Laboratory work is continuing to develop a 

mold satisfactory for mixtures containing aggregate in excess of 1 in.
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AVERAGE TEST POPEWTI VAUlKS 
ASPHALTIC CONCRESTE IIS - MAIM T ACES 

SUMBry

Coarse 
Asphalt Aggre

Mix Content gate 
IMba.Lr Percent Type1 

10 5.6 CL 
11 4.8 CL 
15 4.5 UG 

10 6.3 CL 
11 5.4 CL 
12 4.8-5.4 CL 
13 6.0-6.8 UG 
14 5.7-6.4 UG 
15 5.0-5.5 UG 

10 7.0 CL 
11 6.0 CL 

12 6.0 CL 
13 7.5 UG 
14 7.1 UG

10-11 4.8-5.6 
15 4.5 

10-11-12 4.8-6.3 
13-14-15 5.0-6.8 

10-11-12 6.0-7.0 
13-14 7.1-7.5

10 
11 
15 

10-13 
11-14 
12-15 

10-13 
11-14 

12

5.6 
4.8 
4.5 

6.0-6.8 
5.4-6.4 
4.8-5.5 

7.0-7.5 
6.0-7.1 

6.0

Design 
Stability 

Pounds 

150 
350 
550 

150 
350 
550 
150 
350 
550 

150 
350 

550 
150 
350

Filler 
Content 
Percent 

2 
5 

9 

2 
5 
8 
4 
5 

9 

2 
5 

8 
4 
5

CL 
UG 

CL 
UG 

CL 
UG

150 
350 
550 

150 
350 
550 

150 
350 
550

Low-2 
Med-5 
High-9 

Low-2-4 
ed-5 

High-8-9 

Low-2-4 
"'ed-5 
High-8

Marshall Stability 
Lbs 

0 500 1500 
Coverages Coverapgm Coverages 

Min Max Min Max Min Max 

180 230 370 480 430 590 
330 400 650 830 840 970 
310 440 800 960 840 1110 

200 270 480 640 550 720 
410 510 780 970 960 1050 
500 650 920 1150 1030 1210 
240 370 550 790 480 790 
290 440 660 820 650 840 
530 630 840 1020 900 1220 

270 300 520 650 620 710 
440 520 720 920 890 970 

600 720 770 1010 880 950 
360 400 500 520 460 560 
370 420 520 570 540 620 

180 400 370 830 430 970 
310 440 800 960 840 1110 

200 650 480 1150 550 1210 
240 630 550 1020 480 1220 

270 720 520 1010 620 970 
360 420 500 570 460 620 

180 230 370 480 430 590 
330 400 650 830 840 970 
310 440 800 960 840 1110 

200 370 480 790 480 790 
290 510 660 970 650 1050 
500 650 840 1150 900 1220 

270 400 500 650 460 710 
370 520 520 920 540 970 
600 720 770 1010 880 950

Flow Value Voids-Percent 
Units of 1/100-Inch Total Mix Amrate ondy Filled with Asphalt 

0 500 1500 0 500 1500 0 500 1500 0 500 1500 
Coverages Coverages Coverages Coverage. Coverages Coverages Coverage. Coverages r Coverages Coverages Coverages 
Min Max Min Max Yin J in MaxY in Max in Max Kin Max _in Ma inx 1 ii in Max in Max Kin Max evaluation

13 
14 
14 

3 
14 
15 
13 
14 
14 

14 
16

15 
14 
16 

15 
14 
17 
16 
17 
17 

16 
17

13 
13 
15 

13 
14 
15 
15 
15 
16 

16 
17

17 18 20 
18 19 21 
19 20 23

14 13 17 7.9 8.4 6.3 6.6 5.6 6.1 20.5 20.9 19.1 19.4 18.5 18.9 
14 12 19 7.8 8.5 6.0 6.3 5.3 5.9 18.8 19.4 17.2 17.5 16.6 17.1 
16 15 18 7.3 8.2 5.6 5.9 4.6 5.4 17.4 18.2 15.9 16.2 15.0 15.7 

14 13 18 6.2 6.5 4.2 4.6 3.6 3.9 20.5 20.8 18.8 19.1 18.3 18.5 
15 14 18 6.5 7.3 4.4 4.8 3.8 4.2 18.9 19.6 17.1 17.4 16.6 16.9 
17 15 21 5.2 7.4 3.7 5.3 3.1 4.4 17.8 18.8 16.4 16.8 15.6 16.3 
18 15 21 4.2 6.4 2.8 4.2 2.1 3.9 19.4 19.6 17.7 18.3 16.9 18.0 
19 15 22 4.6 6.9 2.7 4.0 2.3 3.5 18.3 19.5 16.8 17.7 16.3 17.4 
19 16 22 5.1 6.0 3.3 4.0 2.8 3.6 17.2 18.3 15.4 16.2 15.1 16.0 

17 17 22 5.1 5.3 3.4 4.0 2.6 3.3 21.0 21.2 19.6 20.1 18.9 19.5 
18 18 21 5.3 5.7 3.3 3.9 2.6 3.4 19.1 19.5 17.4 17.9 16.8 17.5 

21 24 26 4.5 4.7 3.0 3.7 2.7 3.3 18.5 18.6 17.2 17.8 16.9 17.4 
27 23 31 3.3 3.7 2.3 2.7 2.3 2.5 20.0 20.4 19.2 19.5 19.2 19.4 
29 25 31 3.6 4.4 2.7 3.1 2.2 2.7 19.5 20.1 18.8 19.1 18.3 18.7

Comparison by Type of Coarse Aggregate 

13 15 13 14 12 19 7.8 8.5 6.0 6.6 5.3 
14 16 15 16 15 18 7.3 8.2 5.6 5.9 4.6

13 
13 

14 
18 

13 
14 
14 

13 
14 
14 

14 
16 
17

17 
17 

18 
20 

15 
14 
16 

16 
17 
17 

19 
20 
18

13 
15 

16 
21 

13 
13 
15 

13 
14 
15 

16 
17 
20

17 13 21 5.2 7.4 3.7 5.3 3.1 
19 15 22 4.2 6.9 2.7 4.2 2.1 

21 17 26 4.5 5.7 3.0 4.0 2.6 
29 23 31 3.3 4.4 2.3 3.1 2.2

6.1 18.8 20.9 17.2 19.4 16.6 18.9 
5.4 17.4 18.2 15.9 16.2 15.0 15.7 

4.4 17.8 20.8 16.4 19.1 15.6 18.5 
3.9 17.2 19.6 15.4 18.3 15.1 18.0 

3.4 18.5 21.2 17.2 20.1 16.8 19.5 
2.7 19.5 20.4 18.8 19.5 18.3 19.4

Comparison by Filler Content 

14 13 17 7.9 8.4 6.3 6.6 5.6 6.1 20.5 20.9 19.1 19.4 18.5 18.9 
14 12 19 7.8 8.5 6.0 6.3 5.3 5.9 18.8 19.4 17.2 17.5 16.6 17.1 
16 15 18 7.3 8.2 5.6 5.9 4.6 5.4 17.4 18.2 15.9 16.2 15.0 15.7 

18 13 21 4.2 6.5 2.8 4.6 2.1 3.9 19.4 20.8 17.7 19.1 16.9 18.5 
19 14 22 4.6 7.3 2.7 4.8 2.3 4.2 18.3 19.6 16.8 17.7 16.3 17.4 
19 15 22 5.1 7.4 3.3 5.3 2.8 4.4 17.2 18.8 15.4 16.8 15.1 16.3 

27 17 31 3.3 5.3 2.3 4.0 2.3 3.3 20.0 21.2 19.2 20.1 18.9 19.5 
29 18 31 3.6 5.7 2.7 3.9 2.2 3.4 19.1 20.1 17.4 19.1 16.8 18.7 
21 24 26 4.5 4.7 3.0 3.7 2.7 3.3 18.5 18.6 17.2 17.8 16.9 17.4

60 62 66 67 68 
56 58 64 65 66 
55 58 64 65 66 

69 70 76 78 79 
63 66 73 74 75 
60 71 68 78 71 
67 78 76 85 78 
65 76 77 84 79 
65 71 74 79 76 

75 76 80 83 83 
71 72 78 81 81 

75 76 79 83 81 
82 84 86 88 87 
78 82 84 86 86

56 
55 

60 
65 

71 
78

62 
58 

71 
78 

76 
84

64 
64 

68 
74 

78 
84

67 
65 

78 
85 

83 
88

66 
66 

71 
76 

81 
86

60 62 66 67 68 
56 58 64 65 66 
55 58 64 65 66 

67 78 76 85 78 
63 76 73 84 75 
60 71 68 79 71 

75 84 80 88 83 
71 82 78 86 81 
75 76 79 83 81

70 Approaching brittle 
68 Approaching brittle 
69 Approaching brittle 

80 Satisfactory 
77 Satisfactory 
81 Satisfactory 
88 Satisfactory 
86 Satisfactory 
82 Satisfactory 

86 Border plastic 
85 Border plastic 

84 Plastic 
88 Plastic 
88 Plastic 

70 Approaching brittle 
69 Approaching brittle 

81 Satisfactory 
88 Satisfactory 

86 Plastic
2 

88 Plastic
2 

70 Approaching brittle 
68 Approaching brittle 
69 Approaching brittle 

88 Satisfactory 
86 Satisfactory 
82 Satisfactory 

88 Plastic
2 

88 Plastic
2 

84 Plastic
2

NOTES: 
1. Abbreviations: CL - Crushed Limestone 

UG - Uncrushed Gravel 
2. Items classified as "Border Plastic" included with those classified as "Plastic".
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AVERAGE TEST PROPERTY VALUES 
SAND ASPHALT MIXES

Mix 
Number 

8 

8 
9 

16 
17 
23 

7 
8 
9 

17 

.7 

9 
16 
22

Asphalt 
Content 
Percent 

5.0 

6.0 
6.4 
8.0 
6.7 

6.0-6.8 

8.5 
7.0 
7.2 
7.5 

9.5-10.6 
7.9-10.0 

8.0 
9.0 

7.5-8.3

8 5.0 

8-16-23 6.0-8.0 
9-17 6.4-6.7 

7 8.5-10.6 
8-16 7.0-10.0 

9-17-22 7.2-8.3

Design 
Stability 

Pounds 

350 

350 
550 
350 
550 
400 

150 
350 
550 
550 

150 
350 
550 
350 
650 

350 

350-400 
550 

150 
350 

550-650

Filler 
Content 
Percent 

13 

13 
19 
14 
20 
17 

7 
14 
19 
20 

7 
13 
19 
14 
24

!'arshall Stability 
L's 

0 500 1500 
Coveraces Coverages Coverages 
.Iil ax in Max Min Max 

1301 4901 11401 

150 150 440 560 710 1200 
350 650 670 1040 920 1120 
210 330 400 520 450 950 
370 670 650 720 690 1000 
310 570 570 780 750 800 

200 230 380 490 500 520 
220 360 560 680 670 840 
340 620 800 950 760 1150 
470 570 600 800 700 780 

130 240 240 410 300 520 
140 420 220 720 420 900 
450 540 630 720 640 730 
180 220 230 460 290 820 
350 730 460 780 540 720

t:ed-13 1301 4901 ]1101 

!:ed-13-17 150 570 400 780 450 1200 
High-19-20 350 670 650 1040 690 1120 

Low-7 130 240 240 490 300 520 
Mad-13-14 140 420 220 720 290 900 

High-19-24 340 730 460 950 540 1150

Flow Value Voids-Percent 
Units of 1/O0-Inch Total Mix Are ate Only Filled with Asphalt 
0 500 1500 0 500 1500 0 500 1500 0 500 1500 

