
172 
	

V ~k 

MAR 7 1977 

DEPT. OF HIGHWAYS 
BRIDGE SECTION 

NATIONAL COOPERATIVE HIGt-IWAY RESEARCH PROGRAM 172 REPORT 

DENSITY STANDARDS FOR 
FIELD COMPACTION OF 
GRANULAR BASES AND SUBBASES 

TRANSPORTATION RESEARCH BOARD 
NATIONAL RESEARCH COUNCIL 



TRANSPORTATION RESEARCH BOARD 1976 

Officers 

HAROLD L. MICHAEL, Chairman 
ROBERT N. HUNTER, Vice Chairman 
W. N. CAREY, JR., Executive Director 

Executive Committee 

HENRIK E. STAFSETH, Executive Director, American Assn. of State Highway and Transportation Officials (ex officio) 
NORBERT T. TIEMANN, Federal Highway Administrator, U.S. Department of Transportation (ex officio) 

ROBERT E. PATRICELLI, Urban Mass Transportation Administrator, U.S. Department of Transportation (ex officio) 
ASAPH H. HALL, Federal Railroad Administrator, U.S.' Department of Transportation (ex officio) 
HARVEY BROOKS, Chairman, Commission on Sociotechnical Systems, National Research Council (ex officio) 
MILTON PIKARSKY, Chairman of the Board, Chicago Regional Transportation Authority (ex officio, Past Chairman 1975) 
WARREN E. ALBERTS, Vice President (Systems Operations Seivices), United Airlines 
GEORGE H. ANDREWS, Vice President (Transportation Marketing), Sverdrup and Parcel 
GRANT BASTIAN, State Highway Engineer, Nevada Department of Highst'ays 
KURT W. BAUER, Executive Director, Southeastern Wisconsin Regional Planning Commission 
LANGHORNE M. BOND, Secretary, Illinois Department of Transportation 
MANUEL CARBALLO, Secretary of Health and Social Services, State of Wisconsin 
L. S. CRANE, President, Southern Railway System 
JAMES M. DAVEY Consultant 
B. L. DEBERRY, Engineer-Director, Texas State Department of Highways and Public Transportation 
LOUIS J. GAMBACCINI, Vice President and General Manager, Port Authority Trans-Hudson Corporation 

HOWARD L. GAUTHIER, Professor of Geography, Ohio State University 
FRANK C. HERRINGER, General Manager, San Francisco Bay Area Rapid Transit District 
ANN R. HULL, Delegate, Maryland General Assembly 
ROBERT N. HUNTER, Chief Engineer, Missouri State Highway Department 
PETER G. KOLTNOW, President, Highway Users Federation for Safety and Mobility 
A. SCI-IEFFER LANG, Assistant to the President, Association of American Railroads 

BENJAMIN LAX, Director, Francis Biller National Magnet Laboratory, Massachusetts institute of Technology 
DANIEL McFADDEN, Professor of Economics, University of California 
HAROLD L. MICHAEL, Professor of Civil Engineering, Purdue University 
THOMAS D. MORELAND, Commissioner, Georgia Department of Transportation 
J. PHILLIP RICHLEY, Vice President (Engineering and Construction), The Cafaro Company 
RAYMOND T. SCHULER, Commissioner, New York State Department of Transportation 
WILLIAM K. SMITH, Vice President (Transportation), General Mills 

NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM 

Transportation Research Board Executive Committee 
Subcommittee for the NCHRP 

HAROLD L. MICHAEL, Purdue University (Chairman) 
ROBERT N. HUNTER, Missouri State Highway Department 
HENRIK E. STAFSETH, Amer. Assn. of State Hwy. and Transp. Officials 
NORBERT T. TIEMANN, U.S. Department of Transportation 
HARVEY BROOKS, National Research Council 
W. N. CAREY, JR., Transportation Research Board 

General Field of Materials and Construction 
Area of General Materials 
Project Panel D4-8(2) 

FRANK E. LEGG, JR., University of Michigan (Chairman) 
L. F. ERICKSON, Idaho Transportation Department 
RICHARD D. GAYNOR, Natl. Ready Mixed Concrete Assn. 
D. R. LAMB, University of Wyoming 
T. D. LARSON, The Pennsylvania State University 
BRYANT MATHER, USAE Waterways Experiment Station 

Program Staff 

P. L. MELVILLE, Federal Aviation Administration 
F. P. NICHOLS, JR., National Crushed Stone Association 
RICHARD D. WALKER, Virginia Polytechnic Institute 
PRESTON C. SMITH, Federal Highway Administration 
W. G. GUNDERMAN, Transportation Research Board 

KRIEGER W. HENDERSON, JR., Program Director 
DAVID K. WITHEFORD, Assistant Program- Director 	HARRY A. SMITH, Projects Engineer 
LOUIS M. MACGREGOR, Administrative Engineer 	ROBERT E. SPICHER, Projects Engineer 
JOHN E. BURKE, Projects Engineer (Retired) 	 HERBERT P. ORLAND, Editor 
R. IAN KINGHAM, Projects Engineer 	 PATRICIA A. PETERS, Associate Editor 
ROBERT J. REILLY, Projects Engineer 	 EDYTHE T. CRUMP, Assistant Editor 



NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM 
1.72 REPORT 

DENSITY STANDARDS FOR 
FIELD COMPACTION OF 
GRANULAR BASES AND SUBBASES 

J. P. ROSTON, F. L. ROBERTS 

AND W. BARON 

CLEMSON UNIVERSITY 

CLEMSON, SOUTH CAROLINA 

-RESEARCH SPONSORED BY THE AMERICAN 
ASSOCIATION OF STATE HIGHWAY AND 
TRANSPORTATION OFFICIALS IN COOPERATION 
WITH THE FEDERAL HIGHWAY ADMINISTRATION 

AREAS OF INTEREST: 

PAVEMENT DESIGN 

PAVEMENT PERFORMANCE 

CONSTRUCTION 

MINERAL AGGREGATES 

FOUNDATIONS (SOILS) 

TRANSPORTATION RESEARCH BOARD 
NATIONAL RESEARCH COUNCIL 

WASHINGTON, D.C. 	1976 

/ 



NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM 

Systematic, well-designed research provides the most ef-
fective approach to the solution of many problems facing 
highway administrators and engineers. Often, highway 
problems are of local interest and can best be studied by 
highway departments individually or in cooperation with 
their state universities and others. However, the accelerat-
ing growth of highway transportation develops increasingly 
complex problems of wide interest to highway authorities. 
These problems are best studied through a coordinated 
program of cooperative research. 
In recognition of these needs, the highway administrators 
of the American Association of State Highway and Trans-
portation Officials initiated in 1962 an objective national 
highway research program employing modern scientific 
techniques. This program is supported on a continuing 
basis by funds from participating member states of the 
Association and it receives the full cooperation and support 
of the Federal Highway Administration, United States 
Department of Transportation. 
The Transportation Research Board of the National Re-
search Council was requested by the Association to admin-
ister the research program because of the Board's recog-
nized objectivity and understanding of modern research 
practices. The Board is uniquely suited for this purpose 
as: it maintains an extensive committee structure from 
which authorities on any highway transportation subject 
may be drawn; it possesses avenues of communications and 
cooperation with federal, state, and local governmental 
agencies, universities, and industry; its relationship to its 
parent organization, the National Academy of Sciences, a 
private, nonprofit institution, is an insurance of objectivity; 
it maintains a full-time research correlation staff of special-
ists in highway transportation matters to bring the findings 
of research directly to those who are in a position to use 
them. 
The program is developed on the basis of research needs 
identified by chief administrators of the highway and trans-
portation departments and by committees of AASHTO. 
Each year, specific areas of research needs to be included 
in the program are proposed to the Academy and the Board 
by the American Association of State Highway and Trans-
portation Officials. Research projects to fulfill these needs 
are defined by the Board, and qualified research agencies 
are selected from those that have, submitted proposals. Ad-
ministration and surveillance of research contracts are 
responsibilities of the Academy and its Transportation 
Research Board. 
The needs for highway research are many, and the National 
Cooperative Highway Research Program can make signifi-
cant contributions to the solution of highway transportation 
problems of mutual concern to many responsible groups. 
The program, however, is intended to complement rather 
than to substitute for or duplicate other highway research 
programs. 

NCHRP Report 172 

Project 4-8(2) FY '71 
ISBN 0-309-02513-3 
L. C. Catalog Card No. 76-45300 

Price: $4.80 

Notice 

The project that is the subject of this report was a part of the 
National Cooperative Highway Research Program conducted by the 
Transportation Research Board with the approval of the Governing 
Board of the National Research Council, acting in behalf of the 
National Academy of Sciences. Such approval reflects the Governing 
Board's judgment that the program concerned is of national impor-
tance and appropriate with respect to both the purposes and re-
sources of the National Research Council. 
The members of the technical committee selected to monitor this 
project and to review this report were chosen for recognized 
scholarly competence and with due consideration for the balance 
of disciplines appropriate to the project. The opinions and con-
clusions expressed or implied are those of the research agency that 
performed the research, and, while they have been accepted as 
appropriate by the technical committee, they are not necessarily those 
of the Transportation Research Board, the National Research Coun-
cil, the National Academy of Sciences, or the program sponsors. 
Each report is reviewed and processed according to procedures 
established and monitored by the Report Review Committee of the 
National Academy of Sciences. Distribution of the report is ap-
proved by the President of the Academy upon satisfactory comple-
tion of the review process. 
The National Research Council is the principal operating agency of 
the National Academy of Sciences and the National Academy of 
Engineering, serving government and other organizations. The 
Transportation Research Board evolved from the 54-year-old High-
way Research Board. The TRB incorporates all former HRB 
activities but also performs additional functions under a broader 
scope involving all modes of transportation and the interactions of 
transportation with society. 

Published reports of the 

NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM 

are available from: 

Transportation Research Board 
National Academy of Sciences 
2101 Constitution Avenue, N.W. 
Washington, D.C. 20418 

(See last pages for list of published titles and prices) 

Printed in the United States of America. 



	

F ORE WORD 	This report deals with procedures and criteria for the setting of density standards 
to control compaction during construction of granular base and subbase courses. 

	

By Staff 	The findings, based on extensive laboratory testing, will be of interest to engineers 

	

Transportation 	concerned with the design, construction control, and performance of flexible pave- 

	

Research Board 	ments. Highway agencies may wish to consider adoption of the proposed specifica- 
tions for compaction control of granular bases and subbases included in this report. 

This research is an outgrowth of NCHRP Project 4-8, "Research Needs 
Relating to Performance of Aggregates in Highway Construction," wherein a set 
of recommended studies for needed research was identified. The implementation of 
these studies should provide a basis for better utilization of available aggregate 
supplies in highway construction and maintenance. The findings have been pub-
lished as NCHRP Report 100. Altogether, 52 studies with an estimated budget of 

$5.5 million were recommended. NCHRP Project 4-8(2), "Density Standards for 
Field Compaction of Granular 'Bases and Subbases," was selected--from among 
'these studies and work was started in April 1971 by Clemson University. 

The objective of this project was to evaluate current procedures and criteria 
for the setting of density standards to control compaction during construction of 
granular base and subbase courses, and to develop more appropriate new or revised 
procedures and criteria. 

Major emphasis during the early stages of the research was placed on accumu-
lation and analysis of information on current practices of state highway depart-
ments. Personnel of 30 highway departments were interviewed by project personnel 
and, in addition, responded to questionnaires and telephone inquiries. The highway 
departments' responses are summarized in Appendix F of this report. 

An extensive laboratory test program was carried out, comprising seven 
methods of compaction and four materials under various moisture conditions and 
gradations. The test methods followed were the AASHO Designation T-180 
(Method C), the Michigan Cone Test, the Indiana Vibratory Hammer Method, 
the ASTM Method D 2049 (Relative Density), the Washington Spring-Loaded 
Vibratory Compactor Method, the Marshall Hammer Test, and the Gyratory 
Compactor Procedure. The aggregates tested were a granite-gneiss, a crushed 
gravel, a dolomitic limestone, and a basalt. 

A prototype field compaction 'testing program was conducted using the same 
four aggregates. The materials were compacted under simulated field conditions 
over two different subgrades in test pits located at Clemson University. Some 50 



to 100 passes were made with a 12-ton vibratory roller until it was apparent that 
no more densification could be obtained. The resulting density was interpreted 
as representing the maximum compaction obtainable in the field. The purpose of 
these tests was to determine correlations between laboratory and field densities 
and to evaluate the current and proposed density standards. The procedures and 
criteria proposed in this report should be considered by highway agencies experi-
encing unsatisfactory pavement performance that may be attributable to inadequate 
compaction. The findings are also useful to agencies that have had no such 
problems. Satisfactory performance might not indicate that density standards are 
adequate but rather that, possibly due to improved construction equipment, the 
base compaction obtained in the field may be greater than required by specifica-
tions. Improved compaction provisions would be advisable in either case. 
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DENSITY STANDARDS FOR 
FIELD COMPACTION OF 

GRANULAR BASES AND SUBBASES 

SUMMARY 	With an increase in the number of heavy axle load applications there exists a need 
for good construction density of granular bases and subbases used in flexible pave-
ment construction. However, many state highway departments do not have reliable 
procedures for determining an acceptable level of field compaction for unbound 
granular materials. Therefore, NCHRP Project 4-8(2) was initiated to establish 
reasonable standards that could be adopted by state highway departments. 

In an attempt to determine which laboratory methods would be suitable for 
setting field target densities, project investigators evaluated seven laboratory com-
paction test methods and compared the densities obtained with densities from full-
scale compactions. The laboratory compaction tests investigated were (1) AASHO 
T-180, Method C; (2) Gyratory Compaction; (3) Vibratory Hammer; (4) the 
Michigan Cone; (5) ASTM D-2049 (Relative Density); (6) Washington State 
Test Method 606A; and (7) Marshall Hammer Compaction Test [similar to the 
AASHO T-180 procedure except that the Marshall hammer (ASTM D-1559-58T) 
is used and 40 blows per layer are applied]. Four replicates of each test were per-
formed on each of four materials—a basalt, dolomitic limestone, crushed gravel, 
and granite-gneiss. These materials were graded at three gradations representing 
the upper, middle, and lower limits of a typical gradation band for two different 
aggregate maximum sizes of 3/4 and 11/2  in. 

To determine which of the seven methods produced an acceptable estimate 
of the maximum obtainable field densities for each material, a series of full-scale 
field test pit constructions was built. The gradation used in these test pits was the 
middle gradation for each material. Each construction was made on a firm subgrade 
and duplicated. 

The project investigators compared the laboratory compaction data with 
the densities obtained from the field constructions, test road data, and related field 
information obtained from interviews with state highway officials and developed 
recommendations on laboratory procedures to ensure satisfactory estimates of field 
densities. Using rutting as a safety criterion for performance, the investigators 
recommend that 97 percent of the prototype field densities be obtainable by the 
laboratory compaction test used to set target density. 

Evaluation of the various test methods on the basis of flexibility, applicability 
to field use, ease and rapidity of performing tests, cost, and reliability of equipment 
is somewhat subjective; however, considering the over-all advantages, disadvan-
tages, and capabilities of the various test methods and procedures evaluated, the 
Vibratory Hammer Method, as developed by the FHWA (see Appendix C) and/or 
the Marshall Hammer Test Method (Appendix D) are recommended for com-
paction control of granular bases and subbases. The Washington Test Method 606A 
(Appendix E, Part 1) is also suitable if additional compaction tests are also 
performed on samples graded to meet upper-limit, lower-limit, and mid-gradation 
specifications for the material, but the equipment and procedure required for this 
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method are slightly more complex. One hundred percent of the laboratory density 

is specified as the average density to be obtained in the field. 
The standard field density is determined from a sample representative of the 

aggregate used in the construction LOT. If the gradation of the field sample is 

within ±5 percent passing the No. 4 sieve of the construction LOT, either the 
FHWA method or the Marshall hammer method may be used to determine the 

standard field density. However, the sample need not meet these gradation require-
ments provided the standard density is determined from a field curve where density 
is plotted against grading (percent passing the No. 4 sieve). The standard density 
for any particular gradation may be determined from the field curve by reading the 
ordinate (dry density) of the intersection of the curve with the "percent passing" 
value. The percent passing the No. 4 sieve is determined by screening the material 
from the density test holes oflocations. Procedures for developing a field curve of 
density versus percent passing the No. 4 sieve are included herein. If desired, the 
same basic procedure using a field curve may be carried out using the Washington 
spring-loaded compactor with certain modifications in the sample testing as noted in 

the report. 
It is intended that these compaction control procedures incorporate statistical 

concepts for testing and sampling and that a LOT of base construction should not 
be accepted or rejected on the basis of one or two field density tests. The number 
of tests required to determine the mean density of the LOT should be governed by 
the accuracy of the field density test method used and the number of tests required 

to reduce the standard error of estimate of the mean density to less than 1 pcf. 
Density tests using the sand cone or water balloon apparatus should be per-

formed only when the base has set up. If the tests are performed when the base 
is soft and wet, a condition suitable for effective compaction, the test hole will 
partially collapse and the resulting density test results may be considerably higher 

than the true value. 

CHAPTER ONE 

INTRODUCTION AND RESEARCH APPROACH 

Today's highways are subjected to a wide variety of axle 
loadings, of which the percentage of the heaviest axle loads 
continues to increase. This increase in the number of heavy 
axle loads accentuates the need for good construction den-
sity for unbound granular materials used in flexible pave-
ment construction. Even though the need for good con-
struction densities exists, many state highway departments 
apparently use procedures for determining laboratory maxi-
mum and target construction densities and have require-
ments for acceptance testing of granular materials which 
are rather vague or are not related to the intended behavior 
of the material in the pavement structure. In some states, 
the decision as to acceptability of a compacted granular 
base rests entirely with the resident engineer. Such a pro- 

cedure may be adequate, but only when competent and 
experienced personnel are in charge and only when the 
design is similar in all respects, including materials, to de-
signs previously built. 

Although a number of states specify attainment in the 
field of a target density obtained from a compaction test 
such as AASHO T-180, the rate of deterioration of high-
ways, particularly bituminous pavements, that could be at-
tributed to failures in the base and subbase course indicates 
that (1) density standards may not be high enough for 
modern-day traffic and (2) acceptance testing programs 
may not be high enough for modern-day traffic and actual 
compaction being attained in the field. Information is 
needed on the degree of compaction that should be attained 



during construction of granular base and subbase courses 
as a function of such factors as nature of the material, en-
vironment, traffic, subgrade conditions, thickness of layer, 
and location of layer within, the structure. There is also a 
need for recognition of the variability in compaction that 
does exist and for development of methods for determining 
when compacted densities are acceptable for the particular 
conditions. 

OBJECTIVES 

The primary objective of this project was to develop new 
or revised criteria and procedures suitable for adoption or 
adaptation by highway departments for density standards 
to control compaction during construction of granular bases 
and subbases. Accordingly, the specific objectives for this 
research project were: 

To evaluate current and proposed procedures and 
criteria for the setting of density standards .to control com-
paction during construction of granular base and subbase 
courses. 

To develop new or revised procedures and criteria, the 
employment of which would permit the setting of more 
appropriate density standards. 

To illustrate from available published and unpub-
lished data specific examples of inadequate standards, the 
consequences of such inadequacy, and the manner in which 
the new or revised procedures and criteria would have 
avoided such consequences. 

To illustrate, with respect to specific cases where 
satisfactory pavement performance has been obtained, that 
the new or revised procedures and criteria would have 
yielded equally adequate density standards. 

To draft, in a form suitable for adoption or adapta-
tion by a highway department, proposed new or revised 
procedures and criteria for the setting of density standards 
to control compaction during the construction of granular 
bases and subbases. 

RESEARCH APPROACH 

The researchers recognized that development and verifica-
tion of eoiiipletely new laboratory and field control pro-
cedures requiring drastic departure from current practices 
were beyond the allotted funds and time for this project. 
As a result, the research plan involved a laboratory testing 
program emphasizing use of procedures presently employed 
by state highway departments. Accordingly, a survey of 
methods presently used by all states was conducted to de-
termine current practice with regard to establishment of 
density standards and control of compaction for granular 
materials used in base and subbase construction. This study 
provided the information used in selecting laboratory den-
sity test methods used in the laboratory testing program. 

Seven laboratory compaction methods were selected for 
investigation and comparison with field, density values—
Gyratory Compaction, Vibratory Hammer, Michigan Cone, 
Washington Method 606A, AASHO T-180, ASTM D-2049 
(relative density test), and a method designated as the 
Marshall Hammer Test Method [similar to the AASHO 
T-1 80 procedure except that the Marshall hammer (ASTM 

D-1559-58T) is used and 40 blows per layer are applied]. 
Four replicates of each compaction were performed, using 
four materials—a basalt, dolomitic limestone, crushed 
gravel, and granite-gneiss—selected for the testing pro-
gram. These materials were graded at three separate gra-
dations corresponding to the upper, middle and lower limits 
of a typical gradation band for two different aggregate 
maximum sizes of 11/2  and 3%  in. 

To evaluate which methods provided good estimates of 
obtainable field densities; a series of full-scale constructions 
were made in test pits located at Clemson University. These 
pits were large enough to facilitate the use of normal con-
struction equipment for compaction of the top lifts of each 
construction. The test pit constructions were made using 
all four materials at mid-gradation with 11/2 -in, maximum 
size. These test pit densities acted as the control from 
which comparisons with different methods were made and 
final recommendations were formulated. 

Using the laboratory compaction test data compared 
against the density obtained from field constructions, as 
well as road test and related field information obtained 
from interviews with state highway department officials, the 
researchers developed a set of recommendations for lab-
oratory test methods to be used to satisfactorily estimate 
field target densities to ensure adequate performance under 
traffic. Recommendations related to acceptance testing of 
field densities are also developed and presented in this 
report. 

DEVELOPMENT AND CONDUCT OF 
EXPERIMENTAL PROGRAM 

Review of Literature 

Strength and Compressibility of Granular Materials 

The strength and compressibility of a granular soil are 
influenced principally by: 

The relative density of the material. 
The confining pressure. 
The moisture content or degree of saturation. 
The gradation of the material. 
The geometric characteristics of the particles. 

These characteristics in themselves have varying degrees 
of influence on one another. 

Relative Density 

Relative density is defined, as the actual state of compac-
tion of a material when compared with the maximum den-
sity or state of compaction of the material and its loosest 
possible state. It can be expressed in terms of void ratio 
or in terms of density, as follows: 

YdVdmln 	
(1) 

Yd 	Vd max - Yd mm 

in which: 

= relative density, expressed as a decimal; 
Yd max = maximum possible dry unit weight (for a given 

test procedure); 
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7d mm = minimum possible dry unit weight; and 

Yd = actual dry unit weight. 

The properties of loose cohesionless soil are greatly dif-
ferent from those of dense soil and relative density is a 
convenient term utilized by authorities in soil mechanics 
and foundations to correlate these properties. Admittedly, 
the accuracy of relative density measurements is not as 
high as desirable because of difficulties in determining the 
density of the material in its loosest and densest state. 
Efforts to standardize the test procedure resulted in devel-
opment of test method ASTM D-2049. A thorough com-
parative test program to evaluate the accuracy of relative 
density measurements is presented by Tavenas et al. (42). 
In this comparative testing program, two different granular 
materials, a fine sand and a gravelly sand, were prepared in 
identical samples and sent to cooperating laboratories for 
testing. Both materials were tested with the ASTM D-2049 
Relative Density procedure, as well as Standard and Modi-
fied Proctor compaction procedures. All samples were 
tested in the oven-dry condition only, to eliminate variabil-
ity due to moisture content, and the combined standard 
deviation (all 41 laboratories) and the coefficient of re-
producability (with each laboratory) were determined. The 
variability of the results was approximately the same (ap-
proximately ±2.0 pcf) for the ASTM D-2049 vibratory 
method as for the two impact methods. The ASTM D-2049 
method produced slightly higher average maximum dry 
density (133.8 pcf) for the gravelly sand than the Stan-
dard Proctor (128.3 pcf) and the Modified Proctor 
(129.8 pcf) tests. 

Relative density is computed from the ratio of relatively 
small differences in large numbers and therefore small 
variations of these large numbers will be magnified in the 
computed results. Typical values of maximum and mini-
mum density for dense-graded crushed-stone base mate-
rials will range from about 145 pcf (at 100 percent rela-
tive density) to about 115 pcf (0 percent relative density). 
Thus, a change of ±3 pcf in unit weight corresponds to a 
change of about 10 percent in relative density. On the 
other hand, these same numbers, when computed in terms 
of percent compaction, will yield a change in percent com-
paction of about 2 percent for a ±3-pcf change in dry 
density. Highway engineers are more familiar with the 
concept of percent compaction in dealing with the prob-
lem of compaction control of base and embankment ma-
terials. Nevertheless, many investigators have made stud-
ies to evaluate the properties of cohesionless soils in terms 
of the relative density parameter and some of these studies 
are reviewed in this report. 

The relative density of a granular material has a marked 
influence on its strength. An increase in relative density 
from 30 percent (loose) to 70 percent (dense) will pro-
duce an increase in the angle of internal friction, cb, of 
10 deg, or a 30-percent increase in strength (tan 4). A 
change in relative density of this magnitude would mean 
a change of about 16 pcf in the material's unit weight, and 
a one-dimensional residual strain of about 12 percent, 
which in a 10-in, base course would cause a permanent 
deformation of about 1.2 in. To be more realistic, an in-
crease in relative density from a dense state (relative den- 

sity 70 percent) to a very dense state (relative density 
80 percent), would increase 0 by about 21/2  deg, the 
strength by about 8 percent. The density would increase 
typically by 4 pcf. The residual strain would be about 
1 percent, with a permanent deformation of 0.1 in. in a 
10-in, base course. 

An increase in relative density will reduce both the com-
pressibility and the permanent deformation exhibited by a 
granular soil (7, 26). Lambe and Whitman (26) present 
data for several granular soils indicating that. the secant 
modulus increased on the order of 100 percent as the rela-
tive density of these materials was increased from 0 to 
100 percent. Of more significance to practice are results 
from Dunlap's work (7) wherein a 3-pcf increase in the 
unit weight of an angular granular aggregate (approxi-
mately a 6-percent change in relative density) resulted in 
a 50-percent decrease in the rebound strain and permanent 
set. Terzaghi and Peck (43) have also shown that relative 
density has a significant effect on the settlement of plates 
or footings on granular materials. 

In a study of the gravel and crushed-stone base material 
used in the AASHO road test, Haynes and Yoder (15) 
found that in repetitive load tests the crushed stone ex-
hibited rebound deflections about 50 percent higher than 
the gravel and total deflections of the order of 100 percent 
higher for saturation up to 83 percent, the maximum de-
gree of saturation that could be obtained for the crushed 
stone. The gravel was saturated to a higher degree. It 
should be noted that samples were compacted to densities 
corresponding to that used in the AASHO road tests. As 
such, the gravel was compacted to a relative density of 
about 94 percent and the crushed stone to about 90 per-
cent. Dunlap (7) also showed that materials made up of 
angular particles exhibit higher strain and permanent de-
formation under repetitive loads than materials made up 
of rounded particles. It should be noted that these ma-
terials were compacted with the same compaction effort, 
thus the angular material was presumably at a lower rela-
tive density. 

In a study reported by Jones (22), the properties of road 
bases and subbases were evaluated by the surface-wave 
propagation method as test road sections were monitored 
over a period of five years. Dynamic shear modulus mea-
surements were made in such a way as to measure the 
properties of the pavement layers beneath the track in which 
the main traffic loading was occurring. Two replicate test 
sections constructed with a 6-in., wet-mix, slag granular 
base were of particular interest because, for some obscure 
reason, section 39 failed after 21 months whereas the other 
(section 60) was still carrying traffic after five years. A 
third test strip (section 59), which failed after 43 months, 
was constructed with the same base and subbase structure 
as sections 39 and 60, but with a 4-in, surface of bitumi-
nous macadam instead of rolled asphalt. The initial con-
struction density of the base was 138, 133, and 136 pcf for 
sections 39, 59, and 60, respectively. According to the 
investigators, the base of all three sections had approxi-
mately the same initial dynamic shear modulus of elasticity 
(6,500-7,500 psi). However, at the conclusion of the test 
period, the dynamic shear modulus of section 39 base was 



unchanged (6,500 psi) whereas sections 59 and 60 had 
base layer modulus values of 22,000 and 17,000 psi, re- 
spectively. At the same time, section 39 experienced an 
increase in base density of only 1 pcf under traffic but the 
density of the base for section 59 increased from 133 to 

152 pcf. The base density of section 60 was not measured 
because this section was still in service at the conclusion of 
the test period. Similar results were noted for the sand 
subbase layers of the three test sections. 

The investigators concluded that the good performance 
of sections 59 and 60 was associated with an increase in the 
dynamic modulus of elasticity of the base and subbase aris-
ing from compaction by traffic. In this (British) Road 
Research Laboratory study reported by Jones (22), pave-
ment rutting caused by compaction of the base and sub-
base under traffic was not evaluated. However, it is ap-
propriate to assume that had the base and subbase layers 
been originally constructed with the density that was even-
tually achieved under the action of traffic, higher initial 
dynamic modulus values would have been achieved as well 
as minimum rutting. 

Machemehl et al. (29) reported in a study of dense-
graded crushed granite that the strength of a stone base is 
highly dependent on its state of compaction. Increasing the 
compactive effort from AASHO T-99 to AASHO T-180 
almost doubled the CBR strength of the material being 
tested. AASHO T-99 compaction of the crushed-stone ma-
terial produced a dry density of 138 pcf, 83 percent solids, 
and a CBR value of 206; AASHO T-180 compaction of 
the same material produced a dry density of 141 pcf, 
85 percent solids, and a CBR value of 377. The investiga-
tors suggest that all crushed-stone bases be compacted to 
the highest maximum possible density, with 100 percent of 
AASHO T-180 set as a minimum acceptable value. 

One of the primary evidences of failure or distress of 
flexible pavements is rutting of the surface. Rutting can be 
caused by densification and/or lateral displacement of the 
layers making up the pavement structure. In a study of 
cyclic creep of granular materials by Holubec (17) it was 
found that the magnitude and the change of the rate of 
cyclic creep deformations are a function of the material, 
the density and moisture content of the material, and the 
stress. Triaxial tests of a crushed limestone prepared at 
different densities and tested with a deviator stress of 34 psi 
and lateral stress of 3.7 psi showed that the cyclic creep 
after 1,000 cycles of stress was 0.8 percent for samples 
prepared at 146 pcf at 5.6 percent moisture, but nearly 
3.0 percent for samples prepared at 134 pcf and at the 
same moisture content. Crushed gravel tested under simi-
lar stress conditions was less sensitive to changes in density 
and experienced about the same (0.65 to 0.9 percent) 
cyclic creep as the crushed limestone prepared at 146 pcf. 
In these tests the density of the crushed gravel was varied 
from 138 pcf to 131.7 pcf, but these samples were tested 
at only 3.3 percent moisture content. The cyclic creep for 
crushed gravel was somewhat higher (1.2 percent) when 
prepared at 137 pcf at 6.6 percent moisture. 

In a study of the factors influencing the resilient response 
of untreated granular materials, Hicks and Monosmith (16) 

found that in repeated-load triaxial tests the resilient modu- 

lus was significantly affected by the stress level. In all cases, 
the modulus increases considerably with confining pressure 
as long as shear failure does not occur. The resilient prop- 
erties were also affected, to a lesser degree, by such factors 
as density, gradation (percent passing No. 200), aggregate 
type, and degree of saturation. At a confining stress level 
of 10 psi, the resilient modulus of partly crushed, coarse-
graded aggregate increased approximately 50 percent when 
the relative density was increased from 75 to 96 percent. 
The modulus of fully crushed aggregate of finer gradation 
was only slightly influenced by relative density. However, 
the modulus increased with particle angularity, decreasing 
fines content, and decreasing degree of saturation. 

A recent report by Kalcheff and Hicks (24) describes 
triaxial testing procedures for determining the resilient 
properties of granular materials and presents results of 
these tests on several granular materials. Unpublished data 
from this same testing program also describe the creep char-
acteristics of these same granular materials. The materials 
tested were a Pennsylvania dolomitic grey limestone sub-
base, a Maryland grey siliceous limestone dense-graded ag-
gregate base, a Virginia diabase specified as 21A Base, and 
an Illinois dolomitic white limestone similar to the AASHO 
Road Test crushed-stone base (Special). Results of tests on 
the AASHO base were not given in Ref. (24). 

Each of the aggregate materials was compacted at two 
levels of density. The high density level was obtained by 
compacting the 6-in.-dia. by 10-in.-high specimen initially 
with a mechanical compactor approximating AASHO T-180 
compaction effort and finishing with 30-sec supplemental 
vibratory compaction using an electromagnetic hammer. 
The low density level was obtained by compacting the 
material with a standard AASHO T-99 rammer at approxi-
mately AASHO T-99 compaction effort. The specimens, 
encased in thin latex membranes, were tested in a triaxial 
cell under several moisture conditions ranging from air dry 
to inundated. Most of the testing was performed on speci-
mens that were capillary saturated through a porous stone 
at the base of the specimen. 

Repeated, as well as static axial compressive, stresses 
were applied under conditions of constant confining pres-
sures and the resulting axial strains measured. Results in-
dicated that the number of stress repetitions (between 100 
and 50,000) and stress sequence had no significant effect 
on the resilient behavior of the granular materials tested. 
The duration of the deviator stress within the range of 0.1 
to 0.25 sec was observed to have little influence on the 
resilient modulus. 

Principal stresses applied in the triaxial tests ranged in 
three increments from 2 psi lateral stress and 6 psi de-
viator stress to 20 psi lateral stress and 60 psi deviator 
stress. Dynamic resilient modulus measurements were made 
at each stress level combination after a steady-state condi-
tion had been reached following conditioning with several 
applications of static short-duration vertical loading (5 mm 
on and 5 min off) and then at least 150 cycles of repeated 
dynamic loading (at the rate of 30 applications per min-
ute). For all materials tested, the modulus of resilience, 

Mr, was found to increase with either an increase in con-
fining pressure or sum of principal stresses. However, the 



researchers found that for the partially (capillary) satu-
rated specimens tested under the same lateral and deviator 
stress levels, the Mr  of lower-density specimens (approx. 
92 to 95 percent of AASHO T-180 maximum density) was 
not significantly different from the Mr  of specimens com-
pacted at the higher density (100 to 102 percent of AASHO 
T-180 maximum density). The average Mr  for all ma-
terials tested at 5 psi lateral stress and 15 psi deviator stress 
was 41,800 psi for both the higher-density specimens and 
the lower-density specimens. At the highest stress levels 
used (20 psi lateral stress and 60 psi deviator stress), the 
averageM for higher-density specimens was 90,800 psi; for 
the lower-density specimens the average M, was 86,200 psi. 

Unpublished creep test results of specimens subjected to 
thousands of repeated dynamic loading cycles at 5 psi lat-
eral stress and 15 psi deviator stress showed that the cu-
mulative vertical strain was highly dependent on the com-
pacted density or relative compaction of the test specimen. 
In tests of the AASHO base material, the cumulative verti-
cal strain after 1,000 cycles was 700 1zin./in. for a speci-
men compacted at 133.3 pcf (92.5 percent of AASHO 
T-180 maximum density) whereas the cumulative strain 
for a specimen compacted at 144.6 pcf (100.2 percent of 
AASHO T-180 maximum density) was only 130 in./in. 
after the same number of load cycles. After 25,000 cycles, 
the cumulative strain of these same specimens had in-
creased to 1,700 and 307 in./in., respectively. Creep tests 
of the other three base materials investigated in the study 
showed a similar relationship between cumulative vertical 
strain and the compacted density of the specimen. 

Confining Pressure 

The shear strength of a cohesionless granular material is 
proportional to the normal effective stresses applied to the 
material. Thus, confining pressures due to overburden and, 
particularly, capillary stresses have a marked influence on 
the shear strength of granular materials. Hicks and Mono-
smith (16) and Kalcheff and Hicks (24) have also shown 
that the effect of confining pressures on the stress-strain 
characteristics of granular material is also quite significant. 
Lambe and Whitman (26) suggest that under an isotropic 
confining pressure the compressibility of a granular ma-
terial will be decreased in proportion to the confining pres-
sure to a power, n, where n varies from 0.4 to 1.0, but can 
be reasonably taken, as 0.5. 

Moisture Content 

According to Leonards (27), the strength of a granular 
soil as measured by the Mohr Coulomb strength relation-
ship is only slightly dependent on the moisture content of 
the material; i.e., the cb-angle for a given soil in both a 
completely dry state and a saturated state is nearly the 
same. Thus, water acts only marginally as a lubricant for 
the particles. It does not interact with the particles to 
influence behavior through effective stresses. A partially 
saturated granular soil is acted on by capillary or negative 
stresses that are equivalent to an externally applied con-
fining pressure. 

For cohesionless granular materials the moisture-density 
compaction curve is inverted from the typical moisture- 

density curve obtained for cohesive soil. In general, the 
following characteristics are observed for cohesionless 
granular soils: 

The moisture-density curve is concave, beginning with 
a peak at zero moisture content, and with minimum density 
being reached at a moisture content approximately midway 
between the dry and saturated states. 

The moisture-density curve reaches another peak den-
sity near a moisture content equivalent to 100 percent satu-
ration. The curve in most published data then falls off 
parallel to the 100-percent saturation line. 

The moisture-density curve exhibits two local maxi-
mum densities: one at zero moisture content, the other at 
moisture content near 100 percent saturation. The moisture 
content for the maximum density near saturation has gen-
erally been designated as the optimum moisture. The 
maximum density achieved near the saturated state has 
generally been the absolute maximum; i.e., of greater mag-
nitude than the density obtained at the dry state. 

These features for the moisture-density curve have been 
observed in the laboratory using impact testing procedures 
(45, 14, 9), U.S. vibratory tests (11, 32, 23), and gyratory 
compaction (9). The same shape in the moisture-density 
curve has been observed in field compaction of granular 
soils (45, 9). 

In some vibratory tests reported by Kalcheff (23) and 
Pike (33) the maximum density obtained at a zero mois-
ture content state and at a saturated state were essentially 
the same. Similar results have been obtained by the Bureau 
of Reclamation in the vibratory testing of granular soils 
(32). The Bureau of Reclamation on the compaction test-
ing (8) of granular materials requires that the material be 
compacted in a dry state and near saturation. The higher 
density is used in their specifications. 

In the test results of Haynes and Yoder (15) on crushed 
stone and gravel, it was clearly demonstrated that both the 
rebound and permanent deformation of both materials were 
proportional to the degree of saturation up to about 83 per-
cent. For the gravel, the rebound and permanent deforma-
tion were also nearly proportional to the moisture content 
up to a saturation of about 83 percent. At moisture con-
tents above 83 percent saturation, the rate of permanent 
deformation for the gravel was considerably greater. It is 
apparent that at the lower moisture contents the capillary 
stresses act to resist continued compaction of granular ma-
terials under repetitive loads. At moisture contents result-
ing in a nearly saturated state, the confining stresses due 
to capillarity are released, allowing the sample to undergo 
further compaction. The crushed stone could not be 
brought to a degree of saturation above 83 percent due to 
its better drainage in comparison to the gravel. Haynes and 
Yoder note that in the AASHO Road Test the gravel base 
courses had a higher degree of saturation than the crushed-
stone bases. Breakup of the gravel base courses nearly 
always took place during the spring of the year when 
moisture contents were very high. Haynes suggests that 
the degree of saturation at these times was not less than 
86 percent for the gravel, and possibly as high as 100 per-
cent. They also noted that this period of very high mois- 



ture content would last for only several days to several 
weeks, and suggest that the poor drainage of the gravel and 
the resulting high degree of saturation may have been the 
most significant factor contributing to the failure of the 
gravel base courses. it was sliowii by Barber and Stcffens 
(2) that pore pressures in a base course can result in 
reduced bearing capacity. 

The detrimental effect of a high moisture content on 
crushed stone was more recently demonstrated in a field 
study by the Georgia Highway Department (1). Five sec-
tions of 175 were tested. Four of these sections had carried 
traffic; three showed considerable distress due to rutting. 
The fifth section had not carried any traffic and could be 
considered a control section. All sections were to have 
been compacted to a density of 138 pcf. This target density 
was determined using GHD Test Method 26, which is simi-
lar in compaction effort to the AASHO T-99 method. The 
constructed density of the control section was 138.5 pcf. 
The section under traffic that did not fail increased in 
density by 7.2 pcf. In the sections that failed, the density 
increased by 8.0 to 15.0 pcf and it was observed that the 
moisture content of the stone base (crushed limestone) was 
quite high. During density tests, water was observed to flow 
into the test holes. It would appear that in the failed sec-
tions drainage was poor and the granular base was at some 
time saturated. During this period of saturation, there was 
apparently additional compaction by traffic. In the one 
section that did not fail, little moisture was observed; even 
though there was compaction by traffic, there was ap-
parently no shear failure. 

It should be noted that as a result of this study the 
Georgia Highway Department modified their compaction 
test for granular materials so that the compaction effort is 
similar to the AASHO T-180 method. 

The results of the two aforementioned field studies sug-
gest that cohcsionlcss granular materials should be com-
pacted at the highest practical moisture content in the field. 
As suggested by Turnbull (45), the material should be 
flooded except where large amounts of fine material tend 
to produce sponginess during compaction. Under these 
conditions slightly lower moisture levels are desirable. A 
review of the compaction specifications of the state high-
way departments shows that the majority have no require-
ments on moisture content other than that it be sufficient 
to permit compaction. Those that specify moisture content 
generally require that it be within some plus or minus 
percentage of the optimum obtained from their compaction 
test. 

Gradation 

A study by Machemehl et al. (29) evaluates the effect of 
gradation on the strength of crushed-stone base material. 
Strength and density tests were performed on a Georgia 
crushed granite using gradations allowed by the new ASTM 
specifications as well as several other gradations. It was 
found that the highest CBR and triaxial test results were 
obtained with samples near the middle of the ASTM 
D-2940-71T grading band. 

One method of describing gradation curves is with the 
Talbot equation (41): 

P=(d/D) 	 (2) 

in which P is the percentage passing any given sieve open-
ing, d; and D is the maximum size. For normal gradations, 
n should be between ½ and ½, with ½ being a commonly 
used value. However, n - ½ usually results in a mix that 
is difficult to compact. The ASTM specification is based 
on n - 0.45 and a nominal maximum size of 11/4  in., al-
though some material up to 2 in. in size is allowed. 

The Machemehl study (29) reported that with AASHO 
T-180 compaction the CBR of ASTM mid-gradation sam-
ples with 5 percent passing the No. 200 sieve was 377; for 
the same gradation but with 0 percent passing the No. 200 
sieve, 441. The CBR of a gradation at the coarse limit of 
ASTM specifications was 284 and a CBR of 207 was ob-
tained for a finer, 3/4  n. maximum size gradation with 
80 percent and 25 percent passing the No. 4 and No. 200 
sieve, respectively. Maximum shear and normal stress val-
ues obtained from triaxial tests also yielded highest values 
for the ASTM down-the-middle gradation. 

Studies at the National Crushed Stone Association lab-
oratory reported by Kalcheff (23) also demonstrated that 
the strength of a graded crushed-stone base reached a maxi-
mum when the percent passing the No. 200 sieve was about 
12. It was also reported that the rate of frost heave in-
creases steadily with increasing fines passing the No. 200 
sieve, whereas the permeability or drainability is drastically 
reduced beyond 4 to 6 percent passing the No. 200 sieve. 
In areas where the base is subjected to frost penetration, 
the NCSA (10) recommends that the material passing the 
No. 200 sieve should be less than 10 percent. In another 
NCSA study Gray (12) reported that the percent strain of 
a good dense-graded crushed-stone base under constant 
lateral pressure and a given normal stress is reduced by 
about 60 percent as the maximum size of the aggregate 
increases from 3/  to 11/2  -in, On the basis of these and 
other studies the NCSA (10) recommends: "The maxi-
mum size of aggregate should be as large as can be han-
dled without undue segregation, usually between 1 and 
11/2  inches." 

The effect of gradation on density was also reported by 
Machemehl et al. (29), who found that samples graded to 
the middle of the ASTM specification band had higher 
density (141 pcf) than the samples graded to the upper or 
lower specification limits (test procedure AASHO T-180, 
Method D.) However, mid-gradation samples having higher 
amounts of material passing the No. 200 sieve (up to 
15 percent) had even higher densities, but the presence of 
the additional fines slightly reduced the shear strength of 
the compacted specimens. This study shows that increased 
density can be obtained by adding fines, up to a point, but 
at a sacrifice in shear strength. 

The highest density of a compacted crushed-stone base 
under a given compaction effort w1ll usually be obtained 
near or above the upper limit of the grading specifications 
for the material passing the No. 200 sieve. This provides 
the contractor with an incentive to push to the fine side of 
the gradation specifications in order to more easily achieve 
the target density specified for a particular construction 
job. This temptation can be minimized if the target density 
is sensitive to the gradation of the actual base material used 



in the construction. This may be accomplished by (1) us-
ing the actual material from the construction site for com-
paction tests, (2) using a field curve based on compaction 
tests at a variety of gradations, or (3) holding to very close 
gradation tolerances on fine material. If the compaction 
test method used to control compaction involves the use of 
a small, /'o-cu-ft mold, the sample must be scalped to re-
move the plus 3/4 -in, material and the maximum dry density 
result corrected for the amount and bulk specific gravity of 
the coarse material removed. In lieu of this technique, 
some engineers prefer to replace the plus 3/4 -in, material 
with an equal weight of plus No. 4, minus 3/4 -in, material 
as specified in the note for test procedure AASHO T-180, 
Method C. However, this procedure changes the gradation 
of material being tested and the test sample no longer repre-
sents the material used in the construction. 

Specifications for compaction based on percent solid 
volume of the compacted base or subbase also require close 
gradation control to prevent the contractor from using ex-
cessive fines to obtain easy compaction. The compaction 
characteristics of the different base-course materials must 
also be taken into account when percent solid volume is 
used to control base construction. 

Geometric Characteristics 

Test results by Holtz and Gibbs (27) indicate that at the 
same relative density a cohesionless material of angular 
grains will have a higher strength (4)-angle) than a ma-
terial of rounded grains. As the angular material was 
reported by Holtz and Gibbs (26) to be well graded and 
the rounded material as uniformly graded, the influence of 
grain shape alone was not definable. However, the com-
bined effect produced a difference in 4) of about 40  for 
loose to moderately dense materials and 8° for very dense 
materials. More recent work on cohesionless sands (26) 
corroborates the significance of particle angularity on the 
strength of granular soils. The test results showed an in-
crease in 4) of about 4° for the angular as compared to the 
rounded material. Holubec and D'Appolonia (18) also re-
ported that the maximum density obtainable at a given com-
pactive effort decreased as the angularity of particles in-
creased. It should be noted, however, that the maximum 
density was determined in these tests by either the Modified 
Proctor compaction method or by horizontal vibrations ac-
complished by tapping a sand-filled Proctor mold. The 
authors reported that for the angular sands a higher density 
was obtained by the Modified Proctor method than by the 
vibratory procedure. This is contrary to the findings of a 
number of other researchers (32) who have concluded that 
vibratory procedures are the most effective means for com-
pacting cohesionless materials. It is quite probable that 
angular materials simply require more compactive effort to 
reach a given density; i.e., at the same compactive effort the 
density, or more precisely the percent solid volume, of a 
material consisting of angular particles will be less than that 
of a material consisting of rounded particles. Pettibone and 
Hardin (32) have shown that several variables influence 
the maximum density achievable by vibratory means. These 
include soil moisture, surcharge, frequency and amplitude 
of vibration, and time of vibration. 

Sowers and Sowers (37) suggest that the increase in 4) 
is of the order 5° to 8° due to angularity of particles, with 
the larger value at higher relative densities. The effect of 
grain shape on strength is, therefore, comparable to a 
change in relative density of about 10 to 20 percent. Test 
results by the (British) Transport and Road Research Lab-
oratory (33) also suggest that rounded particles will achieve 
a greater density under the same compactive effort than 
will angular particles. 

The shape of the particles in a mass is a factor that 
affects the maximum density to which the materials can be 
compacted. In fact, it is possible to have two materials, of 
identical gradations but with particles of different geometric 
characteristics, that exhibit appreciably different density 
values. In an attempt to devise a measure for the shape, 
angularity, and surface texture of aggregates, Huang (19) 
developed the Particle Index Test, based on the concept that 
the void conditions in a uniform-sized coarse aggregate, 
when rodded in a standard rhombohedron mold, show the 
combined features of shape, angularity, and surface texture 
of aggregate. The result of this test is expressed as the 
particle index of the aggregate. For the index, single-sized, 
highly polished aluminum spheres represent zero. 

Huang et al. (20) report that the typical values of parti-
cle index range from 4 for a smooth, rounded gravel to 
20 for a crushed limestone with flakey particles, angular 
corners, and very rough surface texture. They conducted a 
series of compaction tests (AASHO T-99, Method C) on 
six aggregate samples produced by mixing portions of a 
pit-run gravel and a crushed limestone to give a wide range 
of particle index values. From these tests they presented 
plots showing that for a given gradation the reciprocal of 
void ratio (volume of solids divided by volume of voids) 
decreases more or less linearly with increasing particle in-
dex. This decrease is particularly marked when the grada-
tion curves approach the ideal value as reported by Talbot 
and Richart (41); i.e., when the gradation index is 0.5. 
This same plot showed that the curves representing various 
gradations tend to converge toward the higher values of 
particle index. Some of this same information is shown in 
a different form in Figure 1. 

Huang's (20) results (Fig. 1) showed that any adjust-
ment in the gradation curve in this range of particle index 
(15-18) values will, therefore, have little influence on the 
resultant void characteristics of the compacted samples. 
One general conclusion was that for a soil-aggregate mix-
ture containing coarse aggregates of given geometric char- 
acteristics under a particular compactive effort, it is possible 
to increase its maximum dry density by varying its grada- 
tion (i.e., by making the gradation index closer to 0.5). 
However, the maximum density obtainable is severely lim-
ited and less sensitive to gradation for a mixture containing 
coarse aggregates having a very high particle index (i.e., 
15-18) than those having moderate values of particle index. 

Base Materials 

The four granular base materials used in both laboratory 
and full-scale prototype testing were (1) dolomitic lime-
stone similar to that used as a base course for the AASHO 
Road Test, (2) granite-gneiss from the southeast, (3) 
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Figure 1. Relation between compaction characteristics (AASHO T-99, Method C) 
and mixture gradation for soil-aggregate mixtures containing coarse aggregates of 
varying particle index. After Huang (20). 
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crushed gravel from the nbrthcentral, and (4) basalt from 
the northwest. 

Fine, medium, and coarse fractions of the four granular 
base materials are shown in Figures 2, 3, 4, and 5. 

Test Gradations 

All samples used in the laboratory compaction testing were 
prepared by combining the sieved material in proper pro-
portions to achieve the desired gradation. The medium or 
ideal gradation to be used was determined by studying the 
specifications of the various state highway departments 
using the material being considered. The ideal gradation 
of the dolomitic limestone was based on the AASHO Road 
Test crushed-stone base gradation. 

Two other gradations, representing deviations about the 
ideal gradation of 10 percent on the No. 4 sieve, were 
selected to represent the upper and lower limits of a typical 
specification band. The fine gradation had 10 percent more 
material passing the No. 4 sieve than the ideal gradation 
and the coarse gradation had 10 percent less. Because the 
selected compaction tests required different maximum size 
particles, eight different gradations were used in the testing. 
Coarse, ideal, and fine gradations for maximum size par-
ticles of 11/2  and 3/4  in. and the plus No. 4 and minus No. 4 
gradations were used. Table A-i summarizes these test 
gradations. 

Materials Properties 

Each of the selected base materials has different physical 
properties. Some of these properties were measured and 
are reported in Appendix A. Table A-i includes the test 
gradations and values of Particle Index; Table A-2 includes 
the values of specific gravity and absorption; Table A-3 
lists the values of Los Angeles abrasion for each of the test 
materials. 

laboratory Testing Program 

The laboratory testing program initially involved a com-
parative evaluation of six compaction test methods for de-
termining maximum laboratory densities of granular ma-
terials using the four aggregates and up to nine gradations. 
However, during the testing program it became evident that 
the basic AASHO T-180 test method would be a promis-
ing procedure if additional confinement of the material and 
additional energy were provided. Therefore, a modification 
of the AASHO T-180 procedure, called the Marshall 
Hammer Test Method, was also included in the testing 
program, increasing the number of test methods to seven. 

Originally, three gradations were to be prepared for test-
ing for each combination of material and method. How-
ever, with the seven selected test methods three different 
types of aggregate gradings were required. These were 
based either on aggregate top size or an arbitrary division 
on a particular sieve size. The AASHO T-180, Marshall 
Hammer Test Method, Michigan Cone, and Gyratory com-
paction tests used a 4-in, mold or small cone-shaped mold, 
which necessitated scalping the material at the 3/4 -in, sieve. 
Material for these tests was graded with designations coarse, 
ideal (middle), and fine, with a maximum size of 3/4  in. 
Samples for the Vibratory Hammer and ASTM D-2049 
test methods, which used a 6-in, mold, were prepared using 
both the 11/2 -in, and 3/4 -in, maximum sizes each at the 
coarse, ideal, and fine gradations. Because of the special 
requirements for the Washington Test Method 606A, the 
plus No. 4 fraction for both maximum sizes of 11/2  in. and 
3/4  in., as well as the minus No. 4 fraction for each base 
material, were tested in both the dry and wet condition. 
Some full-graded 11/2 -in, and 3/4 -in. samples• were also 
tested with the Washington apparatus to check the theo-
retically computed maximum density against a similar sam-
ple compacted with the Washington spring-loaded compac- 
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Figure 2. Granite-gneiss base. 

LJLL 

Figure 3. Crushed gravel base. 

Figure 4. Dolomitic limestone base. 

Figure 5. Basalt base. 
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tor. All of these test gradations are given in Table A-i. 
The desired experimental plan was that of a completely 

random experiment in which the treatments involved the 
following three factors: 

Type of material (four levels). 
Gradation (up to nine levels). 
Laboratory test method (seven types). 

However, because of constraints of equipment avail-
ability and the order in which the base material was re-
ceived from various areas of the country, it was decided, 
after consultation with a statistician, to proceed with an 
experimental plan having the following features: 

Each test method for each combination of material 
and the basic test have four replicates performed. 

Each of the three test operators perform one replicate 
on each gradation and material, and any one of the three 
operators may perform the fourth replicate. 

The tests were performed in the order that equip-
ment and materials became available. This resulted in a 
program in which the AASHO T-180, Michigan Cone, 
ASTM D-2049 (Relative Density), and Vibratory Hammer 
tests were performed before tests with the Gyratory Testing 
Machine, Marshall hammer, and the Washington spring-
loaded compactor began. 

Each of the basic treatment combinations was tested by 
one of three operators to provide for the four replicates of 
the basic plan. Each test trial or replicate included a dry 
sample and one or more samples at higher moisture con-
tent, as required by the particular test method. Base ma-
terial for the dry tests was always oven dried and then 
stored in the laboratory long enough to pick up hygroscopic 
moisture. The statistical analysis of this factorial experi-
ment was conducted using fixed-model analysis of variance 
procedures. 

Detailed descriptions of all test methods are included in 
Appendix B, as is a discussion of oversize correction on 
scalped samples. 

Full-Scale Prototype Testing 

Test Pits 

To determine the compaction characteristics of the four 
base materials under full-scale conditions and heavy com-
paction equipment, prototype base courses were placed in 
two test pits 8 ft by 12 ft in plan and 43 in. deep. The pits 
were two of a set of eight that had been used in a previous 
pavement research project and contained 30-in. -deep syn-
thetic subgrades having moduli of subgrade reactions of 
approximately 50 pci for pit 1 and 275 pci for pit 2. A 
3-in., slightly crowned layer of earth-type subbase (AASHO 
classification A-2-4) was placed over the synthetic sub-
grade to serve as a foundation for compacting the granular 
base materials. The subbase was stabilized with 1 percent 
Type 1 portland cement by weight to reduce its suscepti-
bility to deterioration under the action of water and was 
compacted using a gasoline-powered Wacker tamper to at 
least 100 percent of AASHO T-99 maximum dry density 

(114 pcf). After placement of the subbase, plate bearing 
tests on the subbase surface gave a modulus of subgrade 
reaction of 330 pci for pit 1 and 465 pci for pit 2. To 
facilitate drainage, a narrow strip of the subbase was re-
moved around the edges of the test pits and replaced with 
granular material. Both subgrade materials were free-
draining and the water table could be adjusted within a 
few hours by regulating the water level in the sump ad-
jacent to the pair of test pits. The water table was auto-
matically maintained at any desired level by means of a 
float control valve. During construction, the water table 
was held to the top of the subgrade. 