Coverages Coverages Caveraves Coveraes Coverages Coverages Coverages Coverages Coverages Coverage Coverages Coverages 
in Max in Min JB )in Max in Max in Maxc K in Max Min Max in Max Min Max Kin Max Evaluation 

211 181: 181 16.41 12.41 11.51 26.51 23.01 22.21 381 461 481 Approaching brittle 

18 20 18 20 17 20 13.5 13.8 9.7 10.7 8.6 9.4 25.8 26.1 22.6 23.4 21.6 22.3 47 48 54 57 58 60 Satisfactory 
18 29 16 21 15 23 7.0 11.8 5.1 8.3 4.0 6.0 21.1 25.2 19.5 22.2 18.6 20.3 53 67 63 74 70 78 Satisfactory 
20 24 23 25 25 27 7.1 8.0 4.4 5.1 3.5 4.7 24.4 25.1 22.2 22.7 21.0 22.4 68 71 78 80 79 85 Satisfactory 
20 28 20 25 19 29 7.6 9.0 5.8 6.1 4.7 5.8 22.3 23.5 20.7 21.0 19.9 20.8 62 66 71 72 72 76 Satisfactory 
17 20 17 20 16 18 7.8 10.6 5.7 8.6 5.5 6.6 21.9 23.4 20.4 21.7 19.0 20.6 55 65 60 73 67 73 Satisfactory 

16 18 19 20 18 26 6.3 7.5 5.0 5.4 4.0 4.8 24.1 25.4 23.4 23.7 22.6 23.3 71 75 77 79 79 82 Border plastic 
17 23 18 22 17 22 8.5 10.1 5.8 6.8 5.1 6.3 23.5 24.8 21.2 22.1 20.6 21.6 59 64 69 73 71 75 Border plastic 
17 22 15 24 15 26 5.2 9.5 4.2 5.2 3.2 4.5 21.2 24.5 20.4 21.2 19.5 20.6 60 75 75 79 78 84 Border plastic 
22 24 25 29 23 28 4.6 6.8 3.5 4.6 2.5 4.1 21.4 23.2 20.5 21.4 19.7 21.0 71 79 79 83 81 87 Border plastic

19 25 
20 37 
23 26 
24 31 
19 29

21 29 
20 34 
27 31 
27 31 
27 42

21 31 
19 39 
28 33 
29 30 
30 48

5.4 6.2 3.2 3.9 
5.' 9.0 3.0 5.6 
4.6 5.1 3.5 4.1 
5.6 7.5 4.3 5.6 
3.9 8.6 3.3 4.7

1.5 3.2 25.6 28.2 24.3 26.5 23.3 25.5 
2.2 4.2 22.9 28.0 21.7 26.3 20.5 24.7 
2.3 3.4 22.1 22.7 21.6 21.9 20.4 21.3 
3.1 4.8 25.1 26.6 24.0 25.1 23.1 24.4 
2.2 3.9 20.8 26.1 20.3 22.6 20.0 21.9

Comparison by Filler Content 

211 181 181 16.41 12.41 11.51 26.51 23.01 22.21 

17 24 17 25 16 27 7.1 13.8 4.4 10.7 3.5 9.4 21.9 26.1 20.4 23.4 19.0 22.4 
18 29 16 25 15 29 7.0 11.8 5.1 8.3 4.0 6.0 21.1 25.2 19.5 22.2 18.6 20.8 

16 25 19 29 18 31 5.4 7.5 3.2 5.4 1.5 4.8 24.1 28.2 23.4 26.5 22.6 25.5 
17 37 18 34 17 39 5.3 10.1 3.0 6.8 2.2 6.3 22.9 28.0 21.2 26.3 20.5 24.7 
17 29 15 42 15 48 3.9 9.5 3.3 5.2 2.2 4.5 20.8 26.1 20.3 22.6 19.5 21.9

77 79 84 88 
68 79 78 87 
78 79 81 84 
72 78 78 82 
67 81 78 85 

381 461 

47 71 54 80 
53 67 63 74 

71 79 77 88 
59 79 69 87 
60 81 75 85

87 94 Plastic 
81 90 Plastic 
84 89 Plastic 
80 87 Plastic 
81 90 Plastic 

481 Approaching brittle 

58 85 Satisfactory 
70 78 Satisfactory 

79 94 Plastic
2 

71 90 Plastic
2 

78 90 Plastic
2

NOTES: 
1. Values are neither maximum or minimum.  
2. Items classified as "Border Plastic" are included with those classified as "Plastic".



TA LE 3 

ASPHALT CONTENTS SELECTED 3Y TEST PROPERTY CRITRI

Asphaltic Concrete

Criteria Used in Selection 
of Asphalt Contents

Mix 7
Cover- 15,000- 37,000- 60,000
a 'es Lb Lane Lb Lane Lb Lane

Sand Asphalt
Mix 8

15,000- 37,000- 60,000
.-ve Lb Lare Lb Lane Lb Lane

15,000

Ave Lb Lane

Mix '9
37,000- 60,000
Lb Lane Lb Lane Ave

Mix 10 
15,000- 37,000- 60,000
Lb Lane Lb Lane Lb Lane Ave

Coarse Aggregate - Crushed Limestone

15,000
Lb Lane

Mix 11
37,000- 60,000
Lb Lane Lb Lane Ave

15,000
Lb Lane

Mix 12
37,000- 60,000
Lb Lane Lb Lane Ave

15,000
Lb Lane

Mix 13 
37,000- 60,000
Lb Lane Lb Lane Ave

Coarse Aggregate - Uncrushed ^ravel

15,000
Lb Lane

Mix 14
37,000- 60,000
Lb Lane Lb Lane Ave

!'ix 15 
15,000- 37,000- 60,000
Lb Lane Lb Lane Lb Lane Ave

Maximum Stability 500 8.5 8.5 8.5 8.5 7.0 
1,500 8.5 8.5 9.1 8.7 7.0

Per Cent Voids Total Mix 
Asphaltic Concrete - 4.0 
Sand Asphalt - 6.0 

Per Cent Voids Filled 
Asphaltic concrete = 80 
sand Asphalt = 70 

Average of Above 

Maximum Unit Weight - Total Mix

Average of Above

Maximum Unit Weight - Aggregate Only 

Minimum Voids - Aggregate Only

500 
1,500

7.4 7.0 7.1 6.4 6.4 6.4 6.4 7.0 6.7 6.7 6.8 5.6 
7.6 7.6 7.4 6.L 6.4 6.4 6.4 6.4 6.6 7.0 6.6 5.3

8.3 8.0 7.9 8.1 7.0 7.1 7.1 7.1 5.9 5.9 5.8 5.9 6.7 6.6 6.4 o.6 5.8 
8.1 8.0 7.7 7.9 6.8 6.8 6.8 6.8 5.6 5.5 5.8 5.6 6.1 6.2 6.2 6.2 5.5

500 7.9 7.8 7.6 7.8 6.8 6.9 6.9 6.9 6.1 6.0 6.0 
1,500 7.8 7.8 7.IL 7.7 6..7 6.7 6.8 6.7 5.8 5.6 5.8

500 8.2 8.1 8.0 8.1 6.9 7.1 7.0 7.0 6.1 
1,500 8.1 8.1. 8.1 ,. 6.8 7.0 7.1 22 5.9

500 
1,500

9.2 8.7 p.9 8.9 7.6 
9.1 9.5 8.7 9.1 7.6

500 8.5 8.3 
1,500 8.4 8.5

500 8.3 
1,500 8.3

7.8 
8.4

7.9 7.7 
7 .q 7.9

7.7 6.7 
7.8 6.4

8.2 8.3 7.1 7.5 7.2 7.2 6.3 
8.2 8. 7.0 7.3 7.3 7. 6.1

8.1 8.1 7.3 7.3 
7.6 8.1 7.2 7.5

500 8.3 7.8 8.1 8.1 7.3 
1,500 8.3 8.4 8.4 8.4 7.1

7.3 
7.5

7.1 7.2 6.1 5.9 
7.6 7.4 5.8 5.9

7.1 7.2 6.1 
7.b 7.4 5.8

6.1 
5.8

6.0 7.0 
5.7 6.3

5.4 5.4 5.5 5.1 
5.4 5.4 5.4 4.6

5.7 
5.3

6.7 6.5 6.7 6., 6.0 
6.3 6.3 6.3 6.( 5.6

6.1 6.1 6.9 6.7 6.5 6.7 5.9 5.7 
6.0 2 6.3 6.4 6.5 , 5.6 5.4

6.6 6.4 6.6 6.3 
6.4 6.8 6.5 6.3 

6.2 6.2 6.2 6.8 
6.0 6.2 6.3

5.7 
5.9

5.9 6.3 
5.9 6.3

7.0 6.3 6.5 5.6 
6.6 6.4 6.4 5.5 

6.8 6.5 6.7 5.9 
6.4 6.5 62 5.6 

6.1 6.3 6.2 5.2 
6.2 6.3 6.3 4.8

5.5 5.7 
5.4 5.4

5.9 
5.7 

5.6 
5.5

5.4 
4.9

6.1 6.3 
5.8 5.6

5.8 
1.s.5

6.2 6.0 5.9 
6.0 6.0 5.8

5.8 
5.6 

5.3 
5.1

5.7 
5.6 

5.2 
5.3

5.6 
5.0 

5.1 
4.8

5.8 5.5 
5. 5.0

5.2 
5.1

4.6 
4.0

5.9 5.7 5.9 6.2 6.1 6.4 6.2 5.1 5.3 5.4 5.3 4.6 
5.9 5.9 5.9 6.3 6.2 6.2 6.2 4.6 5.0 5.4 5.1 3.7

4.8 
4.8 

5.4 
5.0 

5.7 
5.3 

5.3 
5.0

5.3 5.1 6.2 6.8 6.8 
4.9 4.8 5.3 6.1 6.p

5.2 
5.0 

5.7 
5.4

5.3 
5.0 

5.9 
5.4

6.0 
5.7 

6.3 
6.1

5.4 5.4 6.2 
5.1 5j, 5.7

5.8 5.4 
5.4 5.1

5.4 6.5 
5.1 6.2

5.4 5.4 5.4 6.3 
5.1 5.1 5. 5.8

4.8 
4.8

4.8 4.7 5.6 
4.5 4.4 5.2

6.6 6.2 
6.1 6.1

6.1 6.1 6.1 5.7 
5.6 5.7 5.7 5.3

5.7 
5.3 

5.6 
5.3

6.3 6.3 6.3 6.1 5.9 
5.9 6.1 6.0 5.8 5.7 

6.L 6.L 6.3 6.0 5.7 
5.9 b.2 5 5.7 5.5

6.4 6.1 5.0 
6.0 5.8 5.0

5.6 
5.3 

5.9 
5.6

5.6 5.0 
5.3 4.8 

6.0 5.7 
5.7 5.4

6.0 5.9 
5.6

5.2 
5.1

6.8 6.7 6.7 6.0 5.9 6.2 6.1 5.2 
6.4 6.8 6.5 5.5 6.0 5.7 5.7 5.0

6.5 6.5 6.4 6.0 5.6 
6.0 6.4 6fll 5.7 5.6

5.7 
5.5

5.0 4.8 4.8 5.6 
4.8 4.5 4.3 5.0

6.0 5.8 5.0 5.0 
6.0 5.6 4.9 5.0

6.0 6.0 5.2 
5.7 .: 5.1

5.4 5.1 
5.0 5.0

6.0 5.8 5.3 5.3 5.5 
6.0 5.5 4.6 5.0 5.0

4.9 
4.7

5.4 5.0 
4.9 4.7

5.0 
5.5

5.0 
5.0

5.0 
5.2

5.0 5.0 5.0 
4.8 4.8 4.8 

5.9 5.8 5.P 

5.6 5.3 5.4 

5.3 5.? 5._ 
5.3 5.0 .  