Construction 

Ideal or mid-gradations of the four granular base materials 
were placed in 4-in, layers and compacted to a total depth 
of approximately 8 to 10 in. The first layer was compacted 
with five or more passes of the Wacker tamper until no 
further densification was obtained. Subsequent layers were 
compacted with a 12-ton Ingersol-Rand SP 54 vibratory 
roller until no further densification could be obtained. Sup-
plemental compaction of the upper layers was also pro-
vided by the Wacker tamper. Figures 6 and 7 show the 
construction operations. 

Water was added during compaction to achieve maxi-
mum density and by the time compaction was complete the 
base material was well saturated. Rolling was continued 
for 50 to 100 passes until it was apparent that no more 
densification could be obtained. Base course construction 
was performed twice with each material, making a total of 
eight constructions. After each trial, the base material was 
removed and stockpiled for future use or storage. Slight 
changes in gradation were made in the second trial con-
struction if it was apparent that the gradation of the mix 
could be brought closer to the desired ideal gradation by 
blending additional coarse or fine fractions with the ma-
terial to be compacted. During compaction, increases in 
density and moisture were monitored with a Nuclear-
Chicago, Model P21-P22, surface moisture/density gauge 
using the "air gap" method. 

Density Measurements 

In addition to the nuclear density-moisture measurements, 
final dry density measurements also were made with the 
sand-cone apparatus. Moisture content at the time of the 
sand-cone density measurements was determined by oven 
drying the entire sample removed from the hole. Gradation 
tests were also performed on some of the density samples. 
The locations of the density test sites were at 3-ft spacings 
and arranged as shown in Figure 8. 

Table 1 summarizes dry density results of the prototype 
base course compaction phase of the testing program. The 
results are average densities combining all values from both 
test pits as obtained for each trial construction with the 
four materials. Both sand-cone and nuclear density results 
are given, together with the zero air voids densities com-
puted from the apparent specific gravity and moisture con- 
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Figure 6. Co,npac:ing basalt base wit/i gasoline-powered Wacker tamper. 

Figure 7. Compacting basalt base with 12-ton vibratory roller. 

tent assuming 100-percent saturation. In several trials, the 
base was fully saturated and too soft to perform valid 
volume measurements using the sand-cone apparatus; in 
these cases, the final density was assumed to be the zero 
air voids density. The validity of this alternate procedure 
was verified by comparing the zero air voids density with 

the nuclear density results in these cases. The nuclear gauge 
was calibrated for each material by using valid sand-cone 
density measurements performed on unsaturated trials of 
the same material. Because both full-scale prototype trials 
constructed with dolomitic limestone were saturated at 
completion of construction, a smaller, third trial was per- 
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formed for the purpose of calibrating the nuclear gauge on 
this material. 

The standard deviations of sand-cone and nuclear density 
measurements are also given in Table 1. 

During the second trial construction with basalt an at-
tempt was made to compact the base in a dry rather than 
wet or optimum condition. It was not possible to dry out 
the material completely before compaction, but the first 
layer was placed in pit 2 at approximately 2.8 percent 
moisture content. After five passes with the Wacker and 
28 passes with the SP-54 vibratory roller, the dry density 
was only about 130 pcf. The first layer placed in pit 1 
was at a moisture content of about 4.4 percent; the dry 
density achieved with the same compaction effort was also 
about 130 pcf. Water was then added to the base material 

@00 
Pit 2 

@00 
000 

Pit 1 

Figure 8. Layout 01 density test sites. 

TABLE 1 

SUMMARY OF PROTOTYPE TEST PIT CONSTRUCTION 
DRY DENSITY AND STANDARD DEVIATION RESULTS 

Sand Cone Method Nuclear Method Zero 	Air 
Voids 

H 0, % Density Std. 	Dcv. Density Std. 	0ev .  DensIty 

Material Trial D3y Wt. pcf pcf pcf pcf pcf 

Granite- I 4.58 145.7 1.83 144.2 2.35 150.7 

Gnelss 2 5.72 145.0 1.48 146.3 1.40 146.6 

(G -2.714) 
Ave. 5.15 145.3 145.3 148.7 

Crushed 1 6.33 146.6* 2.18 148.3 3.13 146.6 

Gravel 2 4.63 151.8 3.47 151.8 1.86 152.7 

(S-2.758) 
Ave. 5.48 149.2 150.0 149.6 

Dolomitic 1 6.20 148.7* 1.60 148.9 5.04 148.7 

Limestone 2 5.97 149.5* 0.92 151.1 1.16 149.5 

(c.2.794) 3 4.24 150.1 1.99 150.1 2.43 

6.08 149.1* 150.0 1 	149.1 

Basalt 1 9.29 1145.8* 1.82 147.9 1.93 145.8 

(G5.2.984) 2 7.72 149.1 2.10 149.1 1.66 151.4 

Ave. 8.50 147.5 148.5 148.6 

* 
Assumed 100% saturation. 

Calibration trial - not included in average values. 

TABLE 2 

SUMMARY OF TEST PIT GRADATION TESTS 

Percent Passing U.S. Standard Sieve, by Weight 

1-1/2 1" 3/4" 1/2" 3/8" #4 #8 #16 #40 #200 Material Trial 

Granite- 
1 

100 98.9 87.0 70.5 57.0 45.3 39.1 31.9 21.5 6.2 

Gneiss 2 99.6 97.4 87.6 74.6 62.6 50.1 42.8 35.5 23.7 7.2 

Ave. 99.8 98.2 87.3 72.6 59.8 47.7 41.0 33.7 22.6 6.7 

Crushed 1 99.7 92.5 82.3 74.2 66.0 52.8 41.1 29.6 18.2 7.4 
Gravel 2 98.8 87.7 78.1 71.2 63.6 49.9 39.9 30.2 20.5 10.1 

Ave. 99.2 90.1 80.5 72.7 64.8 51.4 40.5 30.0 19.4 8.8 

Dolomitic I 100 88.8 75.9 64.0 55.2 50.0 45.3 35.2 23.9 10.9 
Limestone 2 100 86.7 74.4 62.9 51.3 44.7 39.4 28.3 17.2 6.2 

Ave. laO 87.8 75.2 63.4 53.2 47.4 42.4 31.8 20.6 8.6 

Basalt I 100 96.2 8 52.4 35.1 23.8 14.0 3. 8 
2 100 97.4 ~86.8 57.3 39.4 26.2 15.4 5.4 

1 Ave. 100 96.8 3 54.8 37.2 25.0 14.7 4.6 
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in both pits and compaction was resumed. At about 6.6 per-
cent moisture, and after three more passes with the Wacker, 
the dry density increased to about 147 pcf. The construc-
tion was then completed in the normal manner and after 
a total of 70 passes with the vibratory roller the final densi-
ties and moisture contents summarized in Table 1 were 
obtained. 

Even though most of the laboratory compaction tests 
evaluated in this project were able to achieve maximum 
dry density values for dry basalt base material that was  

quite close to the maximum dry density obtained • for the 
same test performed under optimum moisture conditions, 
it is apparent that this performance could not be achieved 
with basalt base material air dried in the field. 

Gradations 

Table 2 summarizes the gradation results of the materials 
compacted in the test pits. The values given are the aver-
age results of gradation tests performed on samples re-
moved from the sand-cone density sites. 

CHAPTER TWO 

FINDINGS 

CURRENT PRACTICE 

To establish contact with state highway departments and 
obtain information on the current test methods and speci-
fications used to control the construction of granular bases 
and subbases, a letter requesting this information was sent 
to the materials engineer of each state highway department. 
Replies were obtained from 38 states. Additional informa-
tion was obtained through personal interviews, telephone 
conversations, and study of the published state standard 
specifications. Appendix F summarizes answers to the 
questions asked during the interviews. 

According to information obtained on current practice, 
most states use some version of the AASHO T-99 or T-180 
compaction test to determine the maximum dry density of 
granular bases and subbases. A few states use Method D 
(6-in.-diameter mold) with these test methods when ma-
terial larger than the 3/4  in. is encountered. A few states 
use vibratory methods to compact the sample in the mold 
(usually a standard 6-in.-diameter CBR mold). Of the 
vibratory methods, Washington Test Method 606A, using 
the vibratory spring-loaded compactor, is the most popular. 
In this method a field density curve is prepared from test 
results of minus No. 4 and plus No. 4 material, as well as 
specific gravity of the coarse and fine fractions. Thus, the 
target density may be adjusted to suit the actual gradation 
of the granular material being compacted in the field. Two 
states (Nevada and Oregon) use the Harvard Miniature 
Compactor to determine the maximum dry density of the 
granular base material passing the No. 4 sieve. The maxi-
mum dry density of the base is then calculated from a 
formula that utilizes the maximum dry density of the minus 
No. 4 material, the specific gravity of the aggregate, and 
the percent by weight passing the No. 4 sieve. 

The percent of maximum dry density specified for vari-
ous applications of granular bases and subbases ranged 
from 90 percent (low-volume roads, Alaska) to 105 per- 

cent (Mississippi for some applications). The average 
compaction specified by those states using the AASHO 
T-99 test method was 98 percent, whereas the average for 
states using the AASHO T-180 test was only slightly lower 
(97 percent). 

From the responses to the questionnaires and interviews, 
it was determined that most of the state highway depart-
ments do not see a significant need for change in their 
compaction control of unbound granular materials for bases 
and subbases. They generally believe that with present 
compaction control they can obtain the desired density of 
granular base and subbase materials. The majority, using 
Proctor-type tests, recognize that the laboratory test does 
not adequately represent the field density curve. Several 
engineers noted that the optimum moisture content deter-
mined in the laboratory was not representative of the field 
optimum. This was of concern to them. In general, they 
would prefer a more representative test, but do not con-
sider this to be a pressing problem. 

Although most of the personnel interviewed expressed 
the opinion that they have not recently had difficulty with 
granular bases and subbases, particularly with respect to. 
compaction, their conclusions do not appear to be based 
on sufficient objective study. They apparently have not had 
major failures in bases and/or subbases. At the same time 
they are not relating the pavement failures or poor per-
formance they do observe to the performance of the base 
and/or subbase materials. Yet, more than one highway 
engineer expressed the contradictory opinion that less varia-
tion in density in granular base and subbase materials 
would give better highway performance. It would appear 
that a better understanding of the relationship between 
density of granular materials and highway performance is 
needed. 

It is apparent that the majority of highway departments 
have had no significant experience with density control 
other than the Proctor-type apparatus. Those that have con- 
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sidered or are considering changes in their compaction 
control are considering vibratory density tests and test strip 
control. Two states already use test strips for compaction 
control of granular base materials, and two others make 
limited use of test strips when difficult materials are 
encountered. 

The design procedure used by most states provides for 
reduced thickness of pavement layers rather than lower 
density requirements for light-duty roads. Most engineers 
expressed the opinion that adequate density of granular 
base materials could be obtained with proper construction 
procedure and that special reduction in density specifica-
tions for low-traffic roads and/or deep layers would not 
significantly reduce construction costs. Only a few states 
presently allow lower percent compaction for subbases than 
bases. 

Because of the normal distribution of field density test 
results and the associated standard deviation of these re-
sults for a particular field density test method, it is neces-
sary for the contractor to achieve a mean field density that 
is higher than the target density specified for the construc-
tion. This margin is necessary if the contractor expects to 
have reasonable assurance of acceptance for a lot of 
construction. 

At the time most density specifications were established, 
acceptance was generally based on the "go or no-go" con-
cept. The target density was, and in many cases still is, 
based on 95 percent to 100 percent of AASHO T-99 or 
T-180 maximum dry density. Test road studies, control 
test strips, and rutting of some in-service high-traffic roads 
indicate that eventual granular base density may be sig-
nificantly higher than the target density used to control 
construction. However, the "go or no-go" concept requires 
that no failing tests are permitted in an acceptable lot of 
construction work. Even though an inspector may overlook 
one failing test out of 20 or more tests, the vast majority of 
field density tests must exceed the target density for the 
construction to be accepted. Even with good construction 
techniques, individual field density test measurements using 
sand cone or an equally accurate technique will have a 
normal distribution with a standard deviation of approxi-
mately ±2 to 3 pcf. Thus, to get an acceptable lot of con-
struction with 98 percent confidence, the over-all average 
mean density of the constructed lot would have to be about 
twice the standard deviation above the target density, or 
4 to 6 pcf higher. The "go or no-go" concept will then 
assure that the final construction density will also be sig-
nificantly higher than the target density used to control the 
construction and reasonably good performance of the base 
and roadway was generally obtained. 

However, in recent years there has been a shift to the 
use of statistical acceptance plans (25). With statistical 
acceptance plans, more field density tests (including failing 
tests) are used in computing a mean value of density on 
which acceptance is based. The averaging of tests increases 
the confidence or precision of the field density results and 
the contractor is no longer required to maintain a mean 
construction density so far above the target density. Thus, 
to maintain the same quality of construction when statisti-
cal rather than "go or no-go" acceptance plans are used,  

the target density must be shifted upward to compensate 
for the smaller cushion needed by the contractor. If four 
to nine field density tests are used to compute the mean 
density on which statistical acceptance is based, the stan-
dard deviation of the mean will be ½ to ½ the value of 
the standard deviation for individual tests, or about ± 1 pcf. 
The target density under the statistical acceptance concept 
would then have to be 3 to 5 pcf higher than that required 
for "go or no-go" specifications to be assured of the same 
over-all mean density of the construction previously ob-
tained under the "go or no-go" acceptance plan. 

TEST ROAD DATA 

The AASHO Road Test (44), the most documented full-
scale road experiment in history, is a primary source of 
information on the effect of controlled traffic on the per-
formance of highway materials. However, careful review 
of documents and records from that test revealed very little 
information that is of use in a study of densification of 
granular base materials under traffic. In fact, of the rutting 
that occurred in the flexible sections of loops 3, 4, 5, and 
6, the trench studies disclosed that very little was a result 
of decreases in thickness caused by densification of the 
layers. Rather, the AASHO Road Test staff concluded that 
a large part of the rutting was associated with movement 
of the material laterally from the center of the wheelpaths 
(44). This is consistent with the data reported in Data 
Systems 2124 and 4180 (outer wheelpath) for those sec-
tions trenched in 1960. The average increase was found 
to be 1.7 pcf, with a range from 0.0 to 7.0 pcf based on 
averages for the values at each station. 

These data are not consistent with the results found by 
other researchers (1, 13, 36); perhaps the construction 
density and strength of the Road Test base was not high 
enough to preclude shearing failures in the base and those 
densities obtained in the other cases were high enough to 
provide strengths sufficient to resist shear failures. In any 
event, other records indicate that even if densities are high 
enough to prevent shear failures from occurring in the base 
layer, and if traffic loads are very high (such as is expe-
rienced on many Interstate highways) there may be enough 
stress and vibration to produce significant additional densifi-
cation of unstabilized granular base layers. This seems to be 
particularly true if excess or free water is available to lubri-
cate the particles and allow them to slide more easily on 
each other. This lubrication is evident in compaction stud-
ies conducted by the Corps of Engineers (36), which indi-
cate that best compaction of a crushed limestone was ob-
tained when the surface was in a flushed condition. The 
effect of moisture content on density was studied and the 
best compaction results were obtained at a precompaction 
moisture content of 7.5 percent, at which a maximum dry 
density of 154.9 pcf was obtained for 32 coverages of a 
50-ton, rubber-tired roller with 90-psi tire pressure for a 
limestonewith l½in. maximum size. For the same ma-
terial having a maximum size of 3/4  in., the maximum field 
construction density was 150.4 pcf. These test sections 
were subjected to 500 coverages of traffic simulating a 
B-47 airplane gear load, equivalent to a 50-kip, single-wheel 
load with 200-psi tire pressure. The final field densities 
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after simulated traffic were 155.9 and 151.4 pcf, respec-
tively, or 1 pcf increase in density. Those sections which 
were compacted by 32 coverages of a roller at water con-
tents less than 7.5 percent (those between 2 and 4 percent) 
densified a significant amount (approximately 4 to 7 pcf) 
during the simulated airplane traffic. 

After traffic was completed on the first test, the material 
was scarified and reprocessed to provide material for a sec-
ond set of tests. The scarifying and processing resulted in 
considerable degradation of the material, with an increase 
from 8 to 14 percent passing the No. 200 sieve. Under 
field compaction the reprocessed material behaved more 
like a cohesive soil. The material did not drain adequately 
under the roller, and sponginess and rutting developed in 
the wettest unit of each test lane. This behavior began with 
the first few passes of the roller and grew worse throughout 
the rolling. After compaction was completed, it was im-
possible to obtain accurate volume determinations by sand 
cone density tests in the wet units because the material was 
quite spongy and tended to seep into the test hole from the 
sides as material was removed. The densities reported were 
theoretical, computed from the moisture content and an 
assumed 100 percent saturation condition. Sand cone den-
sities were obtained after 14 days of curing; these values 
for the 11/2 -in, material showed a density of approximately 
2 pcf larger than the theoretically computed values using 
100 percent saturation. In spite of the spongy conditions, 
the field compacted density after 32 coverages with a 60-
ton rubber-tired roller with tires inflated to 150 psi was 
150.1 pcf for the section compacted at the highest moisture 
content. These data indicate that field densities of 150 pcf 
may be obtained with the proper moisture conditions, 
rollers, and coverages. 

Densities of this same magnitude have been reported by 
Lewis (28). In a study of the relation between moisture 
content of the base materials and the dry density produced 
when the materials were compacted to refusal by various 
compaction machines, he reported field densities of 148 to 
151 pcf (average 150 pcf) using smooth-wheel rollers of 
2.75 to 8 tons, a 12.5-ton pneumatic-tired roller, vibrating 
rollers of from 6,750 to 19,500 lb, and vibrating-plate 
compactors of 13,000 and 14,000 lb when compacting a 
limestone of slightly coarser gradation than that used by 
the Corps of Engineers (36). Lewis also reported that a 
spongy condition was encountered when compacting the 
limestone on the wet side of optimum. 

Densities of this same magnitude have been reported by 
Adams (1) of the Georgia State Highway Department for 
a section of 1-75 near the Tennessee state line. This sec-
tion of highway had been in service for five years, during 
which a large number of heavy axle loads was applied in 
the right lane by tractor-trailer combination trucks. Dis-
tress in the form of rutting and cracking was observed in 
the wheelpaths of the right lane. Some sections that had 
deteriorated to a level requiring extensive overlays with 
asphaltic concrete were investigated (1970) by the Georgia 
Highway Department prior to maintenance. They observed 
the following: 

1. In areas of most severe cracking and rutting, when 
auger bored, water seeped into the test holes. 

The crushed limestone base material in the wheelpaths 
of these deteriorated sections had increased in density from 
the target value of 138 pcf to an average for three different 
locations of 151.5 pcf, an increase in density of approxi-
mately 10 percent. 

One section, which had some hairline cracks but for 
which no water ran into the test hole, had an increase in 
base density of slightly less than 6 percent in the wheel 
track. 

A fifth section, upon which no traffic was permitted, 
showed a base density of 138.5 pcf, which is 0.5 pcf over 
the target density as determined by GHD Test Method 26 
(AASHO T-99 compaction effort). 

The present serviceability index for each section was 
3 or higher (PSI on a scale from 0 to 5). 

The conclusion is that large permanent deformation can 
occur in base layers not compacted to a sufficiently high 
density to withstand many repetitions of high stress pro-
ducing loads. These potentially large permanent deforma-
tions are realized more quickly if an excessive amount of 
water is available in the base and subbase materials, but 
evidence from the Georgia Highway Department indicates 
that even if an excessive amount of water is not present, 
large amounts of densification can occur. 

COMPACTION TEST RESULTS 

The results of eight different methods for determining 
the maximum dry density of the four granular base ma-
terials are summarized in Tables 3 through 21. Washing-
ton Method 606A is treated as two methods because re-
sults derived from actual tests of full-graded samples are not 
a required part of the standard test procedure. However, 
these tests were performed and the results were evaluated 
so that the method and equipment could be compared di-
rectly with other test methods using full-graded samples. 
The other alternate to the Washington method is the stan-
dard procedure specified by the Washington Highway De-
partment, in which the maximum dry density is obtained 
from theoretical curves derived from test results of the 
plus No. 4 fraction, the minus No. 4 fraction, and the 
specific gravity of the two fractions. 

The first set of summary tables (3 through 16) compares 
results for all four materials for each of the gradations 
when tested in both the wet and dry condition. Each test 
method is ranked in order of maximum dry density and 
standard error of estimate for the average of all materials. 
The highest density and the lowest standard error received 
a rank of 1. Tables 17 through 20 summarize the results 
for the average of the three gradations (coarse, ideal, and 
fine) for each maximum size of the base materials when 
tested both wet and dry. Finally, Table 21 summarizes 
these results for the average of all materials for each of the 
maximum sizes evaluated. Results for 11/2 -in, maximum 
size materials were obtained by correcting for oversize 
where size of the material (basalt) or test mold (less than 
6-in, diameter) did not permit testing 11/2-in, maximum 
size material. 



TABLE 3 

SUMMARY OF COMPACTION TEST RESULTS; 
COARSE GRADATION, DRY 

I 1/2-inch Maximum Sizea_______ 	- 

Granite- Crushed Dolomitic Test 
Method pcf Gneiss Gravel Limestone Basalt Average Rank 

Gyratory 
ya 

145.3 148.6 149.6 148.6 148.0 I 

0.84 0.81 0.73 1.56 i.o4 2 

Marshall y 140.8 140.8 145.9 143.8 142.8 2 
Hammer 

0.57 2.61 3.11 0.85 2.09 7 

Wash. 606A y 135.2 
(Tests)C 

1.35 

Wash. 60A y 140.9 142.4 143.4 143.6 142.6 3 
urves 0.49 0.48 0.62 0.64 0.56 I 

AASHO 1-180 y 140.2 140.9 144.0 140.9 141.5 5 

S 0.62 1.72 1.15 0.90 1.17 3 

ASTM 0-2049 y 133.1 134.8 131.6 141.3 135.2 7 

S 2.02 1.29 3.13 0.90 2.02 6 

Vibratory y 141.8 143.9 142.8 142.0 142.6 4 

HalTine r 
S 1.84 1.04 1.39 0.75 1.32 4 

Michigan y 138.4 137.6 140.7 137.7 338.6 6 
Cone 

0.90 0.73 1.41 2.56 1.57 5 

17 

TABLE 4 

SUMMARY OF COMPACTION TEST RESULTS; 
COARSE GRADATION, WET 

I 	1/2-inch Maximum Size 

Test Granite- Crushed Dolomitic 
Method pcf Gneiss Gravel Limestone Basalt Average Rank 

Gyratory 
ya 

148.1 151.8 152.8 155.2 152.0 I 

0.73 0.97 0.56 0.54 0.72 2 

Marshall y 144.8 145.8 149.3 145.2 146.3 2 

S 0 1.35 0.42 1.13 0.90 4 

Wash. 606A y 139.4 
(Tests)C 

S 1.84 
y 

Wash. 606A y 141.5 143.4 143.8 143.8 143.1 5 
(Curves)d 

5 0.83 0.64 0.90 0.46 0.73 3 

AASHO T-180 y 139.6 144.5 147.0 143.2 143.6 4 

S 1.21 1.17 1.08 0.80 1.08 5 

ASTM 0-2049 y 139.8 142.0 144.0 145.3 142.8 6 

S 1.18 2.33 0.65 3.63 2.26 7 

Vibratory y 141.4 144.1 145.3 345.0 144.0 3 
Hammer 

5 0.56 0.71 0.85 0.70 0.71 I 

Michigan y 138.4 140.1 143.0 138.4 140.0 

Cone 
5 1.24 0.38 0.74 2.90 1.63 :6]  

TABLE 5 

SUMMARY OF COMPACTION TEST RESULTS; 
IDEAL GRADATION, DRY 

a 
I 	1/2-inch Maximum Size 

Test Granite- Crushed Dolomitic 

Method pcf Gneiss Gravel Limestone Basalt Average Rank 

Gyratory 1a 145.9 348.6 149.5 146.9 147.7 I 

1.95 0.76 0.85 0.92 1.22 6 
y  

Marshall y 140.8 145.1 148.2 144.3 144.6 2 

Hammer 
S 0.36 0.99 0.85 1.27 0.93 2 

y 

Wash. 606A y 140.4 139.2 143.3 141.6 141.1 5 
(Tests) C 

5 0.85 2.33 1.27 1.27 1.53 8 
y 

Wash. 	606A 'f 142.2 1113.3 144.7 144.4 143.6 4 

(Curves) d 
5 0.26 0.35 0.32 0.91 0.53 I 

y  

AASHO 1-180 y 138.2 339.8 144.8 339.4 140.6 6 

5 1.30 1.52 0.72 0.0 1.10 5 
y  

ASTMD-2049 y 138.4 137.2 138.5 141.4 138.9 7 

S 1.54 0.81 0.37 1.24 1.08 4 
y  

Vibratory y 141.7 1143.9 147.0 143.5 144.0 3 

Hammer S 1.47 1.13 0.84 1.50 1.26 7 
y 

Michigan y 136.3 137.5 140.2 136.3 137.6 8 

Cone S 0.30 0.51 3.06 1.77 1.07 3 
y 

Results were obtained by correcting for oversize where size of 
material (Basalt) or test mold (less than 6-in. dia.) did not 
permit testing I 1 /2-inch maximum size material. 

a Dry Density in PC,. 

TABLE 6 

SUMMARY OF COMPACTION TEST RESULTS; 
IDEAL GRADATION, WET 

I1/2-inch Maximum Size 

Test Granite- Crushed Dolomitic 

Method pcf Gneiss Gravel Limestone Basalt Average Rank 

Gyratory 1a 147.6 152.2 153.6 154.0 151.8 I 

sb 0.60 0.41 0.51 0.79 0.59 2 

Marshall y 142.7 144.8 147.8 144.9 145.0 2 

Hammer 
S 0.57 0.22 0.49 0.14 

0.40 

y 

Wash. 	606A y 140.8 144.2 148.0 343.2 144.0 5 
(Tests)C 

5 0.14 1.77 0.22 0.92 1.00 4 

Wash. 606A y 141.1 142.0 144.3 144.4 143.0 7 
(Curves)d 

S 1.10 0.82 1.00 0.31 0.86 3 
y 

AASHO 1-180 y 141.0 142.4 146.3 142.9 143.2 6 

5 1.43 1.94 1.26 1.87 1.65 6 

ASTM 0-2049 y 143.7 144.2 145.3 145.8 144.8 3 

S 0.60 2.78 1.58 2.29 1.99 8 
y 

Vibratory y 141.9 143.4 146.3 145.4 144.2 4 

Hammer S 0.79 1.11 1.40 0.81 1.06 5 
y  

Michigan y 136.0 140.4 143.8 136.3 139.1 8 

Cone S 3.06 0.40 1.18 3.42 1.89 7 

b S 
	Standard error of estimate. 
y 

C Results from actual tests of full graded samples. 

d Results derived from theoretIcal Curves obtained from test 
results of the plus No. 4 fractIon and minus No. 4 fraction. 
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TABLE 7 

SUMMARY OF COMPACTION TEST RESULTS; 
FINE GRADATION, DRY 

I 1 /2-inch Maximum Size 

Test Granite- Crushed Dolomitic 
Method pcf Gneiss Gravel Limestone Basalt Average Rank 

Gyratory ya 143.8 147.4 148.8 148.8 147.2 I 
5b 1.45 0.21 1.71 0.63 1.17 5 

Marshall y 139.6 142.1 144.4 139.2 141.3 4 
Hammer 

0.22 0.57 0.78 1.41 0.86 2 

Wash. 	606A y 140.1 
(Tests)C 

5 0.28 
y 

Wash. 	606A y 140.1 141.6 144.1 142.3 142.0 3 
(Curves)d 

S 0.50 0.39 0.32 1.37 0.77 I y 

AASHO 1-180 y 137.2 141.0 144.0 140.2 140.6 5 

S 1.18 1.00 1.21 1.01 1.10 4 
y 

M 0-2049 y 139.1 138.6 137.0 140.9 138.9 6 

5 1.43 1.33 1.29 1.22 1.32 6 
y 

ratory 
[1~ammer 

y 140.8 143.8 143.3 43.6 42.9 2 

S 1.51 0.62 4.05 1.08 2.25 7 
__- __  

Michigan y 135.1 136.6 141.0 136.2 137.2 7 
Cone 

S 1.09 0.80 0.54 1.60 1.08 3 y 

TABLE 8 

SUMMARY OF COMPACTION TEST RESULTS; 
FINE GRADATION, WET 

I 	1/2-inch Maximum Size' 

Granite- Crushed Dolomitic Test 
Method pcf Gneiss Gravel Limestone Basalt Average Rank 

Gyratory ya 146.0 151.3 153.9 155.1 151.6 I 
5b 1.00 0.56 0.40 1.02 0.79 2 

Marshall y 143.4 142.2 145.6 143.2 143.6 3 
Hammer 

S 0.64 0 0.07 0.36 0.37 I 

Wash. 	606A y 139.3 - 

(Tests) c 
Sy 0.14 

Wash. 	606A y 138.5 139.8 143.0 142.2 140.9 6 
(Curves)d 

S 1.26 0.93 1.43 0.46 1.09 5 y 

AASHO 1-180 y 137.4 141.9 144.2 	- 143.4 141.7 5 

0.53 0.90 1.77 0.65 1.08 4 
y 

ASTM D-2049 y 143.5 145.4 142.4 143.6 143.7 2 

S 1.30 0.48 1.50 2.60 1.65 7 y 

Vibratory y 138.7 143.4 145.2 143.6 142.7 4 
Hammer 

S 1.53 0.38 1.12 0.30 0.98 3 y 

Michigan y 134.2 138.0 141.9 139.5 138.4 7 
Cone 

S 1.25 0.74 1.68 2.28 1.59 6 
y 

TABLE 9 

SUMMARY OF COMPACTION TEST RESULTS; 
COARSE GRADATION, DRY 

3/4-inch Maximum Size 

Test Granite-ICrushed Dolomitic 
Method pcf Gneiss Gravel Limestone Basalt Average Rank 

Gyratory a 	141.6 146.2 147.8 144.5 145.5 I 

1.11 1.01 0.90 1.93 1.30 3 

Marshall y 	1 35.9 1 36.7 143.2 138.6 138.6 4 
Hammer 

0.71 3.25 3.81 0.99 2.58 7 

Wash. 	606A y 	140.8 	141.8 144.0 143.3 142.5 1. 	2 
(Curves)d 

0.42 	0.33 0.19 0.92 0.54 I 

AASHO 1-180 y135.1 136.8 	40.9 135.0 37.0 5 

S 	0.75 2.11 	1.39 1.06 1.42 4 

ASTM D-2049 	y 	132.5 1 134.6 	131.7 135.6 133.6 6 

S 	1 .40 .53 	1.71 1.07 1.45 5 

Vibratory 	y 	137.2 11.2.2 146.2 136.4 140.5 3 
Hammer 

S 	0.87 1.54 1.20 0.91 1.16 2 

Michigan 	y 	132.9 132.8 137.0 131.2 133.5 7 
Cone 	

5 	1.15 0.89 1.70 3.06 1.90 6 

Results were obtained by correcting for oversize where size of 
material (Basalt) or test mold (less than 6-in. dia.) did not 
permit testing I 1/2-inch maximum size material. 

a Dry Density in pcf. 

TABLE 10 

SUMMARY OF COMPACTION TEST RESULTS; 
COARSE GRADATION, WET 

3/4-inch Maximum Size 

Test Granite- Crushed Dolomitic 
Method pcf Gneiss Gravel Limestone Basalt Average 	Rank 

Gyratory a 145.3 150.3 151.8 152.8 150.0 

0.88 1.27 0.67 0.65 0.90 	j 	2 
Marshall y 141.0 142.9 147.5 140.3 142.9 	2 
Hammer 

S 0 1.62 0.49 1.41 1.10 	4 

Wash. 	606A y 139.8 140.9 143.3 143.2 141.8 4 
(Curves)d I 

0.93 0.76 1.03 0.26 0.81 I 

AASHO 1-180 y 134.5 141.2 	144.7 137.8 139.5 6 

S 1.45 1.40 	1.30 0.97 1.29 5 

ASIM D-2049 y 139.5 141.8 142.1 140.4 141.0 5 

S 1.61 219 3.62 4.47 3.18 7 

Vibratory y 139.5 142.0 147.4 140.0 142.2 3 
Hammer 

1.18 0.29 1.25 0.85 0.97 3 

Michigan y 132.9 135.8 139.8 132.1 134.6 
Cone 

.49 0.45 0.87 3.49 1.96 
....!..... 

b s 	Standard error of estimate. 
y 

C Results from actual tests of full graded samples. 

d Results derived from theoretical curves obtained from test 
results of the plus No. 4 fraction and minus No. 4 fraction. 



TABLE 11 

SUMMARY OF COMPACTION TEST RESULTS; 
IDEAL GRADATION, DRY 

3/4-inch Maximum Size 

Test Granite- Crushed Dolomitic 
Method pcf Gneiss Gravel Limestone Basalt Average Rank 

Gyratory yd 11+3.0 11+6.6 148.1 143.2 145.2 I 
5b 2.45 0.94 1.05 1.11 1.52 7 

V 

Marshall y 136.9 142.5 146.5 140.2 11+1.5 3 
Harrm,er 0.1+2 1.13 0.99 1.48 1.07 3 

Wash. 606A y 137.3 142.2 144.3 137.0 140.2 
(Tests)c 

S 0.64 1.27 1.98 j.49 1.43 6 

Wash. 606A y 138.9 140.6 143.5 141.4 141.1 4 
(Curves)d 

S 0.65 0.42 0.35 1.23 0.75 I 

AASHO T-180 y 133.8 136.2 142.5 134.5 136.8 6 

S 1.55 1.81 0.88 0.64 1.31 5 

ASTM D-2049 y 134.5 135.9 134.4 136.8 135.4 7 

5 0.65 0.71 0.46 1.43 0.89 2 

Vibratory 1 139.9 143.0 145.0 139.3 141.8 2 
Hammer s, 2.22 1.00 0.95 1.75 1.57 8 

Michigan y 131.4 	. 133.6 137.0 130.9 133.2 8 
Cone 

5y 0.37 0.61 1.28 2.09 1.26 4 
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TABLE 12 

SUMMARY OF COMPACTION TEST RESULTS; 
IDEAL GRADATION, WET 

3/4-inch Maximum Size 

Granite- Crushed Dolomitic Test 
Method pcf Gneiss Gravel Limestone Basalt Average Rank 

Gyratory 1a 145.1 151.1 153.0 151.8 150.2 I 
5b 0.76 0.45 0.61 0.99 0.73 2 

y 

Marshal! y 139.2 142.2 146.1 	. 140.9 142.0 3 
Vaniner 

S 0.64 0.28 0.57 0.19 '0.46 I 
V 

Wash. 606A y 138.8 Ti 145.9 139.1 141.6 4 
(Tests)c 

S 0.57 1.35 1.70 1.27 1.29 5 

Wash. 606A y 137.1 139.0 142.3 141.3 139.9 5 
(C urves)d 

S 1.36 0.88 1.28 0.49 1.06 3 
V 

AASHO T-180 y 137.0 139.3 144.2 138.6 139.8 6 

5 1.71 2.32 1.49 2.19 1.96 6 

ASTM 0-2049 y 135.8 142.5 139.0 142.0 139.8 7 

S 2.49 1.39 4.49 2.74 2.89 8 
y 

Vibratory y 140.1 143.4 145.4 141.4 142.6 2 
H anise 

S 0.61 1.27 1.39 0.94 1.10 4 
V 

Michigan 1 131.1 136.9 141.3 130.9 135.0 8 
Cone 5 1.27 0.49 1.41 5.14 2.75 7 y 

TABLE 13 

SUMMARY OF COMPACTION TEST. RESULTS; 
FINE GRADATION, DRY 

3/4-inch Maximum Size 

Test Granite- Crushed Dolomitic 
Method pcf Gneiss Gravel Limestone Basalt Average Rank 

Gyratory ya 141.2 145.8 147.5 146.1 145.2 I 
5b 

1.75 0.28 1.95 0.73 1.37 7 

Marshall y 136.4 139.6 142.5 135.1 138.4 4 
HarTmler 0.22 0.64 0.92 1.55 0.96 2 

Wash. 606A y 137.2 139.3 142.9 139.7 139.8 3 
(Curves)d 

0.79 0.47 0.30 1.27 0.80 I 

AASHO T-180 y 133.5 138.4 142.0 136.2 137.5 5 

1.42 1.19 1.45 1.13 1.30 6 

ASTM D-2049 y 132.4 134.0 134.5 137.0 134.5 6 

S 1.10 1.10 0.75 1.35 1.11 3 1  

Vibratory y 135.9 142.0 144.1 140.2 140.6 2 
Hanm,er 5.,, 0.62 1.63 0.89 1.24 1.16 4 

Michigan y 131.1 133.4 138.6 131.8 133.7 7 
Cone s,, 1.31 0.96 0.65 1.80 1.25 5 , 

TABLE 14 

SUMMARY OF COMPACTION TEST RESULTS; 
FINE GRADATION, WET 

3/4-inch Maximum Size 

Test Granite- Crushed Dolomitic 
Method pcf Gneiss Gravel Limestone Basalt Average Rank 

Gyratory y6  143.8 150.3) 153.4 153.5 150.2 I 

1.21 0.67 0.47 1.20 0.95 3 

Marshall y 140.7 139.8 11+3.8 139.6 141.0 2 
Haniser 

0.78 0 0.07 0.42 0.44 I 

Wash. 60 y 135.2 136.9 141.2 139.5 138.2 6 
(Curves)d 

5y 1.58 1.14 1.52 0.60 1.27 4 

AASHO T-180 y 133.7 139.4 142.3 139.9 138.8 4 

S 0.63 1.07 2.12 0.77 1.29 5 

ASTM 0-2049 y 136.6 138.8 138.4 140.1 138.5 5 

Sb,. 1.46 2.82 2.12 2.97 2.42 7 

Vibratory y 134.6 139.9 143.5 140.2 139.6 3 
Haimser 

5,,. 0.53 1.16 1.27 0.35 0.92 2 

Michigan y 130.0 135.0 139.6 135.4 135.0 7 
Cone 

S 1.50 0.90 2.00 2.59 1.86 6 

Dry Density in pcf. 	 Results from actual tests of full graded samples. 

b s - Standard error of estimate. 	d Results derived from' theoretical curves obtained from test 
y 	 results of the plus No. 4 fractIon and minus No. 4 fraction. 
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TABLE 15 

SUMMARY OF COMPACTION TEST RESULTS; 
MINUS NO. 4 FRACTION, DRY 

Test Granite- Crushed Dolomitic 
Method pcf Gneiss Gravel Limestone Basalt Average Rank 

Marshall ya 130.8 138.2 141.1 137.1 136.8 I 
Hanoner 

0.50 0.28 0.57 0.10 0.41 I 
y 

Wash. 606A y 132.2 135.3 141.2 135.1 136.0 2 
(Tests) 

S 1.26 0.85 0.41 2.29 1.39 5 
y 

AASHO T-180 y 127.1 136.0 (140.0)e 135.6 134.7m 4 

S 1.46 0.33 (0.58)* 0.58 0.85* 4 
y 

ASTM D-2049 y 126.4 127.7 126.5 130.8 127.8 6 

5 0.22 0.99 2.40 1.70 1.56 6 
y 

Vibratory y 130.9 136.4 137.1 135.5 135.0 3 
Hammer 

S 1.13 0.85 0.57 0.71 0.84 3 
y 

Michigan y 124.4 131.2 129.5 1291 128.6 5 
Cone 

5 0.50 0.36 0.14 0.71 0.47 2 
y 

* AASHO T-180 method could not be performed on dry limestone. Wet 
test value was substituted to obtain meaningful average for this 
test method. 

TABLE 16 

SUMMARY OF COMPACTION TEST RESULTS; 
MINUS NO. 4 FRACTION, WET 

Test Granite- Crushed Dolomitic 
Method pcf Gneiss Gravel Limestone Basalt Average Rank 

Marshall 
ya 

129.5 137.2 140.5 138.2 136.4 I 
Hammer 5b 

0.92 0.28 1.35 1.70 1.19 3 

Wash. 	606A y 128.6 131.2 138.4 134.7 133.2 3 
(Tests) 

5y 
2.23 1.67 2.40 0.92 1.90 4 

AASHO 1-180 y 124.9 130.8 140.0 135.6 132.8 4 

1.46 0.57 0.58 1.18 1.18 2 

ASTM 0-2049 y 125.1 -118 129.6 ilT 133.6 

S 4.67 1.49 0.22 4.45 3.31 6 

Vibratory y 125.6 131.6 136.4 131.8 131.4 5 
Hammer 

5y 
0.50 0.10 0.57 0.42 0.44 I 

Michigan y 120.8 128.0 128.6 131.7 127.3 6 
Cone 

5y 
4.17 0.42 3.18 1.84 2.79 5 

TABLE 18 

SUMMARY OF COMPACTION TEST RESULTS; 
AVERAGE OF ALL GRADATIONS, 
11/2 -IN. MAXIMUM SIZE,* WET 

Granite- Crushed Dolomitic Ave. 	All 
Gneiss Gravel. Limestone Basalt Materials 

Test 
- 

pcf 
- 

Rank pcf 
- 

Rank 
- 

pcf 
- 

Rink 
- 

pcf 
- 

Rank 
- 

pcf 
- 

Rank Method 

Gyratory 	1a 145.0 I 148.2 I 149.3 I 148.1 I 147.6 I 

1.48 6 0.65 2 1.18 4 1.11 3 1.14 3 

Marshall 	y 140.4 4 142.7 3 146.2 2 142.4 4 142.9 3 
Ha,nner 	

5 0.41 I 1.64 7 1.92 6 1.20 6 1.41 5 
1 

Wash. 606A 	y 138.6 5 (138.5) 6 (142.6) 6 (140.9) 6 140.1 6 
(Tests)c 	

S 
0.93 4 (2.33) 8 (1.27) 5 (1.27) 7 1.48 6 

Wash. 	606.A 	y 141.1 3 142.4 4 144.1 5 143.4 2 142.7 4 
(Curves)d 	

s 0.43 2 0.46 I 0.44 I 1.02 2 0.63 I 

AASHO T-180 	y 138.5 6 140.6 5 144.3 4 140.2 7 140.9 

S 1.07 5 1.45 6 1.05 2 0.85 I 1.12 2 

*5Th 0-2049 	y 136.9 7 136.9 8 135.7 8 141.2 5 137.7 8 

S 1.68 8 1.17 5 1.97 7 1.13 4 1.52 7 

Vibratory 	y 141.4 2 143.9 2 144.4 3 143.0 3 143.2 2 
Hammer 	

S 1.61 7 0.96 4 2.52 8 1.15 5 1.67 8 

Michigan 	y 136.6 8 137.2 7 140.6 7 136.7 8 1378 7 
Cone 	 Sy 0.83 3 0.69 3 1.06 3 2.02 8 1.26 4 

Results were obtained by correcting for oversize where size of material 
(Basalt) or test maid (less than 6-in. dix.) did not permit testing 
I 1/2-inch maximum size material. 

Dry Density in pcf. 

TABLE 17 

SUMMARY OF COMPACTION TEST RESULTS; 
AVERAGE OF ALL GRADATIONS, 
11/2-IN. MAXIMUM SIZE,* DRY 

- Granite- Crushed Dolomitic -- Ave. 	All 
Gmess Gravel Limestone Basalt Materials 

Test - 

pcf 
- 

Rank pcf 
- 

Rank pcf 
- 

Rank 
- 

pcf 
- 

Rank 
- 

pcf 
- 

Rank Method 

Gyratory 	yx 147.2 I 151.8 I 153.4 I 154.8 I 151.8 I 

0.79 2 0.69 2 0.49 3 0.81 4 0.71 2 

Marshall 	y 143.6 2 144.3 2 147.6 3 144.4 4 145.0 2 
Hammer 	

s 0.149 I 0.79 3 0.37 2 0.69 3 0.61 I 

Wash. 	606* 	y 139.8 6 3 (147.7) 2 (142.9 7 143.6 5 
(Tests)c 

~ 11(43-9) 

5y 
1.07 5 1.77) 7 (0.22) I (0.92) 5 1.14 5 

Wash. 606A 	y 140.4 5 141.7 7 143.7 7 143.5 5 142.3 7 
(Corves)d 	

5 1.08 6 0.81 5 1.13 4 0.42 I 0.90 3 

AASHO 1-180 	y 139.3 7 142.9 6 145.8 4 143.2 6 142.8 6 

S y 1.12 7 1.41 6 1.40 8 123 6 1.29 6 

ASTM 0-2049 	y 142.3 3 143.9 4 143.9 6 144.9 2 143.8 3 
Sy 1.07 4 2.11 8 1.31 7 2.90 7 1.98 8 

Vibratory 	1 140.7 4 143.6 5 145.6 5 144.7 3 143.6 14 
Harmner 	

5y 
1.05 3 0.79 4 1.15 5 0.64 2 0.93 14 

Michigan 	y 136.2 8 139.5 8 142.9 8 138.1 8 139.2 8 
Cone 	

s 1.18 8 0.53 I 1.26 6 2.90 8 1.71 7 

S 	Standard error of estimate. 

Results derived from actual tests of full graded samples. 

Results derived from theoretical curves obtained from test results of 
the plus No. 4 fractIon and minus No. 4 fraction. 



TABLE 19 

SUMMARY OF COMPACTION TEST RESULTS; 
AVERAGE OF ALL GRADATIONS, 
3/4 -IN. MAXIMUM SIZE, DRY  

Granite- Crushed 	- Dolo.nitic Ave. 	All 

Gnelss Grand Lln,estone 	I Basalt Materials 

Test pcf 
- 

Rank 
- 

pcf 
- 

Rank 
- 

pcf 
- 

Rank 
- 

pcf 
- 
Rank 
- - 
pcf Rank Method 

Gyratory 	
a 141.9 I 146.2 I 147.8 I 144.6 I 145.1 I 

5b 
.85 8 0.81 2 1.37 6 1.35 4 

Marshall 	y 136.4 5 138.6 5 143.3 5 4 139.1 5 
Han.,er I 2.02 8 2.54 8 

~ 1 38-0 

1.36 6 1.78 8 

Wash. 606A 	y (136.6) 4 (141.5) 3 (143.6) 3 5) 6 (139.5) 5 
(Tests)t 	

S (0.64) 3 (1.27) (.98) 7 

1((136. 

1.44) 7 (1.43) 6 

Wash. 606A 	y 139.0 2 40.6 4 43.5 4 141.5 2 141.2 2 
(Curves)d 	

ST 
0.64 2 0.41 I 0.29 I 1.15 2 0.70 I 

A.ASH0 1-180 	y 134.1 6 137.1 6 141.8 6 135.2 7 137.0 6 

S 1.29 6 1.75 7 1.27 4 0.97 I 1.35 4 

ASIM 0-2049 	y 133.1 7 134.8 7 133.5 8 136.5 5 134.5 7 

sy 1.09 5 1.16 4 111 3 1.29 3 1.17 2 

Vibratory 	y 137.7 3 142.4 2 145.1 2 138.6 3 141.0 3 
Mamner 	

S 1.42 7 1.42 6 1.02 2 1.35 5 1.31 3 

Michigan 	y 131.8 8 133.3 8 137.5 7 131.3 8 133.5 8 
Cone 	

S 1.03 4 0.83 3 1.28 5 2.38 8 1.50 7 
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TABLE 20 

SUMMARY OF COMPACTION TEST RESULTS; 
AVERAGE OF ALL GRADATIONS, 
3/4 -IN. MAXIMUM SIZE, WET 

Granite- Crushed Dolomitic Ave. 	All 

Gneins Gravel li,nestone Basalt Materials 

Test - 

pcf 
- 

Rank 
- 

pcf 
- 

Rank 
- 

pcf 
- 

Rank 
- - 

pcf Rank 
- - 

pcf Rank Method 

Gyratory 	1a 144.7 I 150.6 I 152.7 I 152.7 I 150.2 I 

0.97 4 0.87 2 0.59 2 0.97 4 0.86 2 

Marshall 	y 140.3 2 141.6 4 11.5.8 2 140.3 5 42:0 2 
Han,ner 	

ST 
0.58 2 0.95 4 0.44 I 0.86 3 0.74 I 

Wash. 606A 	Y (138.4) 3 (142.1) 2 (145.5) 3 (138.7) 7 (141.2) 4 
(lests(t 	

ST 
(0.57) I (1.35) 6  7 (1.27) 5 (1.29) 5 

Wash. 6066 	y 137.4 5 138.9 7 1 42.3 6 141.3 2 140.0 5 
(Curves)d 	

ST 
1.32 5 0.94 3 1.29 3 

1 

0.47 I 1.06 4 
11 

AASHO 1-180 	y 135.1 7 140.0 6 143.7 5 138.8 6 139.4 7 

ST 
1.34 6 1.68 7 1.67 6 1.45 6 1.54 6 1 

ASIM 0-2049 	Y 137.3 6 141.0 5 139.8 8 140.8 3 139.7 6 

5 1.91 8 2.21 8 3.55 8 3.48 7 2.88 8 

Vibratory 	y 138.1 4 141.8 3 145.4 4 140.5 4 141.5 3 
Ha,r.ner 	

5 0.82 3 1.01 5 1.30 4 0.76 2 1.00 3 

Michigan 	y 131.3 8 135.9 8 140.2 7 132.8 8 135.1 8 
Cone 	

ST 
1.42 7 0.65 

1 

I 1.50 5 3.89 8 2.23 7 

TABLE 21 

SUMMARY OF COMPACTION TEST RESULTS; 
AVERAGE OF ALL MATERIALS AND GRADATIONS 

I 	1/2-Inch Max. 	Size1' 3/4-inch Max. 	Size Minus No. 	4 Fraction 

Dry+ 	I Wet Dry Wet 

-- 

Dry Wet 

Test 
Method pcf Rank pcf Rank pcf Rank pcf Rank pcf Rank pcf Rank 

Gyratory 	ye 147.6 1 151.8 I 145.1 I 150.2 1 

Syb 1.14 3 0.71 2 1.39 5 0.86 2 

Marshall 	y 142.9 3 145.0 2 139.1 5 142.0 2 136.8 I 136.4 I 

Haniner 1.41 5 0.63 1.78 8 0.74 1 0.41 1 1 .1.19 3 

Wash. 606A 	y 140.1 6 143.9 5 4 141.2 136.0 2 3 

(Tests)c 	
s 1.48 6 1.14 5 

1 139.5 

1.43 

1 

6 1.29 5 

1 . 4 

1.39 5 

1 133.2 

1.0 4 

Wash. 606A 	y 142.7 4 7 141.2 2 140.0 5 
(Curves)d 

0.63 1 

1 142.3 

0.90 3 0.70 I 1.06 4 

AASHO 1-180 	y 140.9 5 142.8 6 137.0 6 139.4 7 134.7 4 132.8 4 

S 1.12 2 1.29 6 1.35 4 1.54 6 0.85 4 1.18 2 

ASTM 0-2049 	y 137.7 8 1143.8 3 134.5 7 139.7 6 127.8 6 133.6 2 

1.52 7 1.98 8 1.17 2 2.88 8 1.56 6 3.31 6 

Vibratory 	y 143.2 2 143.b 4 141.0 3 141.5 3 135.1) 3 131.4 5 

Hamer 
1.67 8 0.93 4 1.31 3 1.00 3 0.84 3 0.44 

Michigan 	y 137.8 7 135.2 8 133.5 8 135.1 8 128.6 5 127.3 6 

Cone 1.26 4 1.71 7 1.50 7 2.33 7 1 	0.47' 2 2.79 5 

* 
Results were obtained by correcting for oversize where size of material 
(Basalt) or test maid (less than 6-in. dia.) did not permit testing I 1/2-
inch maximum size material. 

+ 
Refers to the condition of the sanle during conpaction. 

a Dry Density in pcf. 
b 	- Standard error of estimate. 

c Results from laboratory tests. 

d Results were derived from theoretical curves obtained from test results 
of the plus No. 4 fraction and minus No. 4 fraction. 
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DENSITY VERSUS GRADATION 

The effect of gradation and maximum size on the maxi-
mum dry density is shown in Figure 9. Two impact and 
two vibratory test methods capable of producing reasonably 
high and consistent maximum dry density results for the 
average of all materials were used in this plot. The average 
values for both wet and dry tests show how density is 
related to gradation in each case. Also plotted on Figure 9 
is the Washington theoretical curve (11/2-in, maximum 
size) using the same end points as other similar curves to 
show how this method compares with the average of the 
four test methods [Marshall, AASHO T-180, Washington 
606A (tests) and the vibratory hammer] performed on full-
graded samples. The value of percent passing the No. 4 
sieve plotted on the figure is based on the gradation of the 
sample prior to compaction. Thus, if degradation occurs 
the points would be moved slightly to the right if the plot 
were based on gradation of the sample after testing. 

It can be seen from Figure 9 that the Washington theo-
retical curves follow closely the shape of the curve plotted 
from the actual test points. However, the absolute values 
of the points from the Washington curve are about 1.5 pcf 
lower than the points from the average of the actual tests 
of full-graded samples. Both curves for 11/2 -in, maximum 
size gradation (wet) peak at about 40 percent passing the 
No. 4 sieve. Curves for dry samples and the wet 3/4 -in.  

maximum gradation curves peak between 50 and 60 per-
cent passing the No. 4 sieve. The wet and dry curves cross 
at about 80 percent passing the No. 4 sieve. As the grada-
tion becomes coarser, the density from dry tests falls away 
from the wet curves. However, the maximum dry density 
obtained from dry tests of the minus No. 4 fraction 
(100 percent passing the No. 4 sieve) is about 2 pcf higher 
than for the wet tests of the same fraction. 

COMPARISON WITH TEST PIT DENSITY 

The relationship between the maximum dry density ob-
tained from the various laboratory compaction tests (tested 
wet and dry) and average field densities of the prototype 
base courses for each of the four aggregates is shown in 
Figures 10 and 11. The average field compacted density is 
shown as 100 percent for each aggregate. The same rela-
tionship for the average of all four base materials is shown 
in Figure 12. The maximum dry density for each test 
method was taken from a field curve similar to Figure 9, 
in which the actual gradation of the base material com-
pacted in the test pits was used to determine the laboratory 
maximum density obtainable for that particular gradation. 
Where necessary, correction for oversize material in the 
actual test pit gradations was also used to obtain the labora-
tory maximum dry density for those test methods using 
3/4 -in, maximum size (scalped) samples. Thus, the pro- 
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Figure 9. Dry density versus percent passing No. 4 sieve for average of all base 
materials. 



Percent of Test Pit Dry Density 

0 
0 

ITI Percent of Test Pit Dry Density 

0 
0 	 0 - - Test Pits 

Gyratory 

Marshall Hammer 

Wash. 606A (Tests) 
Olz 

Wash. 606A (Curves) 

AASHO 1-180 

ASTM D-2049 

. 	Vibratory Hanmmr 

Michigan Cone 

. Test Pits 

Gyratory 

Marshall Hammer 

Wash. 606A (Tests) 

Wash. 606A (Curves) 

AASHO T-180 

ASTM D-2049 

Vibratory Hammer 

Michigan Cone 

Test Pits 

Gyratory 

Marshall Hanrmr 

I Wash. 606A (Tests) 

Wash. 606A (Curves) 

AASHO T-180 

ASTM D-2049 

Vibratory Haimr 

Michigan Cone 

Test Pits 

Gyratory 

Marshall Hammer 

Wash. 606A (Tests) 

, Wash. 606A (Curves) 

AASHO T-180 
.3 

ASTM D-2049 

Vibratory Hammer 

Michigan Cone 

Test Pits 

Gyratory 

Marshall Hammer 

Wash. 606A (Tests) 

Wash. 606A (Curves) 

AASHO T-180 

ASTM D-201+9 

. 	Vibratory Hanicr 

Michigan Cone 

Test Pits 

Gyratory 

Marshall Hammer 

ct  Wash. 606A (Tests) 
CL 

Wash. 606A (Curves) 

AASHO T-180 

ASTM D-2049 

Vibratory Hammer 

Michigan Cone 

Test Pits 

Gyratory 

Marshall Haniimr 

I Wash. 606A (Tests) 

Wash. 606A (Curves) 

AASHO T-180 

ASTM D-2049 

Vibratory Hammer 

Michigan Cone 

Test Pits 

- Gyratory 

Marshall Hammer 

. Wash. 606A (Tests) 

Wash. 606A (Curves) 

AASHO T-180 

ASTM D-2049 

Vibratory Hammer 

Michigan Cone 



24 

100 

>. 