5.2 5.1 5.2 
4.8 5.5 5.1 

5.3 5.2 5.2 
5.2 5.2 .

5.0 
4.2

5.0 5.0 
5.0 4.6

4.9 5.0 4.9 
4.4 5.0 4.7

Average of Above

Flow Value of 20

Average of All

500 8.4 8.1 8.2 8.2 7.2 7.3 7.2 7.2 6.2 
1,500 8.4 8.4 8.2 IL 7.1 7.3 7.4 7. 6.0 

500 9.3 8.5 9.1 9.0 7.0 7.0 7.1 7.0 6.6 
1,500 9.1 9.3 8.7 9.0 7.0 7.0 7.0 7.0 6.6 

500 8.5 8.2 8.3 8.3 7.1 7.3 7.1 7.2 6.3 
1,500 8.5 8.6 8.2 jL4 7.1 7.3 7., .2 6.1

6.1 6.0 6.1 6.6 6.5 6.4 6.5 5.6 5.6 5.6 
6.0 6.1 "Q 6.3 6.4 6.4 6,0 5.3 5.4 5.5

6.9 6.7 6.7 7.4 7.9 7.3 7.5 6.4 6.6 
6.4 6.6 6.5 7.3 6.7 7. 7.2 6.1 5.8

6.2 
6.0

6.1 6.2 6.7 6.7 
6.2 M 6.h 6.4

6.5 6.6 5.7 
6.6 6 5.5.4

5.8 
5.5

5.6 5.2 
5." 4.7

6.3 6.4 5.9 
6.1 6.0 5.6

5.7 
5.6

5.7 5.3 
J.. 4.8

5.3 
5.0

5.2 5.2 6.0 6.3 
4.9 48 5.6 5.8

6.1 5.9 
5.2 5.6

5.4 
5.0

6.0 7.7 
5.5 7.4

5.3 5.3 6.3 
5.0 4..2 5.8

6.3 6.2 5.7 5.6 
6.2 54 5.4 5.4

7.4 7.4 7.5 6.5 
6.6 7.0 7.0 6.3

6./; 

5.9

6.7 
6.0

6.5 6.4 5.8 5.7 
6.3 6. 1 5.5 5.5

5.8 
5.4

5.7 5.1 
4.9

6.6 6.6 5.5 
6.2 6.2 5.6

5.9 
5.5

5.8 5.2 
_ 5.0

5.2 
4.9 

6.2 
5.2

5.3 5.3 
4.9 5.2

63-7.0 6.L-7.2 6.3-7.0 5.4-6.0 4.8-5.4

5.2 
5.1 

5.9 
5.5

5.2 

5.9 
5.4 

5.3 
,9

6.0-6.8 5.7-6.4 5.0-5.5Asphalt contents selected by performance under traffic 7.6-8.5





TABLE 4 

COMPARISON OF OPTIMUM ASPHALT CONTENTS - LABORATORY COMPACTION

Type

Sand Asphalt, 7% Filler 

Sand Asphalt, 13% Filler 

Sand Asphalt, 19% Filler 

Asphaltic Concrete, Crushed Limestone, 
2% Filler 

Asphaltic Concrete, Crushed Limestone, 
5% Filler 

Asphaltic Concrete, Crushed Limestone, 
8% Filler 

Asphaltic Concrete, Uncrushed Gravel, 
4% Filler 

Asphaltic Concrete, Uncrushed Gravel, 
5% Filler 

Asphaltic Concrete, Uncrushed Gravel, 
9% Filler 

Asphaltic Concrete, Slag, 
8% Filler

Optimum Asphalt Content - Laboratory Compaction 
Original Mixes Laboratory Blends 

Asphalt Content Selected Modified AASHO Hammer Modified AASHO Hammer 10-Lb Hammer. 3-7/8-Inch Diameter Foot 
from Traffic Behavior 4 Blows 55 Blows 75 Blows 40 Plowslows 50 Blows 

7.6 - 8.5 8.5 8.2 8.0 -

6.3 - 7.0 7.1 6.8 6.7 7.3 7.4 7.2 

6.4 - 7.2 6.4 6.3 6.1 - -

6.3 - 7.0 7.0 6.9 6.6 -

5.4 - 6.0 6.0 5.8 5.5 5.6 6.0 5.? 

4.8 - 5.4 5.5 5.2 5.1 -

6.0 - 6.8 6.7 6.6 6.4 -

5.7 - 6.4 6.0 5.9 5.9 5.3 5.5 5.4 

5.0 - 5.5 5.3 5.2 5.4 - -

5.3

Mix 
No.  

7 

8 

9 

10 

11 

12 

13 

14 

15

5.3

NOTES: 
1. A 500-lb static leveling load was used in addition to the hammer compaction 

for the Modified AASHO hammer only.

5.6

I I



TABIE 

PAVEMENT EVALUATION - INFERIOR BASES

Section Unit 

4A 1 
1 
1 

4A 2 
2 
2 

4A 3 
3 
3 

4B 1 
1 
1 

4B 2 
2 
2 

4B 3 
3 
3 

4C All 

5A All 

5B 1 
1 
1 

5B 2 
2 
2 

5B 3 
3 
3 

5C 1 
1 
1 

50 2 
2 
2 

5C 3 
3 
3 

6A All 

6B All 

6C 1, 2 

6C 3

SA 1 Sand-loess

Type Bases 

Sand-clay-loess 

Sand-clay-loess 

Sand-clay-loess 

Sand-clay-loess 

Sand-clay-loess 

Sand-clay-loess 

Sand-clay-loess 

Sand-loess 

Sand-loess 

Sand-loess 

Sand-loess 

Sand-loess 

Sand-loess 

Sand-loess 

Sand-loess 

Sand-loess 

Sand-loess 

Sand-loess

Pavement Wheel 
Thickness Load 
Inches Kips 

1.5 15 
37 
60 

1.5 15 
37 
60 

1.5 15 
37 
60 

3.0 15 
37 
60 

3.0 15 
37 
60 

3.0 15 
37 
60 

5.0 15, 37,60 

1.5 15, 37,60 

3.0 15 
37 
60 

3.0 15 
37 
60 

3.0 15 
37 
60 

5.0 15 
37 
60 

5.0 15 
37 
60 

5.0 15 
37 
60 

2.0 15, 37, 60 

4.0 15, 37, 60 

6.0 15, 37, 60 

6.0 15 
37 
60 

0.75 15, 37, 60

Mix 
Number 

10 
10 
10 

11 
11 
11 

12 
12 
12 

10 
10 
10 

11 
11 
11 

12 
12 
12 

10, 11,12 

10, 11,12 

10 
10 
10 

11 
11 
11 

12 
12 
12 

10 
10 
10 

11 
11 
11 

12 
12 
12 

7, 8, 9 

7, 8, 9 

7, 8 

9 
9 
9 

Surface 
treated

1. Abbreviations: S - Satisfactory 
B - Borderline 
U - Unsatisfactory

Evaluation at Indicated 
Asphalt Content 1 

Marshall Marshall Marshall 
Optimum - 20% Optimum - 10% Optimum 

S S S 
B B U 
B B U 

S S S 
B B U 
B B U 

S S B 
B B U 
B U U 

S S S 
S ' S B 
S S B 

S S S 
S B U 
S B U 

S S S 
B U U 
B U U 

S S S 

U U U 

U U U 
U U U 
U U U 

S B U 
S U U 
S U U 

S S B 
S S U 
S S U 

S B U 
S B U 
S S S 

S S S 
S S S 
S S S 

S S S 
S S S 
S S S 

U U U 

U U U 

U U U 

B U U 
B U U 
B U U 

U U U
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VIEW SHOWING TYPICAL TIRE PRINTING, SECTION 2B-2, MIX 14, 
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VIEW SHOWING TYPICAL RUTTING, SECTION 3C-I, MIX 7, 
122 COVERAGES, 37,000-LB LANE
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VIEW SHOWING TYPICAL SHOVING, SECTION 313-I, MIX 7, OPTIMUM ASPHALT, 
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VIEW SHOWING PRONOUNCED SETTLEMENT, SECTION IA-I, MIX 10, OPTIMUM ASPHALT MINUS 
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VIEW SHOWING PRONOUNCED CASE OF CONDITION DESIGNATED AS "ROUGH SURFACE" 
PHOTO ALSO SHOWS UPHEAVAL AT SIDES OF TRAFFIC LANE 
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VIEW SHOWING WELL-DEFINED UPHEAVEL IN BASE COURSE, SECTION 5A-3, MIX 12 
OPTIMUM ASPHALT MINUS 10 PER CENT, 350 COVERAGES, 37,000-LB LANE
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VIEW SHOWING PRONOUNCED UPHEAVEL IN PAVEMENT, SECTION 6B-I, MIX 7 
620 COVERAGES, 15,000-LB LANE
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VIEW SHOWING PRONOUNCED LONGITUDINAL MOVEMENT, SECTION 6A-I, MIX 7, 
200 COVERAGES, 15,000-LB LANE
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VIEW SHOWING TYPICAL MIX EVALUATION,SECTION 2A-3, MIX 15, 
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VIEW SHOWING TYPICAL MIX EVALUATION, SECTION 2A-I, MIX 13, 
1100 COVERAGES, 37,000-LB LANE
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VIEW SHOWING BRITTLE MIX AND SHELLING, SECTION IIA-2, MIX II, OPTIMUM ASPHALT MINUS 
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INC LOSURE I 

FORMULAS 

Introduction 

General 

1. The formulas and computations required to develop the data 

presented in the principal report and its several appendices are listed 

and explained in the following paragraphs. In the laboratory investiga

tion of asphalt paving mixtures by the Marshall stability method the test 

results were expressed in the form of curves for seven properties of the 

various compacted mixtures. These properties are stability, flow, unit 

weight total mix, unit weight aggregate only, per cent solids and voids 

total mix, per cent solids and voids aggregate only, and per cenu total 

voids filled with asphalt. With the exception of the first two properties, 

which are measured directly in the test, computations are necessary to 

determine the numerical values of the properties. Formulas for making 

these computations and for the various specific gravities from which they 

are derived are presented herein. A typical asphalt paving design is pre

sented in table I-1; this design is the basis for most of the nunierical 

examples which follow each formula. A graphical presentation of the 

volume relations in an asphalt paving mixture and a summary of the prin

cipal formulas appear on plate I-1. Also presented are methods for 

blending aggregate to meet specified gradation requirements. Smbols 

used in the formulas arc identified where they first appear and are assem

bled in the back of this inclosure for ready reference.
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Percentage bases 

2. Throughout this investigation the percentage weights of the 

aggregate (W1, W2, etc.) and the percentage weight of the asphalt cement 

(Wb) have been expressed as a percentage of the total mixture. Thus a 

mixture which contains 7.6 per cent of asphalt cement contains 92.4 per 

cent of aggregate. In the preparation of an asphalt mixture it was 

therefore necessary to correct the percentage weights of the aggregate, 

taken from the sieve analysis data, to include the asphalt cement. The 

following example will illustrate the method; the mixture is to contain 

7.6 per cent of asphalt cement.  

Aggregate Only Total Mix 
Bin Per Cent Per Cent 

A 0.924 x 51.5 = 47.6 

B 0.924 x 17.9 = 16.5 

C 0.924 x 22.2 = 20.5 

D 0.924 x 8.4 = 7.8 

Asphalt cement 0.0 = 7.6 

100.0 100.0 

Specific Gravities 

Specific gravity of asphalt cement 

3. The specific gravity of the asphalt cement (Gb) was determined 

from the following formula in accordance with ASTM Designation D70-27.  

Gb = c-a 
(b - a) - (d - c) 

where a = weight of empty pycnometer 

b = weight of pycnometer filled with water
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c = weight of pycnometer approximately half filled with 
asphalt cement 

d = weight of pycnometer plus asphalt cement plus suffi
cient water to finish filling pycnometer 

Numerical example: a = 32.8424, b = 57.5421, c = 45.9431, and 
d = 57.7990 

Gb = (5.41 45.9431 - 32.5424 = 1.020 257.5421 - 32.8424) - (57.7990 - 45.9431) 1

Specific gravity of aggregates 

4. The specific gravities of coarse and fine aggregates (G1, G2, 

G3 , etc.) were determined in accordance with the apparent specific 

gravity test in ASThI Designation C127-42 and C128-42, respectively. The 

following formulas were used in calculating specific gravity values: 

a. Coarse aggregate (ASTh C127-42) 

G = A 

where A = weight of oven dry aggregate 

C = weight of saturated sample in water 

Numerical example: A = 4965, C = 3084 

G1 = 4965 = 2.640 
4965 - 3084 

b. Fine aggregate (ASThI C128-42) 

G A 
1 F + A - w 

where A = weight of oven dry aggregate 

F = weight of flask plus water at 200 C (680 F) 

W = weight of flask plus aggregate plus sufficient water 
to finish filling the flask at 200 C (680 F) 

Numerical example: A = 420, F = 657, W = 918 

420 = 
- 657 + 420 - 918-2.64
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In the tests discussed in this report the specific gravities of aggregate 

were determined by the pycnometer method in which the air was evacuated 

from the sample by boiling. Later tests, however, indicated that this 

method produced unreasonable theoretical density values when employed 

with porous aggregate such as slag and that the proper method was that 

specified under ASTM Designation C127-42. Comparative tests on non

porous aggregate, such as used in the studies in this report, have shown 

no essential differences in the specific gravities obtained by the two 

methods. Therefore, it is believed that the test properties reported 

are reliable.  

Specific gravity of mineral filler 

5. The specific gravity of mineral filler was determined in 

accordance with the procedure described under AST Designation C183-44 

using the following formula: 

a - b 

where W = weight of mineral filler in grams 

a = upper reading on Le Chatelier flask 

b = lower reading on Le Chatelier flask 

Numerical example: W = 65.0, a = 23.5, b'= 0.2 

G = 65.0 =2.790 1 23.5-0.2 

Specific gravity of minerl filler -- alternate method 

6. It is considered that the method Cl88-44 (described in the pre

coding paragraph) for determining the specific gravity of mineral filler 

is satisfactory where the filler is a high-quality material such
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as limestone dust. However, with some fillers, especially those obtained 

from natural soil deposits, there may be so much foam that it is difficult 

to read accurately the meniscus in the Le Chatelier flask. For such 

filler materials it is recommended that the specific gravity be deter

mined in accordance with ASTR Designation D854-45 T using the formula 

G _Wo 

1= Wo + (Wa - Wb) 

where W0 = weight of sample of oven dry filler in grams 

Wa = weight of pycnometer filled with water at tempera
ture T in grams 

Wb = weight of pycnometer filled with water and filler 
at temperature T in grams 

Note: The temperature T is the temperature at which 
the weight Wb is obtained. The value of Wa 
at the temperature T will usually be obtained 
from a table of weights and temperatures or 
from a calibration curve which has been pre
viously prepared for the particular pycnome
ter being used.  

Numerical example: Wo = 72.54, Wa = 264.81, Wb = 311.35 

72.54 = 2.790 72.54 + (264.81 - 311.35) 

Specific gravity of molded or cored specimens 

7. The specific gravity of molded or cored specimens (GM) Was 

determined by the ratio of the weight in air to the volume displaced in 

water. This method is sufficiently accurate for specimens which are 

reasonably impermeable to water. For specimens which are vry coarse 

and open such as those made from binder course mixtures, the volume ob

tained by water displacement is not a measure of the true volume. For 

such cases, the volume of the specimen may be obtained either by painting
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it lightly with paraffin before immersion or by actual measurement. The 

specific gravity of molded or cored specimens (Gm) was determined by the 

following formula: 

G a m-a - b

where a = weight of 

b = weight of 
ture 

Numerical example: 

Gm =

specimen in air 

specimen immersed in water at room tempera-

a = 1150.0, b = 638.9 

1150.0 = 2.250 
1150.0 - 638.9

Theoretical maximum specific gravity 

8. The theoretical maximum specific gravity of the total mixture 

(Gt) was computed by the following formula: 

G -100 

t-W 1  W2  W3  W 4  W Wb 

G 1 G 2 G 3 G 4 G5 Gb

where W 1 , W 2 , 

Wb 

G1, G2, 

Gb 

Numerical exam 

W5 = 8.3, Wb = 

2.790, Gb = 1.

etc. = percentage weights of respective aggre
gates including filler 

= percentage weight of asphalt cement 

etc. = specific gravities of respective aggre
gates including filler (see paragraphs 
4 and 5) 

= specific gravity of asphalt cement 

'iple: W 1 = 41.6, W2 = 21.3, W3 = 20.3, '1= 0.9, 

7.6, G1 = 2.640, G2 = G 3 = G4 = 2.650,G= 
+ 5 

020.  

G _ 100 

t ~41.6 21.3 20.3 0.9 . 7.6 
2.640 +2.650 +2.650 +2.650 +2.790 +1 .020



Gt =210 = 2.368 Gt =42.222-236 

Unit Weights 

Unit weight total mix 

9. The unit weight of the total mix (Ut) expressed in pounds per 

cubic foot was computed as follows: 

Ut = 62.4 Gm 

where Gm = specific gravity of molded or cored specimen 

Numerical example: Gm = 2.250 

Ut = 62.4 (2.250) = 140.4 lb per cu ft 

Unit weight aggregate only 

10. The unit weight of the aggregate only (Ua), which assumes that 

the asphalt cement has been removed from the specimen without altering 

its volume or disturbing the relative position of the aggregate particles, 

was computed as follows: 

Ua = Ut (100 - Wb) 
100 

where Ut = unit weight, total mix 

Wb = per cent by weight of asphalt cement.  

Numerical example: ~Ut = 140.4, Wb = 7.6 

Ua = 140.4 (100 - 7.6) = 129.7 lb per cu ft 

100 

Volume Relations 

Per cent solids total mix 

11. The per cent solids in the total mix (St) was computed as follows:



St = 100 Gm 

Gt 

where Gm = specific gravity of molded or cored specimen 

Gt = theoretical maximum specific gravity of mixture 

Numerical example: Gm = 2.250, Gt = 2.368 

St = (100) 2.250 = 95.0 per cent 

Per cent voids total mix 

12. The per cent voids in the total mix (Vt) is the percentage 

complement of the per cent solids (St) in the total mix. Thus, if St = 95 

per cent, Vt = 5 per cent.  

Per cent by volume of asphalt cement 

13. The per cent by volume of asphalt cement (Sb) is not one of 

the five properties used in reporting tests on asphalt paving mixtures, 

but its evaluation is essential in the computations of other properties.  

The value is computed as follows: 

Sb = Gm x Wb 

where Gm = specific gravity of molded or cored specimen 

Wb = per cent by weight of asphalt cement 

Gb = specific gravity of asphalt cement 

Numerical example: Gm = 2.250, Wb = 7.6, Gb = 1.020 

Sb (2.250)(7.6) = 16.8 per cent 
1.020 

Per cent solids aggregate only 

14. The per cent solids of the aggregate only (Sa) was coputed by 

the following formula:
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Sa =St - Sb 

where St = per cent solids, total mix 

Sb = per cent by volume of asphalt cement 

Numerical example: St = 95.0, Sb = 16.8 

Sa = 95.0 - 16.8 = 78.2 per cent 

Per cent voids aggregate only 

15. The per cent voids in the aggregate only (Va) is the percent

age complement of the per cent solids in the aggregate only (Sa). Thus, 

if Sa = 78.2 per cent, Va = 21.8 per cent.  

Per cent voids filled with asphalt 

16. The per cent voids filled with asphalt (Vf) was computed as 

follows: 

Vf = V (100) 

where Sb = per cent by volume of asphalt cement 

Va = per cent voids in aggregate only 

Numerical example: Sb = 16.8, Va = 21.8 

Vf =16. (100) = 77.1 per cent 
21.8 

Aggregate Blends 

General 

17. In the operation of an asphalt paving plant, it is oftentimes 

necessary to combine several aggregates to produce a mixture which meets 

the gradation specifications. On entering the plant, the aggregates are 

heated and passed through a screening process which separates them into
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bins according to size. Where limestone dust or other mineral filler is 

used to supplement the material passing the No. 200 sieve, it usually 

does not pass through the screening process but is stored in one of the 

bins and added separately. Due to certain inefficiencies in the screen

ing process, the aggregate in each bin, although dominantly of the 

desired size range, also includes snall amounts of the other sizes. Some 

change in aggregate size also results from the heating. Thus it can be 

seen that, even though the aggregates have the desired gradation on 

entering the plant, the changes which take place as a result of the 

screening and heating process require that a separate sieve analysis be 

obtained from each bin in order to establish gradation control. It is 

necessary, therefore, first to compute the proportions in which aggre

gate from separate sources of stockpiles are to be introduced into the 

plant and, second, to compute the amounts to be drawn from the several 

plant bins which will produce an aggregate mixture confonning to the de

sired job-mix gradation. Both sets of computations are necessary to 

obtain proper operation of the plant and to utilize completely the 

screened and heated material. The procedures and computations necessary 

to blend aggregates to meet specified gradation requirements, both before 

and after passing through the plant screens, are contained in the follow

ing paragraphs. Although the discussion centers principally around plant 

operations, the procedures are equally applicable to laboratory blending 

of aggregates.  

Combining two aggregates 

18. Example I illustrates the usual problem of combining two
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aggregates with gradations which overlap considerably, a condition fre

quently encountered in the use of local materials. Given two aggregates, 

A and B, with sieve analyses as shown below, which are to be combined to 

produce a satisfactory mixture which will meet the gradation limits as 

listed.  

Example I 

Per Cent Passing 
Sieve Aggregate Aggregate Specification Limits 
Size A B Lower Upper 

3/4-In. 100 100 100 100 
1/2-In. 72 100 75 100 
3/8-In. 56 100 60 92 
No. 4 32 95 50 78 
No. 10 24 82 35 60 
No. 40 12 34 12 37 
No. 80 6 21 7 25 
No. 200 0 3 3 12 

The first step in determining what proportions of the two aggregates will 

produce the desired blend is to plot the values for their mechanical 

analyses and the specification limits as shown on plate 1-2. In deciding 

whether or not the two aggregates can be combined to produce an accopta

ble blend, the following facts should be borne in mind: 

a. The gradation curves for all possible combinations of the 
two aggregates, A and B, will fall between curves A and B.  

b. If the curves A and B cross at any point, the curves for 
all possible combinations will pass through that point.  

c. The curve for a blend containing more of aggregate A than 
of B will be closer to the A than to the B curve and vice 
versa. The curve for a blend containing equal amounts of 
the two aggregates will fall exactly midway between curves 
A and B.  

d. If the per cent desired to pass any particular sieve 
falls between the two curves, it is possible to find a 
combination which will meet the requirements for that sieve.  
However, this blend may or may not meet the desired require
ments for the other sieves.
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Examination of the curves for aggregates A and B indicates that it is 

possible to find a blend which will fall within the specification limits 

for all sieves except the No. 200. However, since the amount passing the 

No. 200 sieve is customarily supplemented by the separate addition of 

limestone dust or similar material at the plant, that size can be omitted 

and a blend sought which will meet the requirements for the other sizes.  