C 

0 95 

0. 

4) 
— 

= 	In 	L 
a) 	D t 

Et 
tO = 

,a 4) 	 0 	 0 c 
0  = 	<CD 

0 	'.0 	— I-, 

I 0 0 0 

In 	= 	I- 	to 
-

IS  4) 

tO 	In 	 .0 	0 
>' 	2 14 I— 	 3 	3 	' 	< 	Z 

t 	L VI
0 	>. 	IS 

14 	X 

LII 
IS 
3 

In 
IS 
3 

(to 	- < 	I/S 
.0 

3 

U 

Z 

Figure 12. Percentage of test pit dry density obtained by various laboratory compac- 
tion test methods (average of all materials). 

cedure followed was identical to that which would have 
been used had the particular test method been chosen for 
compaction control of the prototype base constructions. 

DEGRADATION PRODUCED BY LABORATORY 
COMPACTION TESTS 

A large number of gradation tests were performed after 
compaction testing of the samples both wet and dry. These 
results were compared with the prepared test gradations of 
the respective samples. Because the samples were prepared 
by combining sieved fractions of the base materials to ob-
tain the required test gradations, it was only necessary to 
check the final gradation against the specified test grada-
tion: The same dry sieving technique was used on the 
compacted samples as was used in preparing the test sam-
ples. Table 22 summarizes the average changes in grada-
tion that occurred during compaction of 3/4 -in, maximum 
size materials. Breakage results in an increase in percent 
passing the various sieves. However, negative values oc-
casionally appear in Table 22 because of errors in sieving, 
sample splitting, or loss of fine material during compaction 
of dusty or overly wet samples. Gradation tests were not 
performed on 3/4 -in, maximum size materials tested with 
the Washington spring-loaded compactor, but there is no 

reason to believe that this test method would cause a sig-
nificant increase in degradation over the other vibratory 
methods. 

As expected, vibratory test methods cause the least de-
gradation, particularly when testing wet samples. In al-
most every case, testing with dry samples caused more deg-
radation than compaction with wet samples. The AASHO 
T-180 method generally produced the highest degree of 
degradation whereas the gyratory and Marshall hammer 
methods produced an intermediate amount of degradation. 
The results with the Marshall hammer method are limited 
to tests with granite-gneiss, crushed gravel, and limestone 
compacted with 40 blows of the Marshall hammer for each 
of the five layers. These tests utilizing the Marshall ham-
mer only were performed to evaluate the effect of this type 
of compaction on degradation. Other Marshall hammer 
compaction tests used 25 blows per layer with the Proctor 
hammer (Soiltest mechanical compactor) followed by only 
15 blows of the Marshall hammer, in order to reduce the 
manual labor on the part of the technicians performing the 
tests. In this procedure, the degradation would be as much 
as experienced with the standard AASHO T-180 method 
and these results are not reported in Table 22. 
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STATISTICAL ANALYSIS OF PERCENT SOLIDS DATA 

A comprehensive statistical analysis of the laboratory test 
data and the prototype field data was conducted. How-
ever, before the various analyses were conducted all dry 
density values were converted to percent solids, as out-
lined previously. Percent solids was chosen in order to 
eliminate the variations due to differences in bulk specific 
gravity. A more satisfactory discussion of the analysis 
could be presented using percent solid data. 

An analysis of variance (40) was conducted on the 
11/2 -in, and 3/4 -in, maximum size compaction data for both 
wet and dry conditions. The wet and dry refer to the mois-
ture condition during the compaction process. The analysis 
of variance is a statistical technique that permits the varia-
tions of all data measured from the means to be partitioned 
or assigned to the specific sources that generate the varia-
tions. By using this type of analysis the sources of varia-
tion which are excessive may be determined and correc-
tions made if desired. The factors (called main effects)  

involved in the analysis of variance were materials, grada-
tion, and methods. In addition to the main effects, all inter-
actions (products) of the main effects were included. In 
this analysis all main effects are considered fixed. This 
means that all methods, materials, and gradations that were 
of interest in the study were selected and that none were 
selected randomly. The study initially proposed that the 
four replicates for each method, material, and gradation 
combination be conducted at random by one of three op-
erators also selected at random. However, because of con-
straints of material and equipment receipt, the performance 
of tests was allowed in the order that the materials and 
equipment became available. A statistician was consulted 
before alterations were made in the testing program to 
ensure that the random assumption could still be used for 
the analysis of variance procedure. The test data for the 
Washington Method 606A are those given in Table B-S 
(taken from the theoretical curves). The analyses of vari-
ance (ANOV) for this factorial experiment are given in 
Tables 23 and 24. 

TABLE 22 

SUMMARY OF CHANGES IN GRADATION CAUSED BY 
DEGRADATION OR LOSS OF FINE MATERIAL 

Change in Percent Passing for Test Method: 

AASHO ASTM Vibratory Michigan Marshall* 

Gyratory T-180 D-2049 Hairrr Cone Harmrr 
Sieve 

Dry+ Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet material No. 

Granite- 3/8 +5,9 +1.6 +6.0 +5,5 +1.3 +0.8 +3.5 -0.1 -0.5 0 +4.7 +3,3 
Gneiss 

h +8.3 +3.7 +8.14 +7.5 +2.8 +1.6 +6.2 +1.14 +0.7 +1.6 +6.6 +4.5 

#16 +7.2 +2.8 +7.1 +6.3 +1.1 0 +6.6 +0.7 +0.6 +0.4 +6.3 +4.3 

#40 +5.2 +1.7 +4.7 +4.3 +0.3 -0.6 +4.5 +0.9 +0.8 +0.3 +4.5 +3.2 

- -#200 +2.9 +14 +2.0 +1.9 +0.9 -2.0 +1.6 -1:5 +1.0 +0.5 +0.2 1.0 

Ave. +5.9 +22 +5.6 +5.1 +1.3 0 +4.5 +0.5 +0.5 +0.5 +4.5 +2.9 

Crushed 3/8 +2.7 +4.8 +9,4 +4.4 +2.5 +2.5 +3.1 +1.2 +2.0 +1.9 +6.9 +3.0 
Gravel 

#4 +5.6 +5.5 +9,9 +5.3 +3.2 +1.5 +3.0 +0.6 +2.5 +1.8 +8.0 +3,5 

#16 +4.7 +5.5 +9,4 +6.4 +2.7 +0.4 +3.0 +0.6 +3.1 +1.7 +7.6 +3.4 

#40 +4.3 +2.5 +6.7 +4.6 +3.2 -0.7 +1.8 -0.5 +2.2 +0.9 +4.8 +1.6 

#200 +2.4 +0.1 +3.8 +2.7 +0.2 -0.6 -2.2 -1.0 +1.5 +0.4 +1.2 +0.2 

Ave. +3.9 +3.7 +7.8 +4.7 +2.4 +0.6 +1.7 +0.2 +2.3 +1.3 +5.7 +2.3 

Dolomitic 3/8 -1.0 -0.9 +3.7 +2.5 +1.7 +1.2 +1.1 +0.2 -1.1 -0.2 +5.8 +3.2 
Limestone 

#4 +1.2 +1.0 +3.9 +2.7 +2.1 +1.1 +0.7 0 -1.2 0 +6.5 +3.8 

#16 +2.3 +0.7 +4.1 +2.9 +1.2 -0.1 +1.2 -1.2 -0.1 0 +6.5 +2.7 

#40 +1.8 +1.9 -1.4 -0.2 -2.8 +1.9 -2.7 -0.8 -3.2 +4.4 -0.6 

#200 -2.0 

~ +3*6 

-2.9 -4.7 -3.0 -8.2 -7.7 -7.5 -7.4 -7.6 -4.7 -1.0 -3.5 

Ave. +0.4 +0.3 +1.8 +0.7 -0.7 -1.7 -0.5 -2.2 -2.2 -1.6 +4.4 +1.1 

Basalt 3/8 -0.3 +0.3 +6.0 +2.3 +1.6 -0.3 +1.3 -0.3 +3.5 +0.4 

#4 +0.8 +3.8 +11.2 +6.4 +5.1 +2.4 +4,7 +0.3 +6.8 +3.6 

#16 +1.4 +1.1 +80 +1.3 +1.8 -0.4 +3,5 -0.3 +3.2 +0.5 

#40 +1.1 -1.2 +5.2 +1.0 +0.6 -1.1 +1.7 -1.9 +1.9 -1.0 

#200 -1.1 -3.1 +0.3 -3.0 -1.0 -1.9 -2.2 -2.8 0 -3.0 

Ave. +0.4 +0.2 +6.1 +1.6 +1.6 -0.3 +1.8 -1.0 +3.0 +0.1 

Compacted In a I/30 cu ft Proctor mold using 5 layers with 40 Marshall hansner 
bIs per layer. 

+ Refers to the condition of the sample during compaction. 
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Table 23 gives the ANOV for percent solids of maximum 
dry density computed from maximum sizes of 11/2  in. and 
3/4  in. for the dry condition. Note that for the 11/2 -in, data 
all main effects and interactions are significant, but for the 
3/4 -in, maximum size neither gradation, nor any of the 
interactions with gradation, are significant. This means that 
for the 3/4 -in, maximum size data there is no significant 
difference between percent solids determined from labora-
tory tests run on the coarse, ideal (mid-gradation), and 
fine gradations. Furthermore, the combinations of grada-
tion and material, gradation and method, and gradation, 
material, and method show the same phenomenon. Physi-
cally this means that the plot of percent solids versus grada-
tion (or percent passing a particular sieve, such as the 
No. 4) is relatively flat in the region covered by the coarse, 
ideal, and fine gradations. This is true for all materials and 
all test methods. This apparently is not the case, how-
ever, when larger particles are added to the compacted 
mixture because there is a significant difference between  

gradations for the 11/2 -in, maximum size data (the high 
point on a curve (Fig. 9) is shifted nearer the coarse 
gradation). In fact, a Duncan multiple-range test com-
parison showed that for 11/2-in, maximum size test per-
formed dry the percent solids is significantly higher for the 
ideal gradation than for the coarse or fine gradations, and 
for the 3/4 -in, size there was no significant difference of 
percent solids between gradations. Notice also that the 
residual or error mean square is larger for the 3/4 -in, maxi-
mum size data than for the 11/2 -in, maximum size, which 
indicates that the percent solids data for the 3/4 -in, maxi-
mum size have more unexplained variation. This makes 
the mean square required for significance much larger. 

Table 24 gives the ANOV for percent solids of maximum 
dry density computed from laboratory tests compacted wet 
for maximum sizes of 11/2  and 3/4  in. Notice that for the 
11/2 -in, data all the main effects are significant, as are the 
interactions except that involving material and gradation. 
This seems to indicate that some of the variation noted in 

TABLE 23 

ANALYSIS OF VARIANCE ON PERCENT SOLIDS OF MAXIMUM DRY 
DENSITY FOR LABORATORY COMPACTION TESTS PERFORMED DRY 

Source of Variation 

Degrees 
of 

Freedom 

I 	1/2-inch Maximum Size 3/4-inch Maximum Size 

Mean Square 
I 

Significance Mean Square Significance 

Material 3 303,112014 'r 	5 397.059246 a 

Gradation 2 10.690000 7.103333 

Method 6 204.400883 a 418.643393 a 

Material 	x 	Gradation 6 3.118056 1.783889 

Material 	a 	Method 18 9.226875 33.524940 a a 

Gradation x Method 12 7.030660 a 4.916979 

Material 	a 	Gradation a 
Method 

36 1.594549 1.749896 

Residual 252 0,588423 10.468492 

Corrected Total 335 7.856620 21.168528 

TABLE 24 

ANALYSIS OF VARIANCE ON PERCENT SOLIDS OF MAXIMUM DRY 
DENSITY FOR LABORATORY COMPACTION TESTS PERFORMED WET 

Source of Variation 

Degrees 
of 

Freedom 

i 	1/2-inch Maximum Size 3/4-inch Maximum Size 

Mean Square Significance 1  Mean Square Significance1  

Material 3 313.917500 351.545427 a 

Gradation 2 21.4769914 5 28.518958 

Method 6 252.079911 a 503,644841 

Material 	x 	Gradation 6 1.076518 4,547569 

Material 	x 'Method 18 5.978218 27. 754894 a a 

Gradation a 	Method 12 2.794807 5 a 3.671285 

Material 	x 	Gradation x 
Method 

36 1.877201 a 1.904155 

Residual 252 0.590040 11,471677 

Corrected.Total 335 8,5140477 22.877266 

1Significance level: 	- significant at 0.05 probability level 
- significant at 0.01 probability level 
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the dry compaction to produce a significant interaction of 
material and gradation is removed, or its effect is lessened; 
when water is present to lubricate the particles during com-
paction. For the data on 3/4 -in, maximum size compacted 
wet, the same conditions of significance result as were pres-
ent for the data on 3/4 -in, maximum size compacted dry. 

To test the methods to determine if there were significant 
differences between percent solid means averaged over all 
materials for different test methods, a multiple-range test 
was used. Table 25 gives the data for Duncan's multiple-
range test (6) for the 11/2 - and 3/4 -in, maximum sizes for 
wet and dry compaction conditions. The methods are 
listed in descending order of percent solids for each com-
bination of maximum size and compaction condition. Also, 
in the column "0.05 significance level" the methods having 
the same letter are not significantly different from each 
other. However, any method, by itself or grouped with 
other methods of the same letter, that has a letter different 
from the method above or below it is significantly dif-
ferent from it. Table 25 shows that the gyratory compac-
tor produces the highest percent solids for all conditions 
and except for one condition is significantly different from 
all other methods. Also, the Marshall test method is the  

only method that is either in the group with the gyratory, 
second below the gyratory, or in the group below but sig-
nificantly different from the gyratory for all combinations 
of maximum size and compaction conditions. Notice also 
that for the wet tests the Marshall is significantly different 
from the gyratory, but second in percent solids for both 
the 11/2 -. and 3/4 -in, maximum sizes. For the wet tests the 
vibratory hammer and ASTM D-2049 are in the next group 
for both the 11/2- and 3/4 -in, maximum sizes. The other 
methods are generally different from those mentioned in the 
foregoing. 

One additional test for comparisons between the 
laboratory-test-derived percent solids and the percent sol-
ids obtained from the full-scale prototype test pits is pre-
sented. Dunnett's procedure (40) was chosen for this 
analysis because it is intended solely for paired compari-
sons where one of the means is that for a control condi-
tion. The control condition is the percent solids data ob-
tained from the prototype test pit compaction tests. The 
mean of these data is compared with the mean for each 
test method for each material, only at the ideal gradation, 
to determine which test method produces densities signifi- 

TABLE 25 

DUNCAN MULTIPLE-RANGE TESTS FOR DETERMINING 
SIGNIFICANT DIFFERENCES BETWEEN PERCENT SOLID MEANS 
FOR DIFFERENT LABORATORY TEST METHODS 

Maximum Size I' 1/2 inches 

Method 

Wet Tests 

Method 

Dry Tests 

Mean *0.05 Signif. 	level Mean *0.05 Signif. 	level 

Gyratory 90.3 a Gyratory 87.8 a 

Marshall 86.2 b Vib. 	Harriner 85.2 a 

ASTM 0-2049 85.5 c Marshall 85.0 a 

Vib. 	Hansner 85.4 c Wash. 606A 1  84.9 a 

AASHO T-180 84.9 d AASHO T-180 83.8 b 

Wash. 606A1  84,6 e Mich. 	Cone 82.0 C 

Mich. 	Cone 82.8 f AsTti D-2049 1 	81.8 C 

Maximum Size 3/4 inches 

Method 

Wet Tests 

Method 

Dry Tests 

Mean *0.05 Signif. 	level Mean *0.05 Signif. 	level 

Gyratory 89.3 a Gyratory 86.3 a 

Marshall 84.4 b Wash. 606A1  83.9 b 

Vib. 	Harriser 84.1 b 	c Vlb. Haniner 83.8 b 

Wash, 606A1  83.2 b 	c Marshall 83.0 b 

ASTM 0-2049 83.1 b 	c AASHO 1-180 81.5 c 

AASHO 1-180 82.9 c ASTM 0-2049 80.0 d 

Mich. 	Cone. 78.2 d Mich. 	Cone 77.3 e 

* A mean is not significantly different from those with the same letter - 
significance level for all Duncan Tests at 0.05 probabIlity level. 

Data from theoretical curves (TabIeB-5) 
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cantly different from those obtained in the test pits. 
Table 26 gives the results of computations for d' using 
(1) a special distribution developed by Dunnett, (2) the 
error mean square, and (3) the number of comparisons. 
The methods within the line under the significance level 
column are not significantly different from the control con- 

dition. Notice that for the probability level of 0.01 the 
Marshall hammer method is the only one that is not sig-
nificantly different from the control percent solids for the 
wet compaction condition and 11/2 -in, maximum size. The 
vibratory hammer and ASTM D-2049 generally are the 
next ones in rank below the Marshall method. 

TABLE 26 

SIGNIFICANT DIFFERENCES BETWEEN THE FIELD (CONTROL) 
PERCENT SOLIDS AND LABORATORY PERCENT SOLIDS 
COMPACTED WET AS MEASURED BY DUNNETT'S PROCEDURE (40)' 

Grante Gneiss 	Signif. Level 

Method Mean 0.05 0.01 

Gyratory 	88.8 
Control 	87.4 
ASTM 0-2049 	86.5 
Marshall 	85.9 
Vlb. Hamr 	85.4 
Wash. 606A2 	84.9 
AASHO1-180 84.8 
MIch. Cone 	81.8 

- 1.2 
0.05 

d' 	- 
0.01 

Crushed Gravel Signif. 	Level 

Method Mean 0.05 0.01 

Gyratory 91.9 
Control 90.1 
Marshall 87.4 
ASTM 0-2049 87.0 
Vib. Homer 86.5 
AASHO 1-180. 85.9 
Wash. 606A2  85.7 
MIch. Cone 84.8 

d'005  = 2.2 

2.7 

Dolomitic Limestone Signif. 	Level 

0.05 	0.01 

Basalt Signif. 	Level, 

Method Mean Method Mean 0.05 0.01 

Gyratory 92.0 Gyratory 88.5 
Control 89.3 T 	I Control 84.7 
Marshall 88.5 1 	J ASTM 0-2049 83.8 
AASHO 1-180 87.6 I Vib. Hammer 83.5 
Vib. Hamer 87.6 .1. Marshall 83.3 
ASTM 0-2049 87.0 Wash. 606A2  83.0 
Wash. 606A2  86.4 AASHO T180 82.2 
Mich. 	Cone 86.1 Mich. Cone 78.4 

d' 
0.05 
	1.4 d' 0.052.4 

d' 0.01 
	- 	1.7 d' 0.013.0 

d' = t Dunnett 	1/2 MSE/N 

d = difference between sample means and control considered significant at prescribed 
probability level 

tD tt 	value selected from table c2) for comparison between p treatment means 
and a control 

N - nurither of comparisons 

MSE - Error or residual mean square 

1dea1 gradation data only 
Data from theoretical curves (Table 8-5) 
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CHAPTER THREE 

INTERPRETATION, APPRAISAL, AND PROPOSED SPECIFICATIONS 

In arriving at a target density or percent compaction to 	layers of the pavement system are also properly compacted 
produce adequate construction of bases and subbases, it 	and that significant additional settlement would not be ex- 
is necessary to consider the consequences of inadequate 	perienced by the bituminous surface, subgrade, and subbase. 
compaction. 

RESILIENT MODULUS 

STRENGTH CONSIDERATIONS 

It has been shown that the ultimate strength of crushed-
stone bases is greatly influenced by the density and most 
engineers and researchers recommend that no less than 
100 percent of AASHO T-180 maximum dry density be 
obtained in field construction. Failure attributed to shoving 
of the crushed-stone base sections of the AASHO Road 
Test illustrates the need for increased strength of the base 
layer under heavy loading conditions. The average con-
struction density (141 pcf) of the base for the AASHO 
Road Test was only slightly higher than the maximum dry 
density of 138.7 pcf obtained from the AASHO T-99 test 
method, whereas the maximum dry density of this same 
material, using the AASHO T-180 procedure, corrected for 
oversize, was found to be 146.3 pcf (see Table 6). Even 
higher density was obtained in the prototype test pit con-
structions and several of the other laboratory compaction 
test methods evaluated in this study. 

RUTTING 

Even if the flexible pavement system is adequately designed 
for the traffic and environmental conditions, and the base 
layer does not fail in shear, densification of the base or 
subbase layers beneath the wheelpath can cause differential 
settlement and rutting, which can prevent cross drainage 
and allow ponding of water in rainy weather. A rut that is 
no more than 0.3 in. deep can cancel out the cross slope 
(normally ½ in./ft for high-type pavements) and pre-
vent the escape of water to the shoulder. Thus, if a base 
layer is initially 10 in. in depth, a 3 percent difference in 
density due to wheelpath traffic will result in a 0.3-in, rut. 
A Georgia Highway Department study of Interstate 75 (1) 
reported base density increases of 10 percent in the wheel-
paths and about 7 percent increase between the wheelpaths, 
or a difference of about 3 percent. Severe rutting (up to 
0.5 in. in depth) and cracking resulted from the differential 
settlement and densification of the base and possibly other 
layers of this flexible pavement system. If the total densi-
fication of the base under the wheelpath is limited to about 
3 percent, and no less than one-half of this densification 
is experienced between the wheelpaths, the differential set-
tlement due to base densification should be no more than 
11/2  percent of the assumed 10-in, base depth, or about 
0.15 in. Satisfactory performance based on the safety cri-
terion would then be expected. It is assumed that other 

Premature fatigue cracking of the asphaltic concrete surface 
is related to the resilient modulus of the various layers of 
the flexible pavement system, including unbound granular 
base and subbase layers. Repeated-load triaxial tests (16) 
of unbound granular base materials indicate that, in some 
cases of coarse-graded material, the resilient modulus will 
increase with density. Other tests by the NCSA (24) show 
no significant change in modulus with density, but the creep 
characteristics of the dolomitic limestone were greatly im-
proved at AASHO T-180 density when compared with 
samples compacted at AASHO T-99 density. Creep under 
repeated load is the process by which density increases 
when the base is subjected to the traffic and moisture of 
the field environment. 

In a study reported by Jones (22), the dynamic shear 
modulus of wet-mix slag granular base was increased con-
siderably when the base was well compacted initially or 
later by traffic. Unbound crushed aggregate in a flexible 
pavement does not "fail" in the sense that cemented layers 
suffer distress, because the aggregate is already composed 
of discrete particles of various sizes. However, movement 

- of-the base layer under load can adversely affect the surface 
layer or layers if these movements exceed the fatigue 
tolerance of the pavement surface. If gradual densification 
of the base layer under traffic loads takes place, rutting and 
possibly cracking will occur. The performance of the 
granular base may be improved by its densification under 
traffic, but at a cost to the integrity and serviceability of the 
roadway surface. 

RECOMMENDED DEGREE OF COMPACTION 

In the interest of safety as well as over-all good perform-
ance of the pavement, it is proposed that the expected rut-
ting be limited to 0.15 in. Consistent with this proposal is 
a recommendation that the granular base and subbase lay-
ers be constructed to a mean density no less than 97 per-
cent of the density that can be obtained under the most 
favorable compaction conditions. Any control procedure 
which will assure that this criterion is fulfilled should be 
satisfactory. 

The construction procedures used in the prototype test 
pit constructions were designed to achieve the highest prac-
tical field density for the four base materials tested. Both 
small and large vibratory compaction equipment with up to 
100 passes were utilized and adequate moisture was pro-
vided to obtain maximum densification over a firm foun- 
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dation. The average prototype test pit construction density 
is therefore used as a bench mark for evaluating the effec-
tiveness of the various laboratory compaction test pro-
cedures investigated (see Fig. 10, 11, 12). 

This approach is somewhat similar to the control strip 
technique, in which 98 percent of mean control density is 
required for the mean density of the remainder of the con-
struction. The control strip method can accomplish the 
required construction control, but only if the material be-
ing compacted is reasonably uniform and the construction 
of the control strip is under strict supervision so that proper 
equipment and moisture conditions are provided. 

COMPACTION MOISTURE 

The laboratory compaction tests with both wet and dry 
samples show that the maximum dry density for most meth-
ods is about the same when compacted wet or dry with a 
fine-graded material (70 to 85 percent passing the No. 4 
sieve). The wet tests produced slightly higher dry density 
for the coarser-graded materials, which fall in the normal 
gradation range of dense-graded aggregate, whereas the 
minus No. 4 fraction could in most cases be compacted at 
the highest density when dry. The wet test achieved maxi-
mum dry density when the sample was at or near satura-
tion, whereas lower density resulted if the sample was 
partially saturated with an intermediate moisture content. 
Partial saturation develops capillary tension, which greatly 
increases the shear strength of granular material, giving it 
the ability to resist compaction. When the material is com-
pletely dry or very nearly saturated, little or no capillary 
tension exists and maximum densification can be achieved 
with less compaction effort. Nevertheless, even though 
there is usually little difference between the maximum 
density at the dry and wet peaks of the moisture-density 
curve, differences in the behavior of the material at the 
two moisture extremes can be observed. When the sample 
is dry, the particles are not lubricated and more degrada-
tion (see Table 22) and friction occur during compaction. 
On the other hand, when the sample is wet, pore pressure 
build-up during the instant of impact can dissipate some of 
the energy of compaction even though the particles are well 
lubricated. Continued compaction will, however, usually 
squeeze out the surplus moisture and additional densifica-
tion will be obtained. Free-draining materials are less sensi-
tive to surplus moisture. 

The effect of moisture content on field density has been 
studied by the United States Army Corps of Engineers 
(36). It was found that crushed limestone test sections 
compacted at 7,5 percent moisture when the surface was in 
a flushed condition resulted in the highest maximum dry 
density. Other compactions at 2 to 4 percent moisture 
could not be compacted to as high a density, and these 
sections experienced significantly more densification (4 to 
7 pcf) during subsequent simulated aircraft traffic. 

Attempts to compact completely dry material in the 
prototype test pit constructions were unsuccessful because 
of difficulties in drying the material. Therefore, it was not 
possible to field check the dry peak of the moisture-density 
curve noted for laboratory compaction tests. Because it is 
not practical in most areas of the United States to compact  

base material in the field in the completely dry condition, 
as can be easily done in laboratory tests, it is necessary to 
bring the moisture content to near saturation in order to 
obtain maximum compaction. Nevertheless, useful infor-
mation can be obtained from dry laboratory tests and they 
can play an important role in compaction testing. Dry 
sample tests are also less complicated; however, direct com-
parison of field density with laboratory tests will be made, 
primarily, on the basis of wet laboratory tests which, for 
normal-graded samples, generally produce the highest den-
sity and also simulate conditions of wet compaction in the 
field. 

COMPARISON OF COMPACTION TEST METHODS 

The highest dry density, in all cases, was obtained with the 
gyratory testing machine. This test also produced the sec-
ond highest degradation and ranked second in reproduci-
bility, with a standard error of estimate for wet sample tests 
of 0.78 pcf. The percent of mean test pit dry density ob-
tained with the gyratory method was 101.3, 101.8, 103.0, 
and 103.0 for the granite-gneiss, crushed gravel, limestone, 
and basalt, respectively; the method would surely be ade-
quate on the basis of density and reproducibility. However, 
the gyratory testing machine is rather complex and would 
not lend itself to field use. The high cost of the machine 
(as much as ten times the cost of the next most expensive 
machine used in the laboratory compaction testing pro-
gram) would discourage its use in district laboratories dis-
tributed over a state. However, a state highway depart-
ment central testing laboratory might find the machine 
useful for other purposes, such as the design of bituminous 
mixtures and soil studies. Multiple use of the machine 
might, therefore, justify its purchase. Some engineers might 
object to the higher than average degradation produced 
with some materials by the gyratory machine, but this could 
probably be reduced (at some sacrifice in maximum dry 
density) by reducing the applied vertical pressure and num-
ber of revolutions. Satisfactory values for these parameters 
could probably be determined by following the U.S. Army 
Corps of Engineers procedures (9, 14). 

Based on density alone, it appears that several other 
laboratory compaction test methods, in addition to the 
gyratory method, can provide a high enough maximum dry 
density to be successfully used for compaction control if 
100 percent of the maximum dry density test value is speci-
fied as the target density. For the average of all four base 
materials tested, wet sample tests using the Marshall ham-
mer, the Washington spring-loaded compactor, the vibra-
tory hammer, and the vibrating table (ASTM D-2049) all 
yielded a maximum dry density close to the proposed 
97 percent of the mean prototype test pit density. Of these, 
only the Marshall hammer method was signifiacntly higher 
than the other three in mean percent solids (at the 0.05 
significance level, Table 25). The remaining two test meth-
ods, AASHO T-180 and the Michigan cone, might also be 
used for compaction control; but if so, greater than 100 per-
cent compaction would need to be specified and this is a 
questionable policy from the standpoint of inspector-
contractor relations. The Michigan cone method was also 
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relatively less effective than other test methods in com-
pacting the more angular materials (basalt). 

The theoretical curves of the Washington Method 606A, 
which is not considered as a compaction test but rather a 
compaction control procedure, yielded results very close to 
those of AASHO T-180; both were about 96 percent of 
mean test pit density. If the equations for the Washington 
theoretical curves were revised slightly upward, so that the 
results more closely agree with vibratory hammer or 
Marshall hammer test results on full-graded samples, this 
method would also meet proposed compaction control re-
quirements. Also, dry tests of the minus No. 4 fraction 
with the Washington apparatus were approximately 3 pcf 
higher than results with the same materials tested wet, and 
use of the dry test results along with the existing theoreti-
cal equations will yield a field curve that is close to the 
desired 97 percent of mean test pit density. On the other 
hand, if wet tests of the minus No. 4 fraction using the 
Marshall hammer method were substituted for results ob-
tained with the Washington apparatus, the theoretical equa-
tions would also yield a satisfactory field curve. The 
Marshall hammer method was the only procedure that 
yielded nearly the same results with the minus No. 4 
fraction whether tested wet or dry (see Tables 15 and 16). 

Examination of the compaction test results for dolomitic 
limestone shows that there was not as great a range be-
tween results with the various test methods as for other 
more angular materials. Also, most test methods yielded 
a maximum dry density closer to the mean prototype test 
pit construction density for limestone than for the other 
materials (see Table 26 and Fig. 11). The lower angularity 
and possibly greater plasticity and amount of fines (minus 
No. 200 material) permits the limestone to be compacted 
with less compaction effort. Thus, for limestone, all test 
methods investigated yielded higher density in terms of 
percent solids and values closer to the field dry density 
obtainable in the test pits than for the other materials. 
Results for the crushed gravel were about the same as for 
limestone, whereas the greatest spread in results was noted 
for basalt. Thus, to minimize the spread between compac-
tion test results and properly compacted field construction 
density of angular material, the test procedure should sup-
ply a relatively high or effective compaction effort that 
duplicates good field compaction or densification by heavy 
traffic. 

All test methods that yielded satisfactory maximum dry 
density results from wet sample tests (97 percent of mean 
test pit density) also had low standard errors of estimate, 
except for the ASTM D-2049 method. For the average of 
3/4 -in, and 11/2 -in, maximum size materials, the Marshall 
hammer method ranks first, with a mean standard error 
of ±0.69 pcf, whereas the lowest reproducibility (±2.43 
pcf) was obtained for the ASTM D-2049 method. Table 21 
summarizes these results. 

Evaluation of the various test methods on the basis of 
flexibility, applicability to field use, ease and rapidity of  

performing tests, cost and reliability of equipment is some-
what subjective; however, some advantages or disadvan-
tages of the various methods are summarized as follows: 

APPL. 

RELIABIL- TO 

ITY OF FIELD MANUAL 

TEST EQUIP- TEST- EFFORT 

METHOD MENT COST INC REQUIRED 

Gyratory High High N/A Low 
Marshall High Low Yes Moderate 

hammer 
Washington Moderate Mod. N/A Low 

606A high 
AASHO High Low Yes Moderate 

T-180 
ASTM High Mod. N/A Low 

D-2049 high 
Vibratory Moderate Moderate Yes Low 

hammer 
Michigan High Very Yes Moderate 

cone low 

If a mechanical compactor is used for the AASHO T-180 
or Marshall hammer methods, the manual effort required 
is considerably reduced. However, the cost is increased 
accordingly and 120-v AC power must be available in the 
field laboratory. A small (1- to 2-kw) portable generator 
would be suitable if commercial power were not available. 
Power must also be available in the field to permit field use 
of the vibratory hammer equipment. 

The Washington spring-loaded compactor used in the 
laboratory testing program was custom built and under the 
heavy load of work required for the testing program, break-
downs were occasionally experienced. Later modifications 
improved the reliability of this equipment and at the con-
clusion of testing the machine was in satisfactory working 
order. Highway departments presently using this' equip-
ment report no difficulty with its operation. 

None of the vibratory test methods produced any sig-
nificant degradation with wet tests. However, the Marshall 
hammer test and gyratory test produced some particle deg-
radation, but probably no more than is experienced in 
field compaction with a heavy roller. The AASHO T-180 
method produced significantly more degradation than all 
of the other test methods and its use, particularly for softer 
materials, would not be recommended for testing field sam-
pies that had already undergone significant degradation dur-
ing field compaction. The hardness or abrasion resistance 
of the material, as well as the sensitivity of the maxi-
mum dry density result (see Fig. 9) to changes in grada-
tion need to be considered in an evaluation of the degrada-
tion problem. The AASHO T-180 method is, therefore, the 
only test method that would be rejected, for certain ma-
terials, on the basis of excessive degradation. In any event, 
if the AASHO T-180 or Marshall hammer procedure is 
used, the same material should not be reused for different 
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moisture points, but rather a fresh sample should be used 
for each trial of the test. 

Considering the over-all advantages, disadvantages, and 
capabilities of the various test methods and procedures 
evaluated, the Vibratory Hammer Method, as developed 
by the FHWA (see Appendix C) and/or the Marshall 
Hammer Test Method, Appendix D, are recommended for 
compaction control of granular bases and subbases. The 
Washington Test Method 606A, Appendix E, Part 1, with 
additional tests of full-graded samples is also suitable for 
granular base compaction control but the equipment and 
procedure required for this method are slightly more 
complex. 

PROPOSED SPECIFICATIONS FOR COMPACTION CONTROL 

OF GRANULAR BASES AND SUBBASES 

The foregoing discussion of the study results given in 
Chapter Two leads to the following proposed specifications 
for compaction control of granular bases and subbases. 

Immediately following spreading and smoothing, each 
layer of aggregate base shall be compacted by means of 
approved compaction equipment capable of obtaining the 
desired density to the full depth of the layer. The water 
content shall be maintained near optimum, adding water 
as necessary to obtain the desired density with the mini-
mum of rolling. Rolling or tamping shall be continued 
until the mean field density (average of no less than four 
randomly located density tests) of the construction LOT is 
not less than 100 percent of maximum laboratory density 
or standard density determined by the FHWA test method, 
"Compaction of Cohesionless Aggregate Using a Portable 
Electromagnetic Rammer" (Appendix C); or the method 
of determining the "Maximum Density of Dense-Graded 
Aggregate using the 10-lb Marshall Hammer and an 18-in. 
Drop" (Appendix D). 

The standard density shall be determined from a sample 
representative of the aggregate used in the construction 
LOT. If the gradation of the sample is within ±5 percent 
passing the No. 4 sieve of the construction LOT, either the 
FHWA method or the Marshall hammer method may be 
used to determine the standard density. However, the 
sample need not meet these gradation requirements pro-
vided that the standard density is determined from a field 
curve where density is plotted against grading (percent 
passing the No. 4 sieve). The standard density for any 
particular gradation may be determined from the field curve 
with the "percent passing" value. The percent passing the 
No. 4 sieve is determined by screening the material from 
the density test holes or locations. 

If a field curve is to be used for obtaining the standard 
density, the following procedure for constructing the field 
curve is recommended. A representative sample of aggre-
gate (approximately 150 lb) shall be dried and separated 
on the No. 4 sieve. The plus No. 4 fraction and the minus 
No. 4 fraction shall be prepared in the following five sub-
sample combinations to be tested using the FHWA method 
(Appendix C): 

GRADATION 	 WEIGHT 

Near the middle of the job-mix gradation band 40 lb 
10% more passing the No. 4 sieve 

than subsample 1 40 lb 
10% less passing the No. 4 sieve 

than subsample 1 40 lb 
100% passing the No. 4 sieve 10 lb 
100% retained on the No. 4 sieve 10 lb 

The first three full-graded subsamples shall be tested wet 
as specified in the FHWA procedure. Subsamples 4 and 5 
shall be compacted dry. (The moisture-density curve for 
the dry compactions need not be plotted, as only the one 
trial is used for the maximum dry density.) The field curve, 
similar to Figure 9, is then plotted using the gradation and 
dry density data obtained from tests of the five gradations. 

If desired, the basic procedure previously described may 
be carried out using the Washington spring-loaded com-
pactor rather than the FHWA test method. Tests with the 
Washington apparatus should be performed as specified in 
Appendix E, Part 1, but using the full-graded subsamples 
listed in the foregoing as well as the plus No. 4 and minus 
No. 4 fractions. Replicate samples for the first three 
gradations should be tested and the results averaged if the 
Washington method is used. Tests of the plus No. 4 and 
minus No. 4 fractions need not be replicated and should 
be run dry, Density and gradation data from the five sub-
samples should be used to plot the field curve in lieu of the 
theoretically derived points used in the standard Washing-
ton 606A procedure. 

It is intended that the foregoing compaction control pro-
cedures incorporate statistical concepts for testing and sam-
pling and that a LOT of base construction should not be 
accepted or rejected on the basis of one or two field density 
tests. The number of tests required to determine the mean 
density of the LOT should be governed by the accuracy of 
the test method used and the number required to reduce 
the standard error of estimate of the mean to less than 
1 pcf. 

Density tests using the sand cone or water balloon ap-
paratus should be performed only when the base has set up. 
If the field density tests are performed when the base is 
soft and wet, a condition suitable for effective compaction, 
the test hole may partially collapse and the resulting density 
test result can be considerably higher than the true value 
(36). 

APPLICATION 

The proposed compaction control specifications should be 
applied to granular bases and subbases alike. Even though 
the subbase layers are deeper in the pavement structure, 
and therefore subjected to lower load stress, any permanent 
deformation caused by densification of the subbase layer, 
even though it is small, would add to the rutting that may 
occur in the base layer above. Thorough compaction of 
the subbase layer will also assure that the assumed design 
strength of the layer will be achieved, and adjustments in 
the design thickness to compensate for the potential weak-
ness of a poorly compacted layer will not be necessary. 
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It was evident from interviews with highway engineers and 
study of road test data that detailed information on con-
struction density of granular bases and subbases was gen-
erally incomplete and unreliable. More and better infor-
mation is needed on granular base projects so that a more 
accurate analysis of the performance of the base and sub-
base as well as surface layers of the flexible pavement sys-
tem can be made. It is recommended that study projects 
be initiated in which the granular base and subbase density 
is carefully monitored. These project test sections should 
have increased frequency of density tests, with emphasis on 
the accuracy of the measurements, and should be a part of 
new construction for heavy- as well as light-traffic roads. 
These test sections should be monitored for performance 
and when the effects of traffic have stabilized, rutting and 
density measurements should be made to determine the 
changes that have occurred due to the effects of traffic and 

environment. This type of information will enable engi-
neers to more accurately assess the adequacy of existing 
and proposed granular base and subbase compaction con-
trol procedures and specifications. 

Although considerable testing and evaluation of new test 
procedures was carried out in this project as well as other 
recent research projects, both the vibratory hammer 
(FHWA) and Marshall hammer test methods have not 
been applied to general field use. Therefore, independent 
testing and evaluation of these methods should be con-
tinued to gain more experience with a variety of materials 
and field conditions. These new test methods and pro-
cedures should be compared with popular compaction test 
methods in common use. It is also recommended that 
equipment for mechanization of the Marshall test be de-
veloped or adapted from existing mechanical compactor 
designs. 
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BASE MATERIALS 

The four granular base materials used in both laboratory 
and full-scale prototype testing were (1) dolomitic lime-
stone similar to that used as a base course for the AASHO 
Road Test, (2) granite-gneiss from the southeast, (3) 
crushed gravel from the north central, and (4) basalt from 
the northwest. 

Fine, medium, and coarse gradations of the four granu-
lar base materials are shown in Figures A-I, A-2, A-3, and 
A-4. 

The crushed dolomitic limestone representing that used 
for the AASHO Road Test was donated by the Vulcan 
Materials Company and was obtained from their McCook 
quarry located near Chicago, Ill. It was delivered in three 
gradations—a coarse blend of CA5 and CA7 crushed rock, 
containing material between the 11/2 -in, and No. 4 sieves; 
a fine fraction, or screenings, which passes the No. 4 sieve; 
and a limestone dust (No. 200 Dolesite) used to bring the 
minus No. 200 fraction to the required gradation. 

The crushed granite-gneiss typical of crushed-stone base 
materials used in the southeast was also donated by the 
Vulcan Materials Company and was obtained from their 
Pacolet, S.C., quarry. This material was obtained in three 
gradations—a full-grade crushed stone; a coarse fraction; 
and a fine fraction used to adjust the full-graded material 
to meet the required grading. 

The crushed gravel from the north central region was 
donated by the Dravo Corporation and produced by their 
Newtown, Ohio, plant (Ohio Gravel Division). This ma-
terial was obtained in two gradations—a blend of No. 467 
and No. 57 crushed gravel; and stone screenings for the 
fine fraction. 

The crushed basalt was obtained from an Idaho Highway 
Department stockpile located near Elk River. This ma-
terial was obtained in a single gradation used for base 
course maintenance in Idaho. It was full-graded, with 
100 percent passing the 3/4 -in, sieve. 

TEST GRADATIONS 

All samples used for laboratory compaction testing were 
prepared by sieving the various materials into fractions and 
recombining the fractions in the proper proportions to 
achieve the desired gradation. The mid, or ideal gradation 
to be used for testing was determined by studying the 
various specifications of the state highway departments that 
use the type of granular base material being considered. 
The ideal gradation of the dolomitic limestone was based 
on the AASHO Road Test crushed-stone base gradation. 

The base materials were also prepared in gradations 
representing deviations from the ideal to a degree typical  

of that allowed by upper and lower specification limits; 
namely, a finer gradation with 10 percent more passing the 
No. 4 sieve and a coarse gradation with 10 percent less 
passing the No. 4 sieve than the ideal gradation. Except 
for the basalt, the full gradations were based on a top size 
of 11/2  in. However, removal of the plus 3/4 -in, material is 
required for compaction tests, such as AASHO T-180, 
Method C, which utilize 4-in-diameter molds. Therefore, 
gradations resulting from the removal of the plus 3/4 -in. 
material from the full gradations were also prepared for 
laboratory compaction tests. In addition to these six nor-
mal gradations, minus No. 4 and plus No. 4 fractions of 
base material were also required for the Washington 606A 
method. For direct comparison of the Washington test with 
some of the other test methods, tests were also performed 
with the AASHO T-180, Michigan Cone, Vibratory Ham-
mer, and ASTM D-2049 test methods using the minus 
No. 4 fraction. 

Table A-i summarizes test gradations for all the base 
materials used in laboratory compaction tests, listing six 
normal gradations along with the plus No. 4 and minus 
No. 4 gradations for each base material. Even though 
basalt was not available in 11/2 -in, top size gradations, 
theoretical gradations enlarged to 11/2 -in, top size and used 
for analysis purposes only are also listed in Table A-i. 

The Talbót's equation (41) gradation index, n, and 
nominal top size, D, for the different gradation curves of 
the four test materials used in the laboratory tests are also 
summarized in Table A-i. 

MATERIAL PROPERTIES 

Each of the base materials has angularity and surface tex-
ture characteristics that are unique; and to evaluate these 
properties the particle index, as measured by the Huang 
(19) procedure, was determined for each of the base ma-
terials. Because the particle index is a weighted mean value 
based on the fractions and gradation of the material, it 
varies slightly with the different gradations used in the 
laboratory tests. The weighted mean particle index values 
for each of these gradations and base materials are re-
corded in Table A-l. 

The specific gravity and absorption of the four granular 
base materials was determined in accordance with test 
methods AASHO T-84-70 and AASHO T-85-70. Table 

A2 summarizes these results. 
The four base materials were subjected to the Los Angeles 

Abrasion Test, AASHO T-96; TA-3 summarizes the re-
sults. These abrasion tests were performed by the Vulcan 
Materials Company laboratory, located at their Liberty, 
S.C., quarry. 
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TABLE A-3 

ABRASION RESISTANCE USING THE 
LOS ANGELES TESTING MACHINE 

Material Grading 
Abrasion Loss, 

Percent 

Granite-Gneiss A 45 

Crushed Gravel A 27 

Dolomitic Limestone A 23 

Basalt C 18 

38 

TABLE A-i 

TEST GRADATIONS AND PARTICLE INDEX° FOR BASE MATERIALS 
USED IN lABORATORY COMPACTION TESTS 

Percent Passing US Standard Sieve, by Weight: Talbot's Eq. 

Ncmin.l Gradation Particle 

Material qGradation " 3/4" 1/2" 3/8" #4 #8 #16 #40 #100 #200 
Top Size 
"D" 

Index Index 
"n" la 

Granite- 100 84.0 7)2 47.2 35.7 27.3 17.8 9.5 6.3 3/4" 0.500.47 15.1 Gneiss 100 87.0 77.0 58.0 44.0 33.0 22.0 11.5 7.7 3/4" 0.40-0.45 15.4 Fine laO 88.8 82.0 67.0 50.7 38.8 25.4 13.4 8.9 3/4" 0.30-0.42 15.6 

Coarse 100 84.6 74.0 62.2 52.7 35.0 26.4 20.2 13.2 7.0 4.7 I.Y. 0.50 15.1 Ideal 100 87.0 78.0 68.0 60.0 45.0 34.0 26.0 17.0 9.0 6.0 1½" 0.40-0.45 15.3 Fine 100 89.4 82.0 73.8 67.3 55.0 41.6 31.8 20.8 11.0 7.3 1½" 0.28-0.43 15.6 

Plus #4 100 76.4 60.0 41.8 27.3 0 
Minus #4 - 100 75.6 57.8 37.8 20.0 13.3 

Crushed Coarse * 100 83.0 67.7 48.8 35.6 26.4 16.3 8.6 5.7 3/4" Gravel Ideal 100 86.5 74.0 57.0 43.2 32.1 19.8 10.5 6.8 3/4" 
0.55-0.50 
0.40-045 

14.5 
Fine * 100 89.5 79.8 67.4 50.2 37.4 23.0 12.2 7.9 3/4" 0.30-0.45 

14.6 
14.8 

Coarse 
Ideal 

100 
100 

86.8 
89.0 

77.5 
81.0 

64.4 52.5 37.0 27.6 20.5 12.6 6.7 4.3 14" 0.50 14.4 
Fine 100 91.0 84.6 

70.0 
75.7 

60.0 
67.5 

47.0 
57.0 

35.0 
42.5 

26.0 16.0 8.5 5.5 1¼" 0.400.45 14.7 
31.6 19.4 10.3 6.7 1¼" 0.30-0.45 14.8 

Plus #4 100 79.2 64.2 43.4 24.5 0 
Minus #4 100 74.5 55.3 34.0 18.0 11.7 

Dolomitic 
Limestone 

Coarse * 
Ideal 	* 

100 81.8 69.7 48.5 37.3 29.3 20.1 14.1 10.1 3/4" 0.500.40 14.6 
Fine * 

100 85.0 75.6 58.5 45.0 35.4 24.4 17.0 12.2 3/4" 0.50 14.9 100 88.8 80.6 68.0 52.2 41.0 28.3 19.8 14.3 3/4" 0.30-0.35 15.3 
Coarse 
Ideal 

100 
100 

86.8 
89.0 

78.5 
82.0 

64.2 54.7 38.0 29.3 23.0 15.8 11.1 7.9 1¼' 0.50-0.40 14.6 
Fine 100 91.1 85.4 

70.0 
75.8 

62.0 
68.9 

48.0 
58.0 

37.0 
44.6 

29.0 20.0 14.0 10.0 14" 0.40 14.9 
35.0 24.2 16.9 12.1 14" 0.30 15.2 

Plus #4 tOO 78.8 65.4 42.3 26.9 0 Minus #4 100 77.0 60.4 41.7 29.2 20.8 
Basalt Coarse 100 93.6 83.8 50.0 36.6 26.6 15.8 9.2 6.6 1/2" 0.550.50 17.4 Ideal tOO 95.0 87.0 60.0 44.0 32.0 19.0 11.0 8.0 1/2" 0.50 17.6 Fine 100 96.2 90.2 70.0 51.3 37.3 11.1 12.8 9.3 1/2" 0.35-0.45 17.8 

Coarse + 100 87.0 76.0 71.0 63.0 38.0 28.0 20.0 12.0 7.0 5.0 I" 0.50 17.3 Ideal 	+ 100 89.0 80.0 76.0 69.0 48.0 35.0 26.0 15.0 9.0 6.4 I" 0.45 17.5 Fine + 100 91.0 83.0 80.0 75.0 58.0 43.0 31.0 18.0 10.6 7.7 I" 0.350.45 17.8 

Plus #4 100 87.5 67.5 0 
Minus 	#4 - - 100 	1 73.3 1 53.3j 31.7 18.3 13.31  

1. rius JI-inch material removed from full graded samples. 

+ Theoretical gradations used for analysis purposes only. 

o As determined by the Huang (19) procedure. 

TABLE A-2 

SPECIFIC GRAVITY AND ABSORPTION OF 
GRANULAR BASE MATERIALS 

Apparent Bulk Absorption, 
Material FraCtIon Sp. 	G., 	G5  Sp. 	G., Gm % Dry Wt. 

Granite- Coarse 2.682 2.647 0.49 
Gneiss Fine 2.747 2.677 0.96 

Mean 2.714 2.662 0.73 

Crushed Coarse 2.724 2.652 1.00 
Gravel Fine 2.791 2.655 1.83 

Mean 2.758 2.654 1.42 

Dolomitic Coarse 2.755 2.638 1.62 
Limestone Fine 2.834 2.713 1.57 

Mean 2.794 2.675 1.59 

Basalt Coarse 2.937 2.753 2.29 
Fine 3.015 2.812 2.40 

Mean 2.984 2.788 2.36 



APPENDIX B 

LABORATORY COMPACTION TESTS 

MICHIGAN CONE TEST 

The Michigan Cone Test is performed by compacting ma-
terial in a truncated cone at different moisture contents to 
determine the relationship between moisture content and 
maximum density of granular materials. 

Four trials at five different moisture contents each were 
performed for each of the three gradations having a top 
size of -1/t in. and the minus No. 4 fraction. 

The basic testing apparatus for this compaction pro-
cedure consisted of a Michigan cone with a volume of 
0.0461 cu ft, a top diameter of 2.0 in., a bottom diameter 
of 5.0 in. and a wooden pounding block measuring 10 in. 
by 10 in. by 12 in. This equipment is shown in Figure B-i. 

The compaction procedure was that described in the 
"Density Control Handbook" published by the Michigan 
Department of Highways (4). The testing procedure in-
volved thoroughly mixing a dry sample and filling the cone 
to one-third its height after compaction. Then, the cone 
was elevated 6 in. above the wooden block and pounded 
sharply flat on the block's end grain 25 times. A second 
and third layer of material was added and the 25 poundings 
repeated. After compacting the third layer, the cone was 
filled and pounded ten additional times. This final process 
was repeated until no more densification of added material 
occurred. Care was exercised to ensure that the cone was 
completely full and that continued pounding would not 
produce additional compaction. The surface of the ma-
terial was leveled with the top of the cone and the ma-
terial weighed. The extracted sample was dried in an oven 
to a constant weight. 

The procedure was repeated four additional times by 
adding 1.5 percent increments of water to each successive 
sample. The moisture content of the second sample was 
estimated to four percentage points below optimum mois-
ture. If water appeared on the surface after compac'tion, 
a saturated condition existed and a slightly lower moisture 
content was used for subsequent trials. 

The moisture content and the compacted wet and dry 
densities were calculated from: 

- 	x 100 percent 	(B-I) 
= W 

W1  X 0.0022046 
pcf 	(0-2) 

l00y 
(B-3) 

in which 

iv = moisture content, as a percentage of dry weight; 

W = weight ot wet material, in grams; 
W1  = weight of dry material, in grains; 

V= volume of cone, in cubic feet (0.0461); 
= wet density, in pounds per cubic foot of com-

pacted material; and 
dry density, in pounds per cubic foot. 

The maximum dry densities and optimum moisture con-
tents are summarized in Table B-I. 

RELATIVE DENSITY—ASTM DESIGNATION D-2049-69 

This compaction method utilized application of energy 
through a vibrating steel deck to produce maximum 
density and pouring to obtain minimum density. 

Seven gradations were used in this compaction proce-
dure, including three gradations each of the scalped (3/4 -in.) 

and full (11/2 -in.) samples and the minus No. 4 material. 
Only two different moisture contents (dry and saturated) 
were used for each replicate of the test. Each sample 
weighed approximately 7,300 grams. 