It should be remembered, however, that the addition of the filler material 

will also increase the percentages passing the No. 40 and No. $0 sieves 

and, hence, it is desirable to choose a blend in which the amounts passing 

these two sieves are somewhat less than those ultimately desired. The 

determination of the blend which will yield the desired gradation can be 

accomplished in several ways. In the following example, the No. 10 sieve 

has been selected as the first control size. The specifications stipulate 

that 35 to 60 per cent of the.total aggregate must pass this sieve and a 

figure of 50 per cent is chosen for trial. The per cent of aggregate A 

necessary to produce the desired amount passing any particular sieve can 

be computed from the following formula: 

X = 100 (B - s) 
(B -A) 

in which X = per cent of aggregate A in the combination 

S = per cent desired to pass the sieve 

A = per cent of aggregate A passing the sieve 

B = per cent of aggregate B passing the sieve 

The value of X to produce a blend in which 50 per cent will pass the No.  

10 sieve may then be computed as follows: 

x = 100(82 - 50) = 100 ( = 55 
(32 - 24) (5g)



I-13

The desired blend, therefore, contains 55 per cent of aggregate A and 45 

per cent of aggregate B. The computations for the 55-45 blend are then 

tabulated as follows: 

Blend -- 55% A and 45% B 

Aggregate A Aggregate B Combination Specification 
Sieve Total % Total o 55% A + 45% B Limits % Passing 
Size Passing 55% Passing 45% % Passing Lower Upper 

3/4-In. 100 55 100 45 100 100 100 
1/2-In. 72 40 100 45 85 75 100 
3/8-In. 56 31 100 45 76 60 92 
No. 4 32 18 95 43 61 50 78 
No. 10 24 13 82 37 50 35 60 
No. 40 12 7 34 15 22 12 37 
No. 80 6 3 21 9 12 7 25 
No. 200 0 0 3 1 1 3 12 

As shown on plate 1-2, the curve for the 55-45 blend falls within the 

specification limits for all sieves except the No. 200 and is well graded 

from coarse to fine. It will be noted that the percentages passing the 

No. 40 and No. 80 sieves are closer to the lower than to the upper speci

fication limits. As will be shown later in Example II, the effect of 

adding filler material to the 55-45 blend is to increase these percent

ages. If the 55-45 blend had not been satisfactory, further adjustments 

could be made following the above procedure. If after further adjustment 

no combination was found which would meet the specifications, a decision 

would need to be made by the Engineer-in-charge as to the substitution of 

other aggregates.  

Combining three aggregates 

19. Example II illustrates a method which may be employed in com

bining aggregates from three plant bins. This method may also be used to 

compute blending proportions for commercially produced aggregates or for
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those in which the sizes do not overlap very much. In the example given, 

it is assumed that the plant has three bins, A, B, and C, which, respec

tively, contain material retained on the plant's No. 4 screen, that pass

ing the No. 4 screen, and mineral filler. The figures were obtained by 

assuming that the 55-45 blend described in Example I has been introduced 

into the plant. The sieve analyses of the three bins and the desired 

gradation limits are as shown below. The curves for these gradations are 

plotted on plate 1-3. It will be observed that some material larger than 

the No. 4 sieve is present in bin B. In this connection it should be 

pointed out that the openings in the plant screen designated as a No. 4 

may differ slightly in size from those of the standard No. 4 sieve used 

in the laboratory. Also, plant screens are subject to wear and breakage, 

and it is not uncommon for them to develop mesh enlargements and holes 

which permit passage of particles larger than the nominal size.  

Example II 

Per Cent Passing 
Sieve Filler Specification Limits 
Size Bin A Bin B Bin C Lower Upper 

3/4-In. 100 100 100 100 100 
1/2-In. 66 100 100 75 100 
3/8-In. 46 100 100 60 92 
No. 4 16 96 100 50 78 
No. 10 7 84 100 35 60 
No. 40 2 38 100 12 37 
No. 80 0 22 92 7 25 
No. 200 0 2 86 3 12 

In determining the percentages to be used from each bin, the No. 200 sieve 

is selected as the first control size. The specifications require from 

3 to 12 per cent to pass this sieve and a figure of 7 per cent is selected 

for trial. It can be seen from the sieve analyses of the three bins that



almost all the material passing the No. 200 sieve must come from Bin C.  

Moreover, whether the portion of the blend to be taken from Bin B is as 

low as 30 or as high as 70 per cent, its contribution to this size will 

not differ much from 1.0 per cent. Estimating that amount to come from 

Bin B leaves 7 - 1 = 6 per cent of this material to come from Bin C.  

Since 86 per cent of the material in Bin C passes the No. 200 sieve, 

6/0.86 = 7 per cent, the portion of the blend to be taken from Bin C.  

Having established that 7.0 per cent of the blend is to come from Bin C, 

the per cent to be taken from Bin A can be computed from any of the sieves 

for which the percentages passing are 100 in Bins B and C and less than 

100 in Bin A. This requirement is met by the percentages passing the 

1/2- and 3/8-in. sieves. Selecting the 3/8-in. sieve for the computations 

and noting that the 55-45 blend of Example I produced 76 per cent passing 

this sieve, the figures for both the per cent passing and the per cent 

retained may be set down as follows: 

Per Cent Passing and Per Cent Retained -- 3/8-In. Sieve 

Bin A Bin B Bin C Desired 

Passing 46 100 100 76 

Retained 54 0 0 24 

From the figures for per cent retained, it is easily seen that all the 

material retained on the 3/8-in. sieve must come from Bin A and the per 

cent to be taken from that bin is, therefore: 

100 = 44 

Having determined that the percentages to be taken from Bins A and C are 

44 and 7, respectively, the portion to come from Bin B is then 100 

(44 + 7) = 49 per cent. The computations for the 44-49-7 blend may then
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be conveniently tabulated and compared with the specification limits as 

follows: 

Blend -- 44% A, 49% B, and 7% C 

Spec if ication 
Bin A Bin B Bin C 44-49-7 Limit s 

Sieve Total % Total % Total % Blend % Passing 
Size Passing 44% Passing 49% Passing 7% % Passing Lower Upper 

3/4-In. 100 44 100 49 100 7 100 100 100 
1/2-In. 66 29 100 49 100 7 85 75 100 
3/8-In. 46 20 100 49 100 7 76 60 92 
No. 4 16 7 96 47 100 7 61 50 78 
No. 10 7 3 84 41 100 7 51 35 60 
No. 40 2 1 38 19 100 7 27 12 37 
No. 80 0 0 22 11 92 6 17 7 25 
No. 200 0 0 2 1 86 6 7 3 12 

As shown on plate I-3, the curve for the 44-49-7 blend falls within the 

specification limits and is well graded from coarse to fine. The effect 

of adding the filler material may be seen by comparing the differences 

in the percentages passing each sieve between the 44-49-7 blend aid the 

55-45 blend of Example I. As shown in the tabulation below, the addition 

of 7 per cent filler appreciably increased the percentages passing the 

No. 40, No. 80, and No. 200 sieves but had little or no effect on the 

coarser sizes.  

Effect of Adding Filler Material 

Per Cent Passing 
Sieve 55-45 Blend 44-49-7 Blend 
Size Example I Example II Increase 

3/4-In. 100 100 0 
1/2-In. 85 85 0 
3/8-In. 76 76 0 
No. 4 61 61 0 
No. 10 50 51 1 
No. 40 22 27 5 
No. 80 12 17 5 
No. 200 1 7 6
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Combinations of three or more aggregates 

20. Example II has illustrated a method for solving a blending 

problem involving three plant bins or three aggregates with gradations 

which do not overlap very much. For problems involving throes aggregates 

where there is considerable overlapping or for those with more t -an three 

aggregates or bins, the solution is more difficult but can usually be 

obtained by means of similar methods. Example III is a blending problem 

involving four bins or aggregates with sieve analyses and desired grading 

as shown below. The figures were obtained by substituting two bins 

(B and C) in place of Bin B of Example II. The desired grading is the 

same as that of Example II.

Example III 

Per Cent Passing 
Specifica

Sieve Aggregate Aggregate Aggregate Aggregate tion Limits 
Size or Bin A or Bin B or Bin C or Bin D Lower Uper DesirE 

3/4-In. 100 100 100 100 100 100 100 
1/2-In. 66 100 100 100 75 100 8~ 
3/8-In. 46 100 100 100 60 92 76 
No. 4 16 93 100 100 50 78 61 
No. 10 7 78 94 100 35 60 51 
No. 40 2 20 80 100 12 37 27 
No. 80 0 8 53 92 7 25 17 
No. 200 0 1 7 _6_ J 12 

Totals 221 500 634 778 424 

Before proceeding to the solution, a consideration of the following 

general mathematical relations will help to clarify the problem; 

a. An equation of the general form 

aA + bB + cC + dD = S 

can be obtained from each sieve size. In this equation, 
the small letters are decimal fractions representing the 
portions of the blend to be taker f2romi each aggregate or

ed
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bin such that a + b + c + d = 1.0. When their values have 
been determined, they may be expressed as percentages by 
multiplying each by 100. The capital letters represent 
the percentages either passing or retained on the paricu
lar sieve. For -example, using the percentages passing the 
3/8-in. sieve, the following is a valid equation: 

46a + 100b + 100c + lOOd = 76 

Or, using the percentages retained on the same sieve, the 

equation becomes: 

54a + Ob + Oc + Od = 24 

b. Equations obtained from any particular sieve can be com
bined either by addition or subtraction with equations 
obtained from one or more other sieves to produce other 
equations which are equally valid. For example, combining 
equations obtained from the No. 10 and No. 80 sieves by 
addition: 

From No. 10 7a + 78b + 94c + 100d = 51 

No. 80 Oa + 8b + 53c + 92d = 17 
Sum 7a + 86b + 147c +192d = 68 

or, by subtraction: 

Difference 7a + 70b + 41c + 8d = 34 

c. A valid equation can also be obtained from all the sizes.  
For example, using the totals of the percentages passing: 

221a + 50Gb + 634c + 778d = 424 

Proceeding now to the solution, it is seen that all the material larger 

than the 3/8-in. size is contained in Bin A. Using the percentages re

tained on that sieve, the following equation is obtained: 

54a + Ob + Oc + Od = 24 

from which a = 24 = .4 

54 

Turning now to the No. 200 sieve, it is seen that almost all the material 

passing this sieve is contained in Bin D. The equation for this sieve 

can be written: 
Oa + lb + 7c +86d=7
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Estimating the value of lb + 7c as 1.0, gives: 

86d = 7 - 1= 6 

d = 6 = 0.07 

Having determined that a = 0.44 and d = 0.07, the remaining factors b 

and c must equal 1.00 - (0.44 + 0.07) = 0.49. Or if 

b + c = 0.49 

c = 0.49 - b 

An equation is now derived from the totals of the percentages passing all 

the sieves, as follows: 

221a + 500b + 634c + 778d = 424 

Substituting 0.44 for a, 0.07 for d, and (0.49 - b) for c, this equation 

becomes: 

96 + 500b + 634 (0.49 - b) + 54 = 424 

b (500 - 634) = 424 - 96 - 311 - 54 = -37 

b= _-37 = 0.28 
-134 

The value of c can then be found by subtracting from 1.00 

c = 1.00 - (0.44+0.-7r+÷0.>s> 0.21 

The proper proportions in the blend, therefore, are a = 0.44, b = 0.25, 

c = 0.21, and d = 0.07. Expressed in percentages, the blend will require 

44 per cent from Bin A, 28 per cent from Bin B, 21 per cent from Bin C, 

and 7 per cent from Bin D. As shown in the following tabulation, the 

44-28-21-7 blend falls within the specification limits.



Bin I 
Total % 
Passing 

100 
66 
46 
16 
7 
2 
0 
0

Blend -- 44% A, 28% B, 21% C, anc 

Bin B Bin C 
Total % Total % T 

441 Passing 28% Passing 21% Pe 

44 100 28 100 21 
29 100 28 100 21 
20 100 28 100 21 

7 93 26 100 21 
3 78 22 94 20 
1 20 6 60 17 
0 8 2 53 11 
0 1 0 7 1

d 7% D 

Bin D 
)tal % 
assing 7% 

100 7 
100 7 
100 7 
100 7 
100 7 
100 7 
92 6 
86 6

44-2b--21-7 

Blend 
% Passing 

100 

85 

76 
61 
52 
31 
19 
7

Batch weights 

21. Using the aggregate proportions from Example III, and assuming 

that the mix is to contain 6.5 per cent of asphalt cement, the batch 

weights for a 4,000-lb batch are computed as shown below. The aggregate 

percentages are converted to percentages of the total mix by multiplying 

each by 1.000 - 0.065 = 0.935.

Bin A 
Bin B 
Bin. C 
Bin D 
Asphalt Cement

Per Cent by Weight 
Aggregate Total 

Only ivix 

44 41.1 
28 26.2 
21 19.6 

7 6.6 
- 6.5 

100 100.0

Symbols

22. The symbols used in the fonrulas presented in this enclosure 

are summarized in alphabetical order below: 

a, b, A, B, etc. - values used in various formulas 

G1 , G2 , etc. - specific gravities of aggregate fractions of a 
paving mixture

I-20

Sieve 
Size 

3/4-In.  
1/2-In.  
3/8-In.  
No. 4 
No. 10 
No. 40 
No. 80 
No. 200

Batch 
Weights 

Lb 

1644 
1048 
784 
264 
260 

4000
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Gb - specific gravity of asphalt cement 

Gm - specific gravity of molded or cored specimen 

Gt - theoretical maximum specific gravity of total mix 

Sa - per cent solids of aggregate only in a paving mixture 

Sb - per cent by volume of asphalt cement in a paving mixture 

St - per cent solids in the total mix 

Ua - unit weight of aggregate only in a paving mixture 

Ut - unit weight of total mix 

Va - per cent voids in aggregate only in a paving mixture 

Vf - per cent voids filled with asphalt 

Vt - per cent voids in the total mix 

W1, W2, etc. - percentage weights of respective aggregates in 
a paving mixture 

Wb - per cent by weight of asphalt cement in a paving mixture
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NUIiERICAL WEIGHT AND VOLUWiE RELATICNIS IN 100 GRAMS OF MIXTURE

Material 
or Quality 

Sand 

Sand 

Sand 

Sand Filler 

Limestone Filler 

Aggregate Solids 

Aggregate Voids 

Asphalt Cement 

Total Solids 

Total Voids 

Total Mix

Sieve Size 
Passing Retained 

No. on No.  

10 40 

40 80 

80 200 

200 

200 -

Spec if ic 
Gravity 

G 

2.640 

2.650 

2.650 

2.650 

2-.790 

2.657 

0.0 

1.020 

2.368 

0.0 

2.250

Weight 
Grams 

41.6 

21.3 

20.3 

0.9 

8.3 

92.4 

0.0 

7.6 

100.0 

0.0 

100.0

Volume 
Cu Cm 

15.8 

8.0 

7.7 

0.3 

3.0 

34.8 

9.6 

7.4 

42.2 

2.2 

44.4

Per Cent by Weight 
Total 

Aggregate Mix 
Only Basis 
Basis _w 

45.0 41.6 

23.0 21.3 

22.0 20.3 

1.0 0.9 

9.0 8.3 

100.0 92.4 

- 0.0 

- 7.6 

- 100.0 

- 0.0 

- 100.0

Symbol 
or 

Subscript 

1 

2 

3 

4 

5 

a 

a 

b 

t 

t 

m

Per Cent 
by 

Volume 
S or V 

35.4 

18.1, 

17.2 

0.8 

6.7 

78.2 

21.8 

16.8 

95.0 

5.0 

100.0
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TOTAL MIX 

AGGREGATE ONLY 

ASPHALT CEMENT 

FILLED WITH ASHPALT

SPECIFIC 
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Gt 

Gm 

Gb

UNIT WEIGHT 
LBS PER CU FT 

Ut=62.4 Gm 
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Ua=Ut x 
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PERCENT VOIDS 
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Sb 
Vf=100

Va

*Wb=Percent by Weight of Asphalt Cement
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INCLOSURE II

PROCEDURES 

Introduction 

1. This inclosure describes in detail the Marshall stability test 

procedure and apparatus used in the laboratory for the design of asphalt 

paving mixtures, together with a discussion of the method of selecting 

design asphalt contents from the test data. Since the Marshall stability 

test is also adaptable for use in the construction control of plant mix

tures and for determining the properties of cored samples of bituminous 

pavements, a description of the test procedures for these features is 

included.  

Laboratory Test for Design of Asphalt Paving Mixtures 

Equipment 

2. The equipment consists of compaction molds, compaction hammer, 

and the Marshall stability apparatus consisting of a breaking head Lnd 

flow meter. A suitable compression testing machine is required to per

form the stability test. Other appurtenant equipment as hereinafter 

listed is required for controlled production of test mixtures. Brief 

descriptions of the equipment are given in the following paragraphs.  

3. Compaction mold (see plate II-1). The compaction mold consists 

of a base plate, mold cylinder, and collar. The mold cylinder is 4 in.  

inside diameter with its inner surface machined smooth and approximately 

3-1/2 in. in height.. The mold is so constructed that the base plate and
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collar may be fitted to either end. The collar has an inside diameter 

slightly larger than 4 in. At least two compaction molds are required 

and six are desirable.  

4. Compaction hammer (see plate II-2). The compaction hanner con

sists of a 10-lb weight falling through a distance of 18 in. and striking 

a flat circular foot with a diameter of 3-7/8 in. The hammer is guided 

in its fall by sliding along a vertical rod. Two compaction hammers are 

desirable so that one may be heating while the other is in use, thus per

mitting continuous operation.  

5. Marshall breaking head (see plate II-3). The breaking head 

consists of an upper and lower test head with inside radii of curvature 

of 2 in. The inside surface is machined smooth. The lower test head is 

mounted on a base having two perpendicular guide rods extending upward.  

Guide sleeves in the upper test head are positioned so as to direct the 

movement of the two test heads together without binding or loose motion.  

When a 4-in.-diameter specimen is in testing position, the terminals of 

the two heads are separated by a distance of 3/4 in. on each side. In 

this position the guide rods protrude slightly above the top of the upper 

test head.  

6. Marshall flow meter (see plate II-3). The flow meter consists 

of a gage sliding with slight friction inside a body which in turn slides 

freely over either guide rod of the breaking head. The divisions on the 

gage are numbered from 0.1 to 0.9 in. and intermediate divisions are made 

every 0.02 in. The height of the flow meter is approximately 1 in.  

7. Compression and testing machine (see plates 11-4-11-5). The 

compression and testing machine may be any suitable device which will
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apply vertical pressure to the breaking head by means of a movable plate 

which operates at a speed of 2 in. vertical rise per min. The testing 

machine should be equipped with a load-measuring device having a capacity 

of 5000 lb and sensitive to a 10-lb load up to 1000 lb and a 25-lb load 

up to 5000 lb. A suitable testing machine for field use is the CBR 

testing apparatus equipped with a screw jack and a load-measuring proving 

ring mounted in an appropriate frame. Details of the screw jack and 

proving ring supports are shown on plate 11-4. Drawings of the assembled 

testing machine with the breaking head in place are shown on plate 11-5.  

This same apparatus may be adapted to a more permanent type of installa

tion for laboratory use by attaching an electric motor and suitable gears 

to operate the machine at the proper speed. Photograph II-1 shows a com

pression and testing machine equipped with proving ring, screw jack, and 

electric motor for either hand or mechanical operation; compaction mold, 

sample extractor, breaking head, and compaction hammer are also shown.  

The Waterways experiment Station performs the Marshall test in a univer

sal testing machine equipped with a stress-strain recorder. With this 

machine a permanent record of the load and deformation in the test is 

obtained and the flow meter is not required. Photograph 11-2 shows the 

universal testing machine with the Marshall breaking head in position for 

testing; actuating mechanism for the stress-strain recorder may be seen 

in the foreground.  

8. Appurtenant equipment. The following additional equipment is 

necessary for the production of test specimens. Sizes and quantities 

given are the minimum required for an average laboratory engaged in the 

testing of asphalt mixtures.
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a. Ovens or hot plates for heating aggregate, asphalt cement, 
and compaction equipment (approximately 1.5 ft wide by 8 
ft long, 12 sq ft, heating surface).  

b. Pans for heating aggregate (12 required, 18 in. by 12 in.  
by 4 in. in size).  

c. Can for heating asphalt cement (2 required, approximately 
1 gal. capacity).  

d. Large mixing bowl for mixing aggregate and asphalt cement.  
A mechanical mixer of bakery or restaurant type is desir
able if available (2 bowls required, 10 qt capacity).  

e. Large scoop for handling hot aggregate (1 required, 2 qt 
size).  

f. Square pointed Mason's trowel for mixing (1 required, 6 ,in.  
size).  

g. Small square pointed Mason's trowels for placing mixture 
in compaction mold (2 required, 4 in. size).  

h. Spatula (2 required, blade 1 in. wide by 6 in. long).  

i. Thermometers for determining temperature of aggregate, 
asphalt cement, and bituminous mixtures. Either the dial 
type with metal stem or armored-glass thermometer is suit
able (6 required, minimum sensitivity 50, range 500 to 
4000 F).  

j. Sample extractor (shown on plate II-1) for use in leveling 
mixture in the mold and for extracting compacted sample 
from the mold (2 required, one with wooden handle).  

k. Compaction base on which to rest compaction mold during 
tamping (1 required, 6- by 6-in. wooden post with 1-in.  
steel plate cap, so mounted.that it is stable and free of 
vibration. A concrete base or floor slab resting on the 
ground, an interior building column, or other similar loca
tions are satisfactory foundations for the wooden post.  
wood floors or unsupported areas of concrete floors are not 
considered satisfactory).  