The testing apparatus consisted of several components 
(Fig. B-2). One component was a Soil Test Model No. 
CN-166 vibratory table, which had a cushioned steel vi-
brating deck about 30 in. square actuated by an electro-
magnetic vibrator. A second component was a 0.1-cu ft 
cylindrical metal mold with 6-in, inside diameter and inside 

Figure B-I. Michigan cone in use. 
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TABLE B-i 

MICHIGAN CONE MAXIMUM DRY DENSITY TEST RESULTS, IN PCF 

1/2-inch Maximum Size* 3/4-inch Maximum Size 
Minus No. 	4 

Coarse Ideal Fine Coarse Ideal Fine Fraction 

Material Trial Dry' Wet' Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet 

1 
137.3 137.5 136.1  135.9 134.5 135.4 131.5 131.8 131.2 131.0 130.4 131.5 124.7 123.7 Granite- 2 138.5 138.2 136.2 136.8 133.8 135.1 133.0 132.6 131.3 132.0 129.6  131.1 124.0 117.8 Gneiss 3 139.5 140.2 136.8 136.8 136.1 132.8 134.3 135.1 132.0 132.0 132.3 128.5 

4 138.3 137.8 136.2 134.5 136.0 133.3 132.8 132.2 131.3 129.3 132.1 129.0 

Ave. 138.4 138.4 136.3 136.0 135.1 134.2 132.9 132.9 131.4 131.1 131.1 130.0 124.4 120.8 
I•1205  0.1 7.6 0.1 7.8 0.1 8.1 0.1 10.3 

I 137.9 140.0 137.9 140.5 136.1 138.2 133.1 135.7 134.0 137.1 132.8 135.2 131.5 127.7 Crushed 2 137.0 140.4 137.3 140.6 135.8 137.5 132.1 136.1 133.3 137.2 132.5 134.4 131.0 128.3 Gravel 3 137.1 140.4 138.0 140.6 137.0 137.2 132.2 136.2 134.1 137.2 133.8 134.1 
4 138.6 139.6 136.8 139.8 137.7 139.0 134.0 135.2 132.8 136.2 134.6 136.1 

Ave. 137.6 140.1 137.5 140.4 136.6 138.0 132.8 135.8 133.6 136.9 133.4 135.0 131.2 128.0 
H 2  0 0.1 8.2 0.1 7.3 0.1 8.3 0.2 8.2 

1 139.1 143.7 141.5 142.6 141.7 143.0 135.0 140.5 138.6 139.9 139.4 140.9 129.6 126.4 Dolomiticl 2 142.0 143.3 140.5 145.3 141.0 143.9 138.5 140.1 137.4 143.1 138.6 141.9 129.4 130.9 Limestone 3 141.8 142.0 138.9 143.1 140.2 140.8 138.3 138.5 135.6 140.5 137.8 138.4 
4 140.0 143.2 139.7 144.2 141.0 139.8 136.1 139.9 136.5 141.7 138.6 137.3 

Ave. 140.7 143.0 140.2 143.8 141.0 141.9 137.0 139.8 137.0 141.3 138.6 139.6 129.5 128.6 H 
2  0 0.1 7.5 0.2 6.7 0.3 7.0 0.2 8.2 

1 141.0 141.9 135.7 132.9 134.2 136.7 135.2 136.3 130.2 127:0 129.5 132.3 128.6 130.4 Basalt 2 135.7 139.5 136.4 136.6 136.8 140.7 128.8 133.4 131.0 131.2 132.4 136.8 129.6 133.0 
3 138.3 136.9 134.5 133.3 136.0 138.7 131.9 130.2 128.8 127.4 131.5 134.5 
4 135.7 135.3  138.7  142.5 138.0 141.9 128.8 128.4 133.7 138.1 133.8 138.2 

Ave. 137.7 138.4 136.3 136.3 136.2 139.5  131.2 132.1 130.9 130.9 131.8 135.4 129.1 131.7 

TABLE B-2 

ASTM D-2049 MAXIMUM DENSITY TEST RESULTS, IN PCF 

- I 	1 /2 -inch Maximum Size 3/4-inch Maximum Size 

Coarse Ideal Fine Coarse Ideal Fine 
Minus No. 	4 
Fraction 

Material Trial Dry' I 	Wet 4  Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet 

I 130.2 140.2 137.2 144.0 140.3 145.3 133.4 139.1 133.9 138.7 131.4 (137.4) 126.5 128.4 
Granite- 2 134.6 141.2 140.6 144.3 140.3 143.5 133.7 139.2 134.2 134.7 131.4 135.0 126.2 121.8 
Gneiss 3 135.3 139.2 138.5 143.6 138.1 142.5 130.6 138.0 134.4 133.0 133.2 (135.8) 

4 133.4 138.5 137.5 142.9 137.6 142.6 132.4 141.8 135.4 136.9 133.4 138.2 

Ave. 133.1 139.8 138.4 143.7 139.1 143.5 132.5 139.5 134.5 135.8 132.4 136.6 126.4 125.1 M20x 0.1 6.1 0.1 5.3 0 5.4 0.1 5.7 0 5.9 0.1 6.8 0.2 9.5 

I 133.5 143.0 136.9 140.1 139.4 145.9 134.9 144.3  135.3 142.5 132.4 140.7 128.4 143.7 Crushed 2 133.8 143.6 138.4 145.4 140.1 145.6 136.3 142.9 135.8 140.6 134.5 135.3 127.0 145.8 Gravel 3 135.6 142.7 136.6 145.2 137.6  144.8 134.8 140.5 135.5 143.2 134.9 137.7 4 136.1 138.5 136.9 146.2 137.4 145.2 132.6 139.5 136.9 143.8 134.0 141.4 

Ave. 134.8 142.0 137.2 144.2 138.6 145.4 134.6 1 141.8 135.9 142.5 134.0 138.8 127.7 144.8 
14 20  0.1 6.0 0.1 5.4 0.1 5.6 0 6.4 0 6.0 0.2 6.7 0.1 9.5 

I 132.6 143.6 138.5 144.4 135.7 141.3 130.8 144.2 734.4 142.9 133.9 137.5 724.8 129.8 
Dolomitic 2 135.5 143.5 138.9 743.7 136.2 140.9 130.1 144.9 134.6 141.0 135.6 135.8 128.2 129.5 Limestone 3 129.4 144.2 138.0 145.7 138.1 143.9 134.0 136.9 133.8 139.6  134.2 140.3 

4 128.7 144.9 138.6 147.3 138.2 143.4 132.0 142.3 134.9 132.6 134.4 139.9 

Ave. 131.6 144.0 138.5 145.3 737.0 142.4 131.7 142.1 134.4 139.0 134.5 138.4 126.5 129.6 
H 0  0.2 6.4 0.1 6.3 0.1 7.1 0.2 6.5 0 7.1 0.1 7.4 0.1 10.9 

I 142.6 147.6 140.7 145.0 139.6 140.4 137.1 143.3 136.0 141.0 135.6 136.5 129.6  137.9 Basa l t* 2 140.5 147.2 140.0 147.1 740.2 145.6 134.6 142.8 135.2 143.5 136.3 142.4 132.0 131.6 
3 141.0 146.5 141.9 143.0 142.3 142.5 135.2 141.9 137.4 138.7 138.6 138.9 
4 142.2 139.9 142.8 148.2 141.5 145.8 135.4 133.8 138.4 144.9 137.7 142.7 

Ave. 141.3 145.3 141.4 145.8 140.9 143.6 135.6 140.4 136.8 142.0 137.0 140.1 130.8 134.8 
1420  0.8 8.6 0.8 8.7 0.7 9.1 1.7 11.0 

Dry Density for 7 1 /2  max. Basalt was obtained by correcting for oversize material listed 
in the theoretical I /2 gradations. 

Refers to the condition of the sample during compaction. 

Average final percent moisture at completion of compaction. 
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Figure 11-2. ASTM D-2049 rein live dcnsitv apparatus. 

Figure B-3. Vibratory hammer apparatus. 

height of about 6 in. The remaining equipment consisted 
of a guide sleeve with a clamp assembly, a surcharge base 
plate and handle, a 57-lb surcharge weight, a dial indicator 
gauge holder, a dial indicator having gradations of 0.001 in. 
with a 2-in, travel, a metal calibration bar, and a timer. 

Calihration and thickness measurements were made using 
dial gauge readings. The procedure followed was as out-
lined in ASTM Designation D-2049-69 (39) for cohe-
sionless soils. 

To determine the maximum density of a dry sample. a 
thorouQhly mixed sample was placed into the mold and 
filled and rounded to approximately I in. above the top. 
The sample was then leveled, the mold attached to the 
vibratory table, the surcharge weight positioned, and the 
specimen vibrated for 8 miii. at maximum amplitude. 

To determine the maximum density of a wet sample, 
sufficient water was added to the sample to produce sat U-

ration. While the mold was being filled the material was 
vibrated for 6 min at a reduced amplitude to avoid cx-
costive boiling and fluffing of the sample. The remaining 
procedure was identical to that for a dry specimen. 

The maximum dry densities and opt mum moisture 
contents are given in Table 13-2. 

VIBRATORY HAMMER TEST 

The Vibratory Hammer Test (Fig. 13-3) uses it high-

velocity impact hammer to piuduLe the eiieigy i equii ed 
to compact a sample of granular material. Inasmuch as 
a 6.09-in.-diameter mold was employed, samples of three 
gradations developed from the full (I ½-in.) sample and 
from the scalped (34-in.) sample were tested. Four trials, 
each consisting of five different moisture contents, were 
performed on each gradation of each type of material. 
Each test sample weighed approximately 7,300 grams. 

The testing apparatus consisted of a SKIL Model 736 
roto-hammer with a vibrating frequency of 2,300 cpm. 
The mold used was 6.589 in. high, 6.09 in. in inside 
diameter, and had a detachable base fastened to a wooden 
base. The wooden base was about 2 in. thick and 16 in. 
in diameter; 8 ft of -'/~m-in.-dianicter rubber hose were coiled 
and attached beneath the base. Additional equipment 
ticeded was it haminer head assenihly that consisted of a 
circular plate (with diameter slightly less tluuii tlut: uimlil 
diameter) attached to a shaft fit into the roto hammer 
chuck. The weight of the roto-hammer and the hammer 
head assembly was approximately 37 lb. Other apparatus 
required included a dial gauge with 1 in. of travel with 
calibrated divisions of 0.001 in., and a measuring plate 
with a diameter slightly less than that of the mold. Cali-
bration and thickness measurements were made using dial 
gauge readings. 

The basic features of the vibratory hammer compaction 
test used in this study are quite similar (but not identical) 
to the test method developed by the 1-ederal Highway 
Administration (3) and also investigated by the Indiana 
State Highway Commission's Research and Training Cen-
ter (5). The procedure recommended by the FHWA is 
included in Appendix C of this report. The basic design 
for the mold and base plate was identical to that used in 
the FHWA procedure. The hammer was constructed in 
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accordance with that proposed by the Indiana State High-
way Commission's Research and Training Center. The 
method is also similar to the British Standard vibrating 
hammer compaction test, BS 1377 (31) developed by the 
Transport and Road Research Laboratory. 

A dry sample was thoroughly mixed, and placed into the 
mold in three equal layers approximately 2 in. in thickness. 
Each layer was compacted with the roto-hammer for 
30 sec. The only surcharge weight applied to the sample 
was the total weight of the roto-hammer and the hammer 
head assembly. The compaction head was struck by a 
piston motivated inside the vibratory hammer. 

After compaction of the sample, the measuring plate was 
placed on the surface of the specimen and tapped lightly 
to ensure firm contact between the plate and the com-
pacted surface. Two dial readings were recorded and the 
average computed. The sample was weighed and then 
extracted and placed in the oven to dry to a constant 
weight. 

The compaction procedure was repeated four additional 
times by mixing different amounts of water with the sam-
ple. The second sample was dampened to approximately 
three percentage points below optimuni moisture, and the 
moisture content of each additional sample was increased 
by 1.5 percent increments. 

The maximum dry density and optimum moisture content 
data are given in Table B-3. 

Figure B-4. Washington spring-loaded vibratory compactor. 

WASHINGTON TEST METHOD 606A 

This compaction method involves a two-part proccdurc 
using material split on the No. 4 sieve. In this method a 
field curve of maximum density versus percent passing the 
No. 4 can be developed using nomographs or a computer 
program. Details of Washington State Highway Depart-
ment Test Method 606A. as well as the computer program 
developed by Washington State Highway Department per-
sonnel (21) are given in Appendix E. Material having two 
gradations—(1) 100 percent passing the No. 4 sieve, and 
(2) 0 percent passing the No. 4 sieve—were tested. Four 
trials for each gradation were performed. The fine fraction 
(100 percent passing the No. 4 sieve) was compacted dry 
and near saturation (moisture bleeding): the coarse fraction 
(0 percent passing the No. 4 sieve) was compacted dry and 
at 2.5 percent moisture content. In addition to these grada-
tions specified in the normal testing procedure, compaction 
tests were also performed using the full gradations for top 
sizes of 11/2  and 3/4  in. for all materials. 

The primary testing equipment consisted of a vibratory 
spring-loaded compactor and a standard California Bearing 
Ratio mold (Fig. B-4). Holes in the mold base should be 
plugged. Other necessary equipment included a surcharge 
plate designed to form a smooth connection between the 
loading spring and the surface of the specimen, a 5.5-lb 
tamping hammer (AASHO T-99), a -5/s-in-diameter rod, 
a scale, a drying oven, a dial indicator gauge with I-in. 
travel and 0.001-in, divisions, and mixing tools. 

Inasmuch as the surface of the compacted fine fraction 
was smooth, the height of the compacted sample was mea-
sured from the top of the surcharge plate, which rested on 
the surface of the sample. Thus, the calibration was per-
formed by calculating the average of two symmetrically 
located dial readings taken with a slug of a known height 
phiLed iii the iiiuld uudei the suicliarge plate. 

The height of the compacted coarse sample was mea-
sured with the extension of the dial gauge resting on the 
surface of the sample because of the roughness of the com-
pacted surface. The calibration was conducted by placing 
a slug of a known height into the mold and obtaining the 
average of 13 dial readings. The 13 positions were marked 
to assure that the same positions were used during measure-
ment of the compacted sample. 

A dry sample was initially compacted in the mold in 
three equal layers, each of which was rodded 25 times with 
the 	rod and then tamped with 25 blows from the 
5.5-lb hammer, When the coarse fraction was tested, the 
rodding was omitted. After initial compaction, the speci-
men was leveled and the specimen was mounted on the 
jack in the compactor. An initial seating load of approxi-
mately 100 lb was applied. The compactor hammers were 
started and the spring load on the sample was increased 
gradually to 2,000 lb using the following rate of load 
application: 

SUCCESSIVE TIME 
LOAD (LB) 	 INCREMENTS (MIN) 

Seating load to 500 	 1.0 
500 to 1,000 	 0.5 
1.000 to 2,000 	 0.5 
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After reaching 2,000 lb pressure. the hammers were stopped 
and the load was returned to zero. The loading process was 
repeated four additional times. The mold was removed 
and appropriate height measurements were made. 

The same procedure was followed for the wet samples. 
The sample was considered to be sufficiently wet if water 
was visible at the base of the mold between the 500- and 
2,000-lb loads during the first load application. The actual 
test results of the minus No. 4 and plus No. 4 fractions, 
from which field curves are derived, as well as the supple-
mentary tests for all materials using full-graded samples of 
I 1/2  and -'1/4 -in. maximum size, are given in Table B-4. The 
test results obtained from the derived curves for specific 
test gradations (see Table A-I) are given in Table B-5. 

GYRATORY COMPACTION METHOD 

This test was designed to compact material under controlled 
stresses for a number of revolutions and to simultaneously 
measure the rate of increase in density. 

Four trials each with dry and saturated scalped samples 
were performed for each gradation. The sample size was 
determined by calculating the weight of material required 
to fill a 4-in.-diameter mold with a 3-in, compacted sample. 
To determine the sample weight, the density of each ma-
terial determined from previous testing was used; there-
fore, the sample weight differed for each sample. 

The primary equipment required for the compaction pro-
cedure was a gyratory testing machine, a mold 4 in. in 
diameter and height, a dial gauge with 1-in, travel grad-
uated to 0.001 in., a scale, a drying oven, and mixing tools. 

Because there was no uiiifoiiirly accepted standard pro-
cedure for testing granular base materials using the gyra-
tory testing machine, the following procedure was adopted 
for this testing program. A fixed gyration angle of 
l°00' as proposed by the Corps of Engineers (14), 
was used along with a vertical pressure of 100 psi. The 
samples, dry and saturated, were placed in the mold and 
compacted for 500 revolutions with dial readings taken 
after each 100 revolutions. Five hundred revolutions were 
chosen because previous testing showed no significant in-
crease in density above 500 revolutions (14). After com-
paction, the weight of the sample was recorded, and the 
specimen was ctiac(ed and placed in the oven to dry to 
constant weight. The compaction procedure was repeated 
three additional times for each gradation compacted dry 
and saturated. The maximum dry densities and final mois-
ture contents. are given in Table B-6. 

AASHO DESIGNATION T.180.70 

To define the optimum moisture content and maximum 
density relationship, scalped (-1/4 -in, maximum size) and 
minus No. 4 samples were prepared for testing at five dif-
terent moisture contents for each of the three test grada-
tions. Four replicates of each test for each gradation were 
performed. 

The testing apparatus (Fig. B-5) consists of a cylindri-
cal, a-cu-ft metal mold and a metal rammer having a 
2-in.-diameter face, weighing 10.0 Ib, and having a free fall 
drop of 18 in. above the top surface of the sample. The  

compaction was performed with a Soiltest mechanical com-
pactor model number CN-4240. 

The procedure followed was AASHO Designation T-180-
70 (Method A and Method C without the note) (38). 
After compaction of the dry sample the whole sample was 
extracted from the mold and dried at 105 C in order to 
determine the moisture content at completion of the test. 

The process was repeated four additional times, mixing 
different increments of water with a fresh sample for each 
compaction. The second sample was dampened to approxi-
mately 3 percent below the optimum moisture content, and 
the moisture content of each successive sample was in-
creased at approximately 1.5 percent increments. 

The maximum dry densities and optimum moisture con-
tents are given in Table B-7. 

MARSHALL HAMMER TEST METHOD 

This test procedure makes use of all the testing apparatus 
required for the AASHO T-180 test and also includes the 
use of the standard Marshall hammer [ASTM Designation 
D1559-58T (35)]. The procedure employed is that of 
AASHO T-180 except that 15 blows of the Marshall ham-
mer are applied following the standard 25 blows per layer 
of the AASHO T-180 test. The total energy applied is 
90,000 ft-lb/per cu ft, or 60 percent more energy than the 
AASHO T-180 method. Both wet and dry tests were per- 

['igure B-5. Soil Test ,nec/:anical Cola ,00CIOT used for AASHO 
T-180 tests. 



TABLE B-3 

VIBRATORY HAMMER MAXIMUM DRY DENSITY TEST RESULTS, IN PCF 

I 	1/2-inch Maximum Size 3/4-inch Maximum Size 
- Minus No 4 

Coarse Ideal Fine Coarse Ideal Fine Fraction 

Material Trial Dry4 Wet+ Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet 

I 139.2 141.2 142.1 142.6 142.3 139.6 138.0 141.3 140.3 140.1 135.2 134.o 130.1 125.3 
Granite- 2 141.3 140.7 139.5 141.4 141.9 139.6 137.9 139.0 142.5 139.2 136.2 134.2 131.7 126.0 
Gneiss 3 142.7 141.6 142.7 142.6 139.9 136.4 136.2 138.9 137.1 140.5 136.6 135.0 

4 143.4 142.0 142.4 141.1 139.2 139.1 136.8 138.9 139.6 140.5 135.6 135.0 

Ave. 141.8 141.4 141.7 141.9 140.8 138.7 137.2 139.5 139.9 140.1 135.9 134.6 130.9 125.6 H20x 0.1 5.7 0.1 5.6 0.1 5.7 0 6.0 0.1 5.4 0.1 6.8 0.4 9.5 

144.2 144.6 142.3 142.6 143.4 143.1 142.6 141.8 142.7 142.3 140.2 138.8 13.8 131.6 
Crushed 2 142.8 144.6 144.1 142.5 143.1 143.1 139.9 141.9 143.2 142.9 141.4 140.5 137.0 131.5 
Gravel 3 145.2 143.1 144.4 144.9 144.3 143.5 143.2 141.8 141.9 143.0 142.1 139.0 

4 143.4 144.2 144.9 143.4 144.3 143.9 143.0 142.4 144.3 145.2 144.1 141.2 

Ave. 143.9 144.1 143.9 143.4 143.8 143.4 142.2 142.0 143.0 143.4 142.0 139.9 136.4 131.6 
14 20 0.1 5.5 0.1 5.5 0.1 6.0 0 5.8 0.1 5.7 0 6.6 0.3 8.9 

I 144.2 145.9 147.5 146.8 146.0 146.4 147.3 148.0 145.5 145.4 143.6 142.5 137.5 136.9 
Dolomitic 2 142.0 144.4 146.1 145.2 139.4 144.1 146.7 148.0 143.9 146.1 144.8 144.6 136.7 136.1 
Limestone 3 143.6 146.1 146.5 145.2 140.3 144.4 144.5 148.0 145.6 146.7 144.9 144:6 

4 141.2 144.7 147.9 148.1 147.5 145.9 146.2 145.5 (145.0) 143.5 143.1 142.3 

Ave. 142.8 145.3 147.0 146.3 143.3 145.2 146.2 147.4 145.0 145.4 144.1 143.5 137.1 136.4 
14 20 0.1 5.6 0.1 5.8 0.1 6.4 0.1 5.5 0.1 6.0 0.1 6.7 0.2 7.8 

1 141.9 145.7 145.4 146.4 142.3 144.0 136.3 140. 141.5 142.6 138.7 140.6 135.9 132.1 
Basalt 2 141.3 144.5 144.0 145.7 143.5 143.3 135.5 139.4 139.8 141.8 140.! 139.8 134.9 131.5 

3 143.1 145.5 142.9 144.9 143.9 143.7 137.7 140.6 138.6 140.9 140.5 140.3 
4 141.9 144.3 141.9 144.6 144.9 143.5 136.3 139.2 137.4 140.5 141.7 140.0 

Ave. 142.0 145.0 143.5 145.4 143.6 143.6 136.4 140.0 139.3 141.4 i4u.k 140.2 135.5 ll. 
14 20 0.6 8.0 0.8 8.4 0.7 8.8 1.9 11.6 

Dry Density for I 1/2-inch max. Basalt was obtained by correction for oversize material listed 
in the theoretical I /2 gradations. 

TABLE B-4 

DRY DENSITY RESULTS (PCF) FROM WASHINGTON METHOD 606A, 
LABORATORY TESTS 

Gradation 

-#4 Material +ft4 Material +//4 Material Ideal Ideal 
(I 	1/2 	Max.) (3/4" Max.) (I 	1/2' 	Max.) (3/4 	Max.) 

Material Trial Dry Wet' Dry Wet Dry Wet Dry Wet Dry Wet 

I 131.8 127.9 111.7 111.5 107.3 109.8 139.8 140.7 136.9 139.2 Granite- 2 134.1 131.8 109.6 113.5 107.7 109.0 141.0 140.9 137.8 138.4 
Gneiss 3 131.3 127.7 110.8 112.5 

4 131.8 126.8 111.5 2.5 

Ave. 132.2 128.6 110.9 ~~2.6 107.5 109.4 140.4 140.8 137.3 138.8 1420x 0.1 7.2 0.1 1.8 0 1.9 1 	0.1 4.5 0.1 4.9 

I 134.6 130.3 111.0 115.4 107.5 110.4 137.6 143.0 141.3 141.5 
Crushed 2 135.8 133.6 111.5 115.9 106.4 111.2 140.9 145.5 143.1 143.4 
Gravel 3 136.2 129.9 113.0 114.4 

4 134.5 130.9 112.9 113.9 

Ave. 135.3 131.2 112.1 114.9 107:0 110.8 139.2 144.2 142.2 142.5 
1420 0.1 7.2 0.1 1.8 0.1 2.1 0.1 4.5 0.1 4.8 

I 140.8 136.1 110.1 110.2 108.5 109.8 142.4 147.8 142.9 144.7 
Dolomitic 2 141.3 41.5 109.3 112.4 107.1 108.4 144.2 148.1 145.7 147.1 
Limestone 3 140.9 137.0 111.2 112.5 

4 141.7 139.0 111.8 113.5 

Ave. 141.2 138.4 110.6 112.2 107.8 109.1 143.3 148.0 44.3 145.9 
1420 0.1 7.4 0.2 2.1 0.1 2.2 0.1 4.9 0.1 5.3 

I 131.9 135.6 (108.3)(107.4) 104.7 103.8 (142.5)(142.6) 138.1 138.2 
Basalt 2 136.8 135.3 (108.8)(109.4) 105.2 105.8 (140.7)(143.9) 136.0 140.0 

3 135.1 133.6 00.8)(109.3) 105.2 1057 
4 136.7 134.3 (108.5)(109.6) 104.9 106.0 

Ave. 135.1 134.7 (108.6)(108.9) 105.0 105.3 (141.6) (143.2) 137.0 139.1 
1420 1.0 9.6 0.7 2.6 0.9 7.2 

Dry Density values (shown in parenthesis) were obtained by Correcting 3/4" material test 
results for oversize material listed in the theoretical I 1/2'' gradations. 

+ 
Refers to the condition of the sample during compaction. 

Average final percent moisture at completion of compactIon. 
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TABLE B-5 

DRY DENSITY RESULTS (PCF) FROM WASHINGTON METHOD 606A, 
THEORETICAL CURVES 

I 	1/2-inch Maximum Size 3/4-inch Maximum Size 

Coarse Ideal Fine Coarse Ideal Fine 

Material Trial Dry FWel Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet 

141.3 140.8 142.3 140.6 140.0 138.1 140.6 139.5 138.6 136.6 137.0 134.5 
Granite- 2 140.3 142.7 142.4 142.7 140.8 140.3 141.3 141.1 139.8 139,1 138.4 137.5 
Gneiss 3 140.7 141.2 141.8 140.7 139.6 138.1 140.3 139.4 138.3 136.8 136.6 134.7 

4 141.3 141.3 142.1 140.3 140.0 137.4 140.8 139.0 138.8 136.0 137.0 134.0 

Ave. 140.9 141.5 142.2 141.1 140.1 138.5 140.8 139.8 138.9 137.1 137.2 135.2 

I 142.0 143.4 143.0 141.9 141.5 139.5 141.8 140.5 140.3 138.6 139.0 136.2 

Crushed 2 1 142.5 144.3 143.2 143.2 141.6 141.1 142.0 142.0 141.0 140.3 139.7 138.5 

Gravel 3 143.0 143.0 143.8 141.3 142.2 139.0 142.0 140.3 140.8 138.3 139.7 136.0 
4 142.0 142.9 143.2 141.7 141.3. 139.4 141.3 140.8 140.1 139.0 138.8 137.0 

Ave. 142.4 143.4 143.3 142.0 141.6 139.8 141.8 140.9 140.6 139.0 139.3 136.9 

I 143.0 142.5 144.5 143.0 143.9 141.5 144.1 142.7 143.4 141.3 142.8 140.0 
Dolomitic 2 142.7 144.4 144.4 145.3 144.0 144.7 144.1 144.7 143.7 144.0 143.0 143.3 

Limestone 3 143.8 143.7 144.8 144.0 144.0 142.3 143.7 142.4 143.1 141.3 142.6 140.2 
4 144.0 144.4 145.1 144.8 144.6 143.7 144.0 143.5 143.9 142.5 143.3 141.5 

Ave. 143.4 143.8 144.7 144.3 144.1 143.0 144.0 143.3 143.5 142.3 142.9 141.2 

I 142.7 143.2 143.0 144.6 140.4 142.4 142.0 143.3 139.7 141.7 137.9 140.0 

Basalt 2 143.8 144.3 144.8 144.7 143.3 142.7 144.0 143.5 142.3 141.7 140.6 140.0 

3 143.8 143.8 144.6 144.0 142.3 141.6 143.3 142.9 141.5 140.7 139.8 1138.8 
4 144.2 144.0 145.0 144.5 143.3 142.2 143.9 143.1 142.3 141.1 140.6 

Ave. 143.6 143.8 144.4 144.4 142.3 142.2 143.3 143.2 141.4 141.3 139.6 

1 ~ 39.2 

39.5 

TABLE B-6 

GYRATORY MAXIMUM DRY DENSITY TEST RESULTS, IN PCF 

I 	1/2-inch Maximum Size 3/4-inch Maximum Size 

Coarse Ideal Fine Coarse Ideal Fine 

Material Trial Dry Wet4 Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet 

I 144.3 147.1 145.2 147.5 144.1 146.8 140.3 144.0 142.2 145.1 141.6 144.8 

Granite- 2 145.9 148.2 148.7 146.7 141.7 146.9 142.4 145.4 146.6 144.1 138.7 144.9 

Gneiss 3 145.0 148.5 145.4 148.2 145.1 144.8 141.2 145.7 142.4 145.9 142.7 142.4 

4 146.1 148.7 144.2 147.8 144.4 145.6 142.7 146.0 141.0 145.4 141.9 143.3 

Ave. 145.3 148.1 145.9 147.6 143.8 146.0 141.6 145.3 143.0 145.1 141.2 143.8 

1120* 1 	0.2 5.4 0.3 5.6 0.2 	1 5.4 

I 147.9 152.4 148.4 151.7 147.6 151.3 145.4 151.0 146.4 150.5 146.0 150.3 

Crushed 2 149.8 151.6 148.2 152.2 147.1 151.9 147.7. 150.0 146.2 151.1 145.4 151.0 

Gravel 3 148.4 150.6 149.7 152.3 147.6 150.6 146.0 148.7 148.0 151.2 146.0 149.4 

4 148.2 52.8 147.9 152.7 147.5 151.5 145.8 151.6 145.9 151.6 145.8 150.5 

Ave. 148.6 151.8 148.6 152.2 147.4 151.3 146.2 150.3 146.6 151.1 145.8 150.3 

820 1 
0.2 5.6 0 5.4 0 5.1 

150.2 153.3 150.5 153.4 149.6 153.5 148.6 152.5 1149.3 152.7 148.5 153.0 

Dolomitic 2 149.5 152.5 148.7 153.3 149.3 154.4 147.7 151.5 147.1 152.6 148.1 154.4 

Limeston4 3 148.6 152.1 148.9 154.4 146.2 153.8 146.6 151.0 147.3 153.9 144.6 153.3 

4 150.1 153.2 150.0 153.5 149.9 153.8 148.4 152.3 148.6 152.8 148.8 153.3 

Ave. 149.6 152.8 149.5 153.6 148.8 153.9 147.8 151.8 148.1 153.0 147.5 153.4 

1120 
1 0.2 5.9 1 	0.3 5.6 0.1 5.6 

I 146.7 155.8 147.6 153.8 142.0 154.3 142.1 153.6 144.1 151.6 145.2 152.6 

Basalt 2 150.4 154.8 146.8 153.1 149.0 155.8 146.7 152.3 143.2 150.7 146.4 154.3 

3 149.1 154.7 147.5 155.0 149.5 156.1 145.1 152.2 144.0 153.1 146.9 154.7 

4 148.2 155.4 145.6 153.9 148.6 154.1 144.0 153.0 141.7 151.7 145.9 152.3 

Ave. 148.6 155.2 146.9 154.0 148.8 155.1 144.5 152.8 143.2 151.8 146.1 153.5 

Dry Density obtained by correcting for oversize material. 