1. Hot water bath with perforated false bottom for heating 
test specimens (1 required, 30 in. by 18 in. size).  

m. Thermometer for hot water bath (2 required, 0.20 F divi

sions, range 1340 to 148 F).  

n. Solution balance for weighing aggregate and asphalt
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mixtures (1 required, at least 5 kg capacity, sensitive 
to 1 g).  

o. Balance for weighing compacted specimens (1 required, 2 kg 
capacity, sensitive to 0.5 g).  

p. Saddle and wire basket or frame suitable for weighing speci
mens under water (1 required).  

a. Water bucket for weighing specimens under water (1 required, 
10 qt capacity).  

r. Appropriate type of gloves for handling hot equipment (3 
pairs required).  

Preparation of test mixtures 

9. A sieve analysis is made on representative samples of each of 

the aggregates to be used, including the mineral filler. The sieve anal

yses being known, the proper proportions of each material to be combined 

to produce the desired gradation may be computed by methods described in 

Inclosure I. The correct percentages of each size and type of aggregate, 

mineral filler, and asphalt cement are converted to the required propor

tions by weight to produce a batch weighing 3000 g of total mixture.  

10. To insure accurate control of blends in the preparation of test 

mixtures it is desirable to separate the aggregate into fractions using 

the following size separations: 3/4 in., 1/2 in., 3/8 in., No. 4, 10, 

40, 80, and 200 sieves. Other sieve sizes may be used if desired. It 

may be noted that with the test equipment described herein aggregate 

larger than 1-in. maximum size should not be used. Studies are now being 

made to develop larger compaction molds and breaking heads for testing paving 

mixtures with larger than 1-in. aggregates. Since it is impracticable to 

get a complete size separation in normal sieving practice, small percent

ages of larger or smaller material will always be present in a given size
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fraction. Some aggregate fractions in a blend may be predominantly of 

one size with minor amounts of larger or smaller material. In this case 

it is suggested that the aggregates be used without further separation 

and that allowance be made for the amount of oversize or undersize mate

rial in proportioning the batch.  

11. All separated fractions of coarse aggregate, fine aggregate, 

and mineral filler should be heated separately to temperatures between 

3500 and 3750 F. Asphalt cement is heated until its temperature is 

between 2500 and 280O F and should not be held at this temperature for 

more than 1 hr.  

12. After all materials have attained the desired temperature, the 

mixing bowl is placed on the solution balance and tared. The aggregate 

and mineral filler are then scooped from the heating pans and weighed in 

the calculated proportions into the mixing bowl. When removing aggregate 

from the heating pans a representative sample of the material may be ob

tained by scooping to the bottom of the pan. Otherwise, segregation of 

fines in the bottom of the pan will result in non-uniformity between 

specimens, those prepared from the bottom materials will have a finer 

gradation than those prepared from the upper material in the pan. The 

material mixed is sufficient for two test specimens. The aggregate is 

thoroughly mixed in the bowl with a trowel or spatula and its temperature 

measured. Aggregate temperatures should be between 3000 and 350 F for 

asphaltic concrete mixtures and between 3400 and 3600 F for sand asphalt 

mixtures. Upon attaining the desired temperature, a crater is fonred in 

the aggregate in the mixing bowl. The bowl and aggregate are then rebal

anced on the scales and the hot asphalt cement is weighed into the mixture.
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13. Mixing is undertaken immediately after introducing asphalt 

cement and should be accomplished as rapidly as possible using the me

chanical mixer or hand methods if the former is not available. Thorough 

mixing should be accomplished within 2 min. The temperature should not 

be below 2250 F after completion of mixing. If below this temperature, 

the mixture should be discarded and the process repeated. No heating 

after mixing is permissible.  

Preparation of test specimens 

14. Production of test specimens is initiated immediately after 

mixing is completed. The compaction hamners and compaction molds should 

be heated to between 2000 and 300O F, cleaned, and ready for use. All 

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 proceeds immediately.  

15. The temperature of the mixture immediately prior to compaction 

should not be less than 2250 F. If it falls below 2250 F, the mix is 

discarded and the process repeated. After the mix has been placed in the 

mold, the collar is removed and the surface of the mix smoothed with a 

trowel to a slightly rounded surface. The collar is then replaced and 

the surface of the mix leveled using hand pressure on a heated sample ex

tractor (plate II-1). It is desirable to construct an extra sample 

extractor for this purpose and equip it with a wooden handle extension



in order to protect personnel from possible burns. The mold assembly is 

placed on the compaction base, the heated compaction hammer is placed on 

the specimen and 50 blows of the hammer 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.  

16. The base plate and collar are removed and the mold with the 

specimen inside is immersed in cool water for approximately 2 min after 

which the collar is replaced on the mold and the sample extractor is 

placed on the opposite end of the specimen. The assembly is then placed 

with the mold collar down in the compression 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 suitably 

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 2-1/2 in. +1/8 in. Eight specimens are required for each increment of 

asphalt, the test results being based on their average values.  

Testing specimens 

17. Specimens may be tested at any time after preparation. Weights 

are determined for each specimen by weighing in air and weighing the 

sample suspended under water (to obtain the volume). The water'should not 

contain an excess of suspended or dissolved materials and its temperature 

should be approximately 770 F. The volume of specimens having an open 

texture is determined by accurately measuring their height and diameter.
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Using the weight and volume relationships obtained, the specific gravity 

of the specimens may be computed in accordance with formulas presented 

in Inclosure I.  

ie. The specimen is immersed in a water bath at 1400 F +10 for a 

period of at least 20 min. After this period it is ready to be tested 

for stability and flow; however, testing should not be begun until all 

apparatus 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 lower proving ring support 
should be just sufficient to permit introduction of the 
test mold.  

19. After the necessary preparations have been completed, the 

specimen is removed from the hot water bath and fitted to testing posi

tion on its side in the lower test head of the breaking head; the com

plete assembly is then placed in testing position in the compression 

machine. The flow meter is placed on one of the guide rods and pressed 

down against the upper test head; 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 recede toward zero. The total number 

of pounds required to produce failure of the specimen is recorded as its 

stability value. In order to prevent excessive cooling of the specimen, 

with a resulting increase in stability value, the entire test procedure 

from the time the specimen is removed from the water bath should be
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performed as quickly as possible; normally, the test should be performed 

in about 30 sec. Photograph 11-3 shows detail of specimen ready for test 

in the field apparatus; note flow meter on the guide rod.  

20. The flow value is obtained during the test for stability. Dur

ing the time the load is being applied, 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, hand 

pressure on the guide sleeve of the flow meter is released instantly.  

After the stability reading has been recorded, the flow meter is removed 

from the breaking head and the final reading made. The difference 

between the initial and final readings expressed in hundredths of an inch 

is recorded as the flow value.  

21. As has been stated previously, the stability test performed 

on the universal testing machine with stress-strain recorder eliminates 

the need for the flow meter, as a permanent record of the load and defor

mation is obtained. The stability is recorded as the maximum value on 

the load-deformation curve. The flow value read from the curve is selected 

at the point beyond the peak where the load first begins to decrease. It 

has been established that this flow value agrees closely with the flow-.  

meter 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 

22. To determine test properties the test procedure described in
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the preceding paragraphs is repeated and specimens prepared for a range 

of 5 or 6 asphalt contents in increments of 0.5 per cent. Eight speci

mens are prepared and tested for each asphalt content and the test values, 

specific gravity, stability, and flow are averaged for each group of 

specimens. Individual test values which are at considerable variance 

with the average may be discarded. Using the formulas in Inclosure I the 

following test properties are computed for each asphalt content: unit 

weight total mix, per cent voids total mix, and per cent voids filled 

with asphalt.  

23. The test properties computed above, as well as stability and 

flow, are plotted versus asphalt content on separate diagrams and smooth 

curves are drawn through the plotted points. A typical plot of the 5 

test properties is presented on plate I-6 which shows that individual 

test points are not plotted for the voids relationships. In order to 

eliminate erratic test values it has been found convenient by personnel 

of the Waterways Experiment Station to plot the test points for the unit 

weight total mix and draw the most reasonable smooth curve through the 

points. Values for the other test properties are then computed on the 

basis of values of unit weight total mix as read from the curve just 

drawn. In this manner, smooth curves are obtained for the computed test 

properties and all void and weight relationships are in agreement with 

one another.  

24. A discussion of the general trends observed in the test pro

perties curves may be helpful in determining the proper asphalt content 

to use in the design of bituminous mixes. Reference to plate Ii-6 will 

aid in following the discussion. The flow curve shows an increase with
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increase in asphalt content, the rise being gradual at low asphalt con

tents but increasing markedly at higher asphalt contents. Stability in

creases with increasing asphalt content, reaching a maximum value beyond 

which further increases in asphalt show a decrease in stability. The 

unit weight total mix also shows an increase with increments of asphalt 

up to a maximum value and decreasing values with further additions of 

asphalt. In general, the peaks of the stability and unit weight total 

mix curves will occur at about the same asphalt content. Voids total mix 

is a measure of air voids in the specimen and show decreases with in

creasing asphalt contents. The curve may or may not reach a minimum 

value, depending on the character of the mixture and the range of asphalt 

contents tested. The percentage of voids total mix approaches zero as a 

limiting value. The curve for voids filled with asphalt shows increasing 

percentages with increases in asphalt content; the curve may or may not 

show a peak.  

Selection of optimum asphalt content 

25. The test procedure and computations described previously have 

been directed toward furnishing information on a given bituminous mixture 

such that the proper asphalt content may be selected for satisfactory 

pavement design. The asphalt content desired, termed the "optimum 

asphalt", is determined by assigning criteria to certain of the test pro

perties, selecting the asphalt content that satisfies each individual 

case, and averaging the asphalt contents obtained. The average value is 

the optimum asphalt content. The criteria for satisfactory pavements 

have been established in the principal report and are as follows:
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Design Criteria 

Value To Be Used For 

Selection Of Optimum 
Test Property Limits Asphalt Content 

Asphaltic Concrete 

Flow Less Than 20 
Stability More Than 500 Maximum 
Unit Weight, Total Mix -Maximnum 
Per Cent Voids, Total Mix 3 to 5 4 
Per Cent Voids Filled with Asphalt 75 to 85 80 

Sand Asphalt 

Flow Less Than 20 
Stability More Than 500 Maximum 
Unit Weight, Total Mix - Maximum 
Per Cent Voids, Total Mix 5 to 7 6 
Per Cent Voids Filled with Asphalt 65 to 75 70 

26. An example of the selection of optimum asphalt content is 

shown for the test results plotted on plate 11-6. 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 -- Per Cent 

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

Average 5.7 

The individual test properties at the average asphalt content of 5.7 per 

cent are then reexamined to determine how closely they agree with the 

criteria. At this asphalt content the flow value is 14, stability is 

700 lb, voids total mix is 4.1 per cent, and voids filled with asphalt 

76 per cent. All values are in reasonable agreement with the criteria.  

The variables that are present during construction are recognized. The
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value of 5.7 per cent does not imply absolute accuracy but may vary within 

a range of values for the criteria as has been discussed in Appendix D, 

Volume 3. For example, inspection of the test properties curves on plate 

11-6 shows that at asphalt contents between 5.5 and 6 per cent the indi

vidual values are in substantial agreement with the criteria, and any 

value between these limits may be acceptable for construction. However, 

the asphalt content selected on the basis of test properties should be 

used for design purposes.  

27. In some cases the selection of an optimum asphalt content from 

the test properties curves is more difficult than was shown in the example 

cited. Certain mixes, for instance, may approach but not reach 4 per cent 

voids total mix or 80 per cent voids filled with asphalt. If the grada

tion of the mix and the other test properties are otherwise acceptable, 

a tolerance of 1 per cent in the voids total mix and 5 per cent in the 

voids filled with asphalt is allowed. The optimum asphalt content 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 tolerances 

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.
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Laboratory Tests for Field Control of Asphalt Paving Mixtures 

28. The foregoing paragraphs have described the method by which 

the proper asphalt content for the design of a bituminous pavement is ob

tained in the laboratory. Fully as important as the initial design pro

cedure is the control of plant operations and the placement of the 

mixture in the field to insure that the pavement, as constructed, satis

fies the design requirements. The following paragraphs outline a 

suggested procedure for the control of bituminous mixtures at the plant 

and in the field. It is recommended that laboratory facilities be pro

vided at the plant in order that proper control may be exercised. The 

test procedure is not intended to supplant the routine gradation and 

extraction tests that are normally run in connection with plant control.  

Control of plant mixtures 

29. It is probable that initial laboratory tests to determine the 

proper proportions of materials and the optimum asphalt content will be 

conducted on aggregate obtained from stockpiles or from proposed source 

locations. Such materials, when they are processed through the plant, 

often are subject to changes in gradation primarily due to degradation of 

aggregate, difficulties in securing representative aggregate samples, non

uniformities in the supply of material or loss of fines in the driers.  

Such changes may require a different proportioning of the aggregate in 

the plant to meet specification requirements and possibly a different 

asphalt content may be required to meet the pavement design criteria.  

The first step in plant control, therefore, is to obtain representative 

samples of the processed aggregate (preferably samples from the bins
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after the aggregate has been processed through the plant) and to adjust 

the proportions of material to meet the gradation specifications. The 

test procedure for selection of optimum asphalt content (paragraphs 9-27) 

should then be repeated to see what changes, if any, are necessary in the 

asphalt content. The separation of aggregate into numerous fractions for 

laboratory blending is too tedious and possibly unnecessarily accurate 

for plant control. For this purpose it is satisfactory to separate the 

coarse and fine aggregates on the No. 10 sieve and further separate the 

coarse aggregate on the 1/2-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 is believed sufficiently accurate for 

plant control purposes.  

30. After the plant is in operation, frequent checks should be 

made to insure that the bituminous mixtureas produced meets the design 

requirements. Representative specimens of the plant-mixed material suf

ficiently large to make 8 test specimens (about 50 lb) should be obtained 

and specimens compacted with 50 blows, each side, of the compaction hammer 

in accordance with the procedure outlined in paragraphs 14-16. Sairples 

should be compacted before the mixture has cooled below 2250 F and the 

mix should not be reheated. The completed specimens should be tested in 

accordance with the procedure described in paragraphs 17-21 and test pro

perties determined. The number of representative samples prepared 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 determine the variation in test results due to the normal variations
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in the stockpiled aggregate and in plant operations. Routine checks may 

then be made at less frequent intervals.  

31. A comparison of test results on the plant-mixed materials with 

those obtained in the design tests will indicate whether any significant 

changes in aggregate gradation or asphalt content have taken place which 

will affect the pavement design. An increase in the flow value to above 

20, a decrease in stability of 50 to 100 lb, variations in voids total 

mix greater than 1 per cent and voids filled with asphalt greater than 5 

per cent indicate the need for revisions in the proportions of aggregate, 

the asphalt content, or both. The values cited are tolerances which are 

considered reasonable; specific tolerances may be established for a given 

job. Since speed is essential in the proper control of plant mixtures, 

considerable time may be saved by computing only the flow, stability, and 

unit weight total mix of the test specimens. For a given mixture, varia

tions in the unit weight total mix reflect variations in the voids rela

tionships. 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.per cent change in 

voids total mix and the 5 per cent change in voids filled with asphalt 

mentioned above. The allowable tolerance in unit weight for a givon 

voids tolerance may be computed and used for rapid control of the plant 

mixture.  

Control of field construction 

32. Field control of placement of bituminous pavements is based 

on attaining a desired density in the rolling operations. Results of 

previous studies, discussed in Appendix E, Volume 3, indicate that a



laboratory compactive effort of 15 blows by the compaction hammer on each 

side of the test specimen will produce densities approximately equivalent 

to those obtained with carefully controlled rolling in the field. It is 

further shown that the density obtained by 15-blow compaction nearly 

equals 98 per cent of the density obtained with 50-blow compaction.  

Therefore, a factor amounting to 98 per cent of the density determined 

from the test specimens discussed in paragraph 30 should be computed.  

It is considered that good construction rolling should produce pavement 

densities that equal or exceed this value. The percentage reduction may 

be applied to the density on the basis of the theoretical density or to 

the unit weight in lb per cu ft.  

33. To control the desired density to be obtained in the field, 

samples of the pavement are taken during construction in accordance with 

the procedure described in paragraphs 34-41. The theoretical density is 

computed by the formula shown in Inclosure I. Low densities for the 

samples either cored or cut from the finished pavements indicate the 

necessity for additional rolling. It may be noted that specified density 

may be easily obtained or even exceeded in some mixtures, whereas in 

others careful control in the rolling procedures must be exercised.  

Obtaining and Testing Pavement Samples 

34. To provide a record of the properties of bituminous pavements 

as constructed and to investigate their behavior under traffic, cored 

samples of the pavements are obtained and their test properties deter

mined. The best method of obtaining such samples is by core drilling.  

suggested apparatus, sampling methods, and test procedures are described
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in the following paragraphs.  

Apparatus 

35. Core drill rig. Generally, a truck-mounted core rig is used 

having the following characteristics.  

a. Motor of about 10 hp.  

b. Spindle speed of approximately 300 to 500 rpm.  

c. Hand or hydraulic operation for rapid feed.  

d. Water pump (gravity water supply is not adequate).  

In addition, a steady rest close to the pavement must be provided for the 

drill bit in order to obtain specimens of accurate diameter. A satisfac

tory core drill rig equipped with a steady rest is shown in photograph 

II 4.  

36. Core bits. Cored specimens should be 4 in. in diameter (plus 

or minus 1/16 in.) in order that they may be tested in the Marshall 

apparatus. The Waterways Experiment Station has experimented with sev

eral types of bits for obtaining cored specimens and has found a steel 

core barrel tipped with carboloy chips to be most satisfactory. Details 

of this bit are shown on plate 11-7 and photograph 11-5. The clearances 

shown on plate 11-7 have proved satisfactory for coring in limestone and 

moderately hard chert gravel aggregates; however, different clearances 

may be necessary for other aggregates. Variations in chip size and gage 

of the steel barrel also may be desirable in some cases.  

37. Laboratory apparatus. Sufficient apparatus should be avail

able at the site or in a central laboratory to perform the Marshall test 

on the specimens. The breaking head, flow meter, compression machine,
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hot water bath, and appurtenant equipment are necessary. In addition, a 

heavy butcher knife or machete and a hammer are retired for splitting 

cores.  

Sampling 

3$. Preparation of test areas. Satisfactory cores are usually 

drilled when the pavement temperature is less than 40o F. In the summer 

this temperature may be obtained by placing 50-lb blocks of ice on the 

test areas before drilling. The required cooling time varies with the 

air temperature and thickness of pavement. Normal summer operations re

quire 2 hr cooling for pavements 1-1/2 to 3 in. thick. Pavement thick

nesses of 5 to 6 in. will require about 4 hr cooling.  

39. Coring specimens. Details of coring vary with each type of 

aggregate. In general, however, cores are drilled at a very rapid rate, 

the length of time for a 3-in. thick pavement is not more than one minute.  

Gravity feed of the drill bit is adequate for thin pavements, but a small 

amount of pressure must be used for pavements thicker than about 3 in.  

Enough drilling water should be used to wash out the cuttings as coring 

progresses. Care should be taken to cover or repair the holes promptly 

to prevent the entrance of water to the base and subgrade.  

Preparation of cores for testing 

40. Prior to testing, the cores are taken to the laboratory and 

thoroughly inspected. All particles of base material or other foreign 

matter are carefully removed and the bottom surfaces made reasonably 

smooth by picking out any protruding aggregate particles and trimming the 

surface if necessary. Where the pavement consists of a wearing course
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and a binder course it is the general practice to test each course 

separately, and it is therefore necessary to split the cores into the 

respective courses. Information may be obtained from the construction 

history as to the approximate thickness of each course. The core is 

carefully inspected at this thickness and the division between the two 

coursesestablished. In some cases this is done easily as the aggregate 

gradations are different in the two layers and a close visual inspection 

will indicate the proper division point. A heated knife is then drawn 

around the circumference of the core at the junction of the two courses 

cutting a groove approximately 1/16 in. deep. The core is put in an ice 

bath and allowed to chill for about 30 min, after which it is removed 

from the bath and placed on its side on a level surface. 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 it in several locations in order to break it apart.  

The cut surfaces of the core are trimmed as before. In some cases a 

single course exceeds 3 in. in thickness, which is the approximate capac

ity of the Marshall breaking head. Such cores should be trimmed to a 

2-1/2- to 3-in. thickness using the procedure just described.  

Testing cores 

41. The cores are weighed, heated in the water bath, and tested 

in the Marshall apparatus in accordance with procedures described in 

paragraphs 17-21. For cores that have thicknesses other than the 2-1/2

in. standard used for laboratory specimens a correction has to be applied 

to the stability value in order that all test results may be compared on
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a standard basis. Investigations made by the Waterways Experiment Sta

tion indicate that there is a direct relationship between thickness and 

stability of specimens. Table II-1 shows stability correction factors 

for specimens ranging in thickness from 1 to 3 in. Also presented are 

approximate volumes of 4-in.-diameter specimens for the various thick

nesses as it is sometimes more convenient to use the volume determined 

by weighing the core in air and under water rather than to make an actual 

measurement of thickness. A correction factor for flow is not necessary.



TABLE II-1

STABILITY CORRELATION RATIO

Volume 
of Specimen in 

Cubic Centimeters

200 
214 
226 
238 
251 
265 
277 
290 
302 
317 
329 
341 
354 
368 
380 
393 
406 
421 
432 
444 
457 
471 
483 
496 
509 
523 
536 
547 
560 
574 
586 
599 
611

213 
225 
237 
250 
264 
276 
289 
301 
316 
328 
340 
3,53 
367 
379 
392 
405 
420 
431 
443 
456 
470 
482 
495 
508 
522 
535 
546 
559 
573 
585 
598 
610 
625

Approximate 
Thickness 

of Specimen 
in Inches

1 
1-1/16 
1-1/8 
1-3/16 
1-1/4 
1-5/16 
1-3/8 
1-7/16 
1-1/2 
1-9/16 
1-5/8 
1-11/16 
1-3/4 
1-13/16 
1-7/8 
1-15/16 
2 
2-1/16 
2-1/8 
2-3/16 
2-1/4 
2-5/16 
2-3/8 
2-7/16 
2-1/2 
2-9/16 
2-5/8 
2-11/16 
2-3/4 
2-13/16 
2-7/8 
2-15/16 
3

Correlation 
Ratio

5.56 
5.00 

4.55 
4.17 
3.85 
3.57 
3.33 
3.03 
2.78 
2.50 
2.27 
2.08 
1.92 
1.79 
1.67 
1.56 
1.47 
1.39 
1.32 
1.25 
1.19 
1.14 
1.09 
1.04 
1.00 
0.96 
0.93 
0. 9 
0.86 
0.83 
0.81 
0.78 
0.76

NOTES: 1. The measured stability of a specimen multiplied by the ratio 
for the thickness of the specimen equals the corrected sta
bility for a 2-1/2-in. specimen.  

2. Volume-thickness relationship is based on a specimen diameter 
of 4 in.
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