Refers to the condition of the sample durig compaction. 

X Average final percent moisture at complet ion of compaction. 
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formed on full-graded samples with a maximum size of 
3/4  in., and also on the minus No. 4 material. Because this 
test method was added late in the laboratory testing pro-
gram, only two replicates for each combination of material 
and gradation were performed. Tests with the dry samples 
were compacted first and the dry density of dry compacted 
samples was computed before proceeding with the wet 
sample tests. The wet sample tests were then performed 
using the moisture content required for 80 percent satura-
tion, based on the density of the dry compacted samples 
and the apparent specific gravity of the base material. No 
other moisture points were needed to obtain consistent 
maximum dry density results. However, if experience with 
different base materials indicates that 80 percent satura-
tion is too wet or too dry, other moisture points should be 
tried. 

The percent moisture content at 100 percent saturation, 
Wsat, can be computed from the dry density, y, and the 
apparent specific gravity, G, as follows: 
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Wsat = 	- 	percent 	(B-4) 

y 	G8  

Figure B-6, a plot of this relationship for different specific 
gravity materials, is convenient for solving Eq. B4 graphi-
cally. Two types of specific gravity—apparent and bulk—
are widely used for granular base materials. The apparent 
specific gravity is a ratio of the weight of the solids con-
tained in a mass of aggregate divided by the weight of the 
volume of water displaced by the aggregate solids. Bulk 
specific gravity is the ratio of the weight of solids contained 
in a mass of aggregate divided by the weight of the equal 
volume of water displaced by the aggregate solids plus the 
water which is contained in the small connected voids of 
the saturated, surface-dry aggregate. It is assumed that the 
small voids are too small to be occupied by fine aggregate 
particles present in a dense-graded compacted base. Test 
methods AASHO T-84-70 and AASHO T-85-70 were used 
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Moisture Content, percent 
Figure B-6. Percent moisture content at 100 percent saturation. 
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TABLE B-7 

AASHO T-180 MAXIMUM DRY DENSITY TEST RESULTS, IN PCF 

I 	1/2-inch Maximum 	' 3/4-inch Maximum Size 
Minus No 4 

Coarse Ideal Fine Coarse Ideal Fine Fraction 

Dry' Wet 4  Dry Wet Dry Wet Dry Wet Dry Wet Dry I 	Wet Dry Wet Material Trial 

1 139.4  138.6 139.4  141.8 137.0 137.9 134.1 133.1 135.1 138.0 133.3 134.3 129.2 126.4 

Granite- 2 140.0 138.6 136.6 142.4 136.9 137.5 134.9 133.2 131.8 138.8 133.2 133.9 125.9 125.9 
Gneiss 3 140.7 140.7 137.8 139.3 138.9 137.4 135.8 135.8 133.2 135.0 135.5 133.7 126.5 123.8 

4 140.5 140.5 139.2 140.4 136.0 136.6 135.5 135.5 134.9 136.3 132.1 132.8 126.7 123.5 

Ave. 140.2 139.6  138.2 141.0 137.2 137.4 135.1 134.4 133.8 137.0 133.5 133.7 127.1 1i4.9 

H20x 0.1 6.5 0.2 7.0 0.1 7.5 0.1 9.9 

1 139.0 143.3 141.0 141.5 142.2 143.1 134.4 139.7 137.6 138.3 139.8 140.8 136.2 130.5 
Crushed 2 142.2 145.9 138.8 140.0 140.4 140.8 138.4 142.9 135.2 136.5 137.7 138.2 135.8 130.1 

Gravel 3 139.9 144.0 141.2 144.3 141.5 141.9 135.6 i4o.5 137.9 141.6 139.0 139.4 135.7 131.2 
4 142.5 144.9 138.1 143.6 140.0 141.7 138.7 141.7 134.2  140.7 137.2 139.2  136.4 131.3 

Av. 140.9 144.5 139.8 142.4 141.0 141.9 136.8 141.2 136.2 139.3 138.4 139.4  136.0 130.8 

1120 0.3 7.0 0.2 7.2 0.2 7.5 0.1 9.6 

1 
142.8 145.9 145.4 147.8 145.7 144.8 139.5 143.3 143.2 146.0 144.0 143.0 140.3 

Dolomitic 2 143.2 147.8 145.3 145.2 143.7 146.5 140.0 145.6 143.1 142.9 141.7 144.9 140.3 
Limestone 3 145.3 148.1 143.8 146.9 142.6 142.3 142.5 146.0 141.3 144.9 140.5 140.1 139.1 

4 144.6 146.4 144.7 145.3 143.9 143.2 141.6 143.9 142.4 143.1  141.9 141.1 140.1 

Ave. 144.0 147.0 144.8 146.3 144.0 144.2 140.9 144.7 142.5 144.2 142.0 142.3 140.0 

1120 0.3 7.1 0.1 7.0 0.2 7.8 7.2 

I 141.4 144.0 140.2 141.3 141.2 144.3 135.6 138.8 135.4 136.7 137.4 141.0 134.9 134.2 
Basalt 2 141.7 143.2 139.2 143.4 140.1 143.4 136.0 137.9 134.3 139.2 136.1 139.9 136.0 136.0 

3 139.7 143.5 139.2 141.7 140.5 142.8 133.6 138.2 134.3 137.2 136.6 139.2 135.5 135.3 
4 140.7 142.1 138.8 145.4 138.8 143.1 134.8 136.5 133.9 141.5 134.7 139.6 136.2 137.0 

Ave. 140.9 143.2 139.4  142.9 140.2 143.4 135.0 137.8 134.5 138.6 136.2 139.9 135.6 135.6 

120 0.5 8.7 0.6 9.2 1.0 9.7 1.8 10.7 

TABLE B-8 

MARSHALL HAMMER COMPACTION METHOD° MAXIMUM DRY DENSITY 
TEST RESULTS, IN PCF 

I 	1/2-inch Maximum Size* 3/4-inch Maximum Size 
Minus No.4 

Coarse 
____________  

Ideal Fine Coarse Ideal Fine Fraction 

Dry' Wet' I Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet 
Material Trial 

Granite- I 140.4 144.8 140.6 142.3 139.5 143.8 135.4 141.0 136.6 138.7 136.2 141.2 130.4 128.9 

Gneiss 2 141.2 144.8 141.1 143.1 139.8 142.9 136.4 141.0 137.2 139.6 136.5 140.1 131.1 130.2 

Ave. 140.8 144.8 140.8 142.7 139.6 143.4 135.9 141.0 136.9 139.2 136.4 140.7 130.8 129.5 

H2ox 0 6.5 0 6.3 0 6.1 0.2 7.9 

Crushed I 142.7 146.8 145.8 145.0 141.7 142.2 139.0 144.0 143.3 142.4 139.2 139.8 138.4 137.0 

Gravel 2 139.0 144.9 144.4 144.7 142.5 142.2 134.4 141.7 141.7 142.0 140.1 139.8 138.0 137.4 

Ave. 140.8 145.8 145.1 144.8 142.1 142.2 136.7 142.9 142.5 142.2 139.6 139.8 138.2 137.2 

1120 
0.2 5.9 0.2 5.8 0.1 6.3 0.2 6.7 

Dolomiti I 143.7 149.6 147.6 147.5 143.9 145.5 140.5 147.8 145.8 145.7 141.9 143.8 140.7 139.5 

Limestone 2 148.1 149.0 148.8 148.2 145.0 145.6 145.9 147.1 147.2 146.5 143.2 143.9 141.5 141.4 

Ave. 145.9 149.3 148.2 147.8 144.4 145.6 143.2 147.5 146.5 146.1 142.5 143.8 141.1 140.5 

H20 0.2 6.0 0.1 5.3 0.3 6.5 0.2 6.8 

Basalt I 143.2 144.4 145.2 145.0 140.2 143.4 137.9  139.3 141.3 141.0 136.2 139.9 137.0 139.4 

2 144.4 146.0 143.4 144.8 138.2 142.9 139.3 141.3 139.2 140.8 134.0 139.3 137.1 137.0 

Ave. 143.8 145.2 144.3 144.9 139.2 143.2 138.6 140.3 140.2 140.9 135.1 139.6 137.1 138.2 

1120 
1.8 7.2 1.3 8.7 1.9 7.7 1.4 9.8 

° Compacted in a 1/30 cu ft Proctor mold using five layers with 25 blows of the 10-lb Proctor hansner 
plus 15 blows with the Marshall hammer per layer. Total compaction energy 	90,000 ft-lb/cu ft. 

Dry Density obtained by correcting for oversize material. 

+ Refers to the condition of the sample during compaction. 

X Average final percent moisture at completion of compaction. 
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to determine the specific gravities for the coarse and fine 
fractions of the base materials used in this study. 

The maximum dry densities and optimum moisture con-
tents for the Marshall hammer compaction method are 
given in Table B-8. 

Although the procedure used for the tests reported in 
Table B-8 limited the use of the Marshall hammer to the 
final 15 blows applied to each layer of the sample, there is 
no evidence to indicate that exclusive use of the Marshall 
hammer for all 40 blows per layer would be any less  

effective. To evaluate this variation to the test procedure, 
several additional compaction trials were performed with 
ideal-gradation crushed gravel, using the Marshall hammer 

3.00  

Percent Oversize, P, as Decimal 
	 2.90  

0 	0.1 	0.2 	0.3 
170. . . 	. . 

V 

Instructions for Nomograph solution: 
V 
N 

Mark Of along left edge under O P. 
Mark bulk Sp. G. of oversize on right. 
Connect straight line between marks 	c2.70  
and note value of "D" where it 
crosses line corresponding to Pc 	

0 

of field test sample. 	 J 
.' '.6o 

2. 4o 

D = 	0.95DcxDf 	pcf 
O.95DcPf + DfPc 	 2.30 

Where: 

D = Theoretical maximum density of whole sample 
Dc = Solid density of oversize (Gm  x 62.143) 
Df = Max. lab. density of finer fraction 
PC  = Percent oversize as a decimal 
Pf = Percent finer fraction as a decimal 

125 1 1 1  111 
I I I I I I I I I 

0 0.1 0.2 0.3 
Figure B-7. Nomograph for determining correct ion for oversize material in field test sample. 
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only. No significant difference was observed in the maxi-
mum dry density results although degradation was only 
about one-half that experienced in normal AASHO T-180 
tests with the same material. However, to reduce the physi-
cal labor required by the test operator, the bulk of the 
Marshall hammer testing program used the mechanical 
compactor with the 10-lb Proctor hammer for the first 
25 blows per layer, as in the normal AASHO T-180 test. 

OVERSIZE CORRECTION 

Laboratory compaction test methods such as AASHO 
T-180 and Michigan cone, which use small molds, are 
limited to -1/4 -in, maximum size materials. Field samples 
that have larger top-size aggregate must be scalped on the 
3/4 -in, sieve before testing; therefore, a correction must be 
applied to determine the theoretical maximum dry density 
of the field sample from the 3/4 -in, laboratory test data. 
Oversize correction is not necessary when the maximum size 
of the aggregate in the field sample does not exceed 11/2  in. 
and molds of 6-in, or larger diameter are used to test the 
whole sample. Some test procedures provide for oversize 
material by substituting in the test sample an equal weight 
of material between the No. 4 and 3/4 -in, sieve to replace 
the plus 3/4 -in, material scalped from the field sample. This 
procedure is not recommended because the gradation curve 
of the test sample changes and the maximum dry density 
test results will not be representative of the field sample. 

The maximum dry density of the laboratory test sample 
(finer fraction), the percent oversize material in the field 
sample, and the bulk specific gravity of the oversize ma-
terial can be used to compute the theoretical maximum dry 
density of the whole sample, assuming that the oversize 
(plus 3/4 -in.) materials are solids that tend to float in the 
matrix of minus 3/4 -in, material. Based on this assump-
tion, the National Crushed Stone Association (10) recom-
mends use of a theoretical equation (or nomograph) which 
states that the total volume of compacted material equals 
the sum of the volumes of the compacted finer fraction 
(including all voids) and the coarse fraction (with no 
voids). In practice, however, some voids are introduced 
when oversize particles are added to the finer material. 
Therefore, a coefficient of 0.95 is applied to the bulk spe- 

cific gravity of the oversize material and the NCSA equa-
tion for computing the theoretical maximum dry density of 
the whole sample, D, becomes: 

— 0.9500XD, 
D - 
	

B-  f 	 5 
0.95D0P1  + D1P0 	 ( ) 

in which 

D0  = solid density of oversize (bulk Sp. G. X 62.43); 
D1  = maximum lab density of finer fraction, in pcf; 
P = percent oversize, as a decimal; and 
P1  = percent finer fraction, as a decimal. 

A comparison of maximum dry density results of 3/4 -in. 
and 11/2-in, samples using laboratory tests that use the 
larger (6-in.-diameter) molds indicates that Eq. B-S is 
satisfactory where the percent oversize is in the range of 
15 to 20 percent. When the percent oversize exceeds about 
25 to 30 percent Eq. B-S will tend to overestimate the true 
density of the whole sample as the grading becomes more 
open and there is not enough fine material to completely 
fill the voids between interlocked larger particles. However, 
all test gradations were within about 15 to 25 percent over-
size and all maximum dry density results for the gyratory, 
Marshall hammer, AASHO T-180, and Michigan cone 
methods were corrected for oversize material using Eq. B-S 
to obtain 11/2 -in, maximum size data. In addition, results 
of all test methods were also corrected to accommodate 
theoretical 11/2 -in, gradations for basalt, inasmuch as basalt 
was not available in 11/2 -in, maximum size gradations and 
it was desired that average results for both 11/2 -in, and 
3/4 -in, materials be used in the analysis of results. These 
data, corrected for oversize, along with actual test results 
of 3/4 -in, and 11/2 -in, maximum size samples, are given in 
the tables summarizing laboratory compaction test results. 

The calculations involved in solving Eq. B-5 may be 
avoided by using Figure B-7, which is a modification of a 
similar nomograph published by the National Crushed Stone 
Association (10) and was developed for the Virginia De-
partment of Highways by F. P. Nichols, Jr., and H. D. 
James ("Suggested Compaction Standards for Crushed Ag-
gregate Base Materials Based on Experimental Field Roll-
ing." HRB Bull. 325 (1962) pp. 22-43). 
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APPENDIX C 

FEDERAL HIGHWAY ADMINISTRATION TEST FOR COMPACTION OF 
COHESIONLESS AGGREGATE USING A PORTABLE ELECTROMAGNETIC RAMMER 

SCOPE 

1.1 This method is intended for determining the relation-
ship between the moisture content and density of cohesion-
less materials compacted in a mold by means of a portable, 
electric-powered, vibratory rammer. 

Note 1.—Although the test is intended for use with 
cohesionless materials, it is also applicable to granular 
materials used for highway base and subbase courses 
having slight plasticity. 
Note 2.—The values stated in U.S. customary units 
are to be regarded as the standard. The metric equiva-
lents of U.S. customary units may be approximate. 

SIGNIFICANCE 

2.1 The vibratory test is more suitable for establishing 
density requirements for granular materials than impact 
compaction methods. The vibratory action responsible for 
compacting the specimens closely duplicates the action of 
field compaction equipment. The maximum densities pro-
duced by the method more closely approximate those ob-
tained in the field than do the impact methods. The amount 
of degradation during compaction by the vibratory method 
is substantially less than that caused by impact methods. 

Some water is pumped out of the specimen during com-
paction by the vibratory apparatus; consequently, the mois-
ture content before compaction may be slightly higher than 
that after compaction is completed. Therefore, in specify-
ing the optimum moisture content, for compaction control, 
the loss of water by pumping must be compensated for by 
compacting the mixture at a moisture content that is slightly 
higher than the optimum moisture content predicted by the 
test. 

APPARATUS 

3.1 Rammer.—A portable electromagnetic vibrating ram-
mer having a frequency of 3,600 cycles a minute, suitable 
for use with 115-volt alternating current. The rammer shall 
have a tamper foot and extension as shown in Figure C-I. 

3.2 Mold.—A solid-wall metal cylinder with a detach-
able metal base plate, and a detachable metal guide-
reference bar as shown in Figure C-2. 

3.3 Wooden Base.—A plywood disc 15 in. in diameter, 
2 in. thick, with a cushion of rubber hose attached to the 
bottom. The disc shall be constructed so it can be firmly 
attached to the base plate of the compaction mold. 

3.4 Timer.—A stopwatch or other timing device grad-
uated in divisions of 1.0 sec and accurate to 1.0 sec, and 
capable of timing the unit for up to 2 mm. An electric 
timing device or electrical circuits to start and stop the 
vibrator may be used. 

3.5 Dial Indicator.—A dial indicator graduated in 0.001 
in. (0.025 mm) with a travel range of 3.0 in. (76 mm). 

3.6 Balance or Scale.—A balance or scale of at least 
45-lb (20-kg) capacity having a sensitivity of 0.01 lb (5 g) 
and readability to 0.01 lb (5 g). 

3.7 Drying Oven.—A thermostatically controlled drying 
oven capable of maintaining a temperature of 230 ± 9 F 
(110 ± 5 C) for drying moisture samples. 

3.8 Mixing Tools.—Miscellaneous tools such as mixing 
pan, spoon, trowel, etc., or a suitable mechanical device for 
thoroughly mixing the sample with increments of water. 

I wI1.1/2"D 

5-7/8'D 

Figure C-I. Tamper /001 and ertension. 
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INDICATOR 

3.9 Sieve.—A 1-in. (25-mm) sieve conforming to the 
requirements of AASHO M 92, Wire Cloth Sieves for 
Testing Purposes. 

SAMPLE 

4.1 The sample of aggregate for the compaction test shall 
be air dried. Drying may be accelerated by using apparatus 
such that the temperature of the sample does not exceed 
140F (60 Q. 

4.2 Sieve an adequate quantity of the representative ma-
terial over the 1-in. (25-mm) sieve. Discard the coarser 
material, if any, retained on the 1-in, sieve. 

4.3 Select a representative sample weighing approxi-
mately 40 lb or more of the materials, as prepared in 4.1 
and 4.2. 

Note 3.—Occasionally, with sand materials, more than 
four points are required to establish the moisture- 

0.325" D 
2 HOLES 

density relationship curve. In these cases, a sample 
weighing 50 lb or more should be selected. 

4.4 From the dry material passing the 1-in, sieve, four 
representative subsamples shall be selected, each just large 
enough to fill the compaction mold. 

PROCEDURE 

5.1 Thoroughly mix one of the selected subsamples with 
sufficient water to increase its moisture content to about 
4 percentage points below optimum moisture content. 

5.2 Pour the entire subsample into the compaction mold 
and place the tamper foot on the sample. If the moist sam-
ple overfills the mold, lightly tap the sides of the mold with 
a rubber hammer until enough space is provided for seating 
the tamper foot. 

5.3 Place the guide-reference bar over the shaft of the 
tamper foot and secure the bar to the mold with the thumb 
screws. 

5.4 Place the vibratory rammer on the shaft of the 
tamper foot and vibrate for 2 mm. During the vibration 
period the operator must exert just enough pressure to 
maintain contact between the sample and the tamper foot. 

5.5 Remove the vibratory rammer from the shaft of the 

4 	4 
3/4',  

2" 

I ________ 
3/8" 	-4 	

___ 
9.375" ±0.015" D 

Figure C-2. Cylindrical mold, 6.0-in., for testing granular materials. 
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tamper foot and brush any water or fines from the top of 
the tamper foot. Measure the thickness of the compacted 
material to the nearest 0.01 in. 

Note 4.—The thickness of the compacted sample is de-
termined by adding the dial reading minus the thick-
ness of the tamper foot to the measured distance from 
the inside bottom of the mold and the end of the dial 
gauge when it is seated on the guide-reference bar 
with stem fully extended. 

5.6 Remove the guide-reference bar and the tamper foot. 
Weigh the compacted specimen and mold to the nearest 
0.01 lb. Subtract the weight of the mold from this total 
weight to determine the wet weight of the specimen. 

5.7 Remove the material from the mold and dry the 
entire specimen in an oven at 230 ± 9 F (110 ± 5 C) to 
constant weight, to determine the moisture content. 

5.8 Select another of the subsamples prepared in Sec-
tion 4 and add water to bring it to a moisture content about 
2 percentage points higher than the first subsample. Then 
repeat 5.2 through 5.7. Repeat 5.1 through 5.7, using the 
remaining subsamples at 4 and 6 percentage points, respec-
tively, higher moisture content than the first subsample, or 
until there is a decrease or no change in the wet density of 
the compacted aggregate. It may be necessary to use more 
than four trials with sands (Note 3). 

CALCULATIONS 

6.1 Calculate the moisture content and dry weight of the 
aggregate as compacted for each trial, as follows: 

A—B XlOO 	 (C-l) B 

W= W L
X100 	(C-2) 

100 

61.12 A 	
(C-3) 

in which 

w = percentage of moisture in the specimen, based on 
oven-dry weight of aggregate; 

A = weight of wet aggregate, in pounds; 
B = weight of dry aggregate, in pounds; 
C = thickness of compacted sample, in inches; 
W = dry weight, in pounds per cubic foot, of compacted 

material; and 
W = wet weight, in pounds per cubic foot, of compacted 

material. 

MOISTURE-DENSITY RELATIONSHIP 

7.1 Plot the oven-dry weights per cubic foot. (densities) 
of the compacted specimens as ordinates and corresponding 
moisture contents as abscissas. Draw a smooth curve con-
necting the plotted points. 

7.2 Optimum Moisture Content. The moisture content 
corresponding to the peak of the curve drawn in 7.1 shall 
be termed the "optimum moisture content" of the material 
under the above compaction. 

7.3 Maximum Density. The oven-dry weight per cubic 
foot of the material as optimum moisture content shall be 
termed "maximum density" under the above compaction. 

REPORT 

8.1 The report shall include the following: 
8.1.1 The optimum moisture content, as a percentage, to 

the nearest whole number. 
8.1.2 The maximum density, in pounds per cubic foot, 

to the nearest whole number. 

CORRECTION FOR OVERSIZE 

Note.—The following, adapted from the section on 
"Oversize Correction" in Appendix B, is added to the 
FHWA test procedure to permit its use on materials of 
larger maximum size. 

The maximum dry density obtained from the laboratory 
tests (finer fraction), the percent oversize material in the 
field sample, and the bulk specific gravity of the oversize 
material [AASHO T-84-70 and AASHO T-85-70 (C-i)] 
can be used to compute the theoretical maximum dry den-
sity of the whole specimen, assuming that the oversize 
(plus 1.0-in.) materials are solids that tend to float in the 
matrix of minus 1.0-in, material. However, in practice, 
some voids are introduced when oversize particles are 
added to the finer material. Therefore, a coefficient of 
0.95 is applied to the bulk specific gravity of the oversize 
material and the NCSA (C-2) equation for computing the 
theoretical maximum dry density of the whole specimen, D, 
becomes Eq. B-5. The calculations involved in solving this 
equation may be avoided by using the nomograph shown in 
Figure B-7. 
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SCOPE 

1.1 This method of test is intended for determining the 
maximum dry density and optimum moisture content of 
dense-graded aggregates used in bases and subbases when 
compacted in a ½o-cu-ft mold with the 10-lb Marshall 
hammer dropped from a height of 18 in. 

APPARATUS 

2.1 Mold.—The mold shall be a solid-wall, metal con-
tainer manufactured with the following dimensions: In-
ternal diameter, 4.00 ± 0.016 in.; height, 4.584 ± 0.005 in. 
(Fig. D-1); volume, Y3o ± 0.0003 cu ft. 

The mold shall have a detachable collar assembly ap-
proximately 2/8 in. in height, to permit preparation of 
compacted specimens of the desired, height and volume. 
The mold and collar assembly shall be so constructed that 
it can be fastened firmly to a detachable base plate made 
of the same material. 

2.2 Hammer.—The hammer (Fig. D-2) shall have a 
flat, circular tamping face and a 10-lb sliding weight with 
a free fall of 18 in. The diameter of the tamping face 
shall be 3/8 in. and shall conform to the requirements of 
ASTM D1559-58T (D-2). 

2.3 Sample Extruder.—A jack, lever, frame, or other 
device adapted for the purpose of extruding compacted 
samples from the mold. 

2.4 Balances and Scales.—A balance or scale of at least 
25-lb capacity having a sensitivity and readability to 0.01  

ib, or a balance of at least 10,000-g capacity with a sensi-
tivity and readability to 1 g. 

2.5 Drying Oven.—A thermostatically controlled drying 
oven capable of maintaining a temperature of 110 ± 5C 
(230 ± 9F) for drying moisture samples. 

2.6 Straightedge.—A hardened steel straightedge at least 
10 in. in length. It shall have one beveled edge, and at 
least one longitudinal surface (used for final trimming) 
shall be plane within 0.01 in. per 10 in. of length within 
the portion used for trimming the sample. 

2.7 Sieves.—Sieves as required to prepare the sample 
shall conform to the requirements of AASHTO M 92, 
Sieves for Testing Purposes. 

2.8 Mixing Tools.—Miscellaneous tools such as a mix-
ing pan, spoon, trowel, etc., or a suitable mixing device for 
thoroughly mixing the sample of aggregate with water. 

PROCEDURE 

3.1 Oven dry a representative sample (approx. 50 ib) 
to be tested. Sieve the total sample over the 3/4 -in. 
(19.0-mm) sieve. Weigh and discard the coarse ma-
terial (to be later used to compute the correction for 
percent oversize, 3.9). 

3.2 Select a representative portion, weighing approxi-
mately 5 lb of the oven-dried original, scalped material or 

*1041 oL.t.e. 041 

Figure D-2. Marshall test compaction hammer (ASTM D1559-
58T). 
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prepare a sample from dried, sieved fractions to meet the 
prescribed material gradation curve. 

3.3 Form the first specimen by compacting the oven-
dried, prepared material in the 4-in, mold (with collar 
attached) in five approximately equal layers. Care should 
be exercised to ensure that the first layer has a compacted 
thickness of 1 in. or slightly more to prevent breakage of 
the maximum-size particles. The total thickness of the five 
layers should be about 5 in. Compact each layer with 
40 blows from a 10-lb Marshall hammer dropping free 
from a height of 18 in. During compaction the mold shall 
rest firmly on a dense, uniform, rigid, and stable foundation. 

3.4 Following compaction, remove the extension collar, 
carefully level the top of the compacted specimen. Holes 
developed in the surface by removal of coarse material 
shall be patched with smaller-size material. Weigh the 
specimen and compute its dry density. 

3.5 The second specimen shall be prepared as prescribed 
in 3.2. When the specimen is prepared add to it the percent  

by weight of water to achieve 80 percent saturation of the 
first specimen. One hundred percent saturation moisture 
can be found by the use of Figure D-3. In using Figure 
D-3, the apparent specific gravity [AASHO T-84-70 and 
AASHO T-85-70 (D-1)] and dry density obtained in 3.4 
are required. This water may be added to the material 
while still hot if the evaporation is accounted for in the 
final wet weight. The moisture content so obtained should 
be very near optimum. The specimen should then be com-
pacted in five equal layers (first layer, 1 in. or slightly 
more) using 40 blows per layer from a 10-lb Marshall 
hammer falling 18 in. If the specimen appears to be too 
wet or too dry, the initial moisture content found from 
Figure D-3 should be adjusted not more than ± 1 percent 
for the next specimen. The whole specimen shall be dried 
to determine the final moisture content after compaction in 
each case. 

3.6 A third and fourth specimen shall be prepared in 
accordance with 3.5 or with the initial moisture content 
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Moisture Content, percent 
Figure D-3. Percent moisture content at 100 percent saturation. 
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as adjusted to obtain best compaction. Each specimen shall 
be dried to determine the final moisture content after 
compaction. 

3.7 The dry density of the specimens shall be computed 
as shown in 4.1. The arithmetic mean and the standard 
deviation of the dry density of the three wet-compacted 
specimens shall be computed using the formulas of 4.1. If 
the standard deviation exceeds 1.0 pcf, two more specimens 
shall be prepared to be compacted at an initial moisture 
content which is an average of the initial moisture contents 
of the two specimens that yielded the two highest dry densi-
ties. These two additional specimens shall be compacted as 
described in 3.5. 

3,8 The five dry density values shall be arranged in 
ascending order. The highest and lowest density values 
shall be discarded and the arithmetic mean recomputed as 
in 4.1. 

3.9 Oversize Correction.—The maximum dry density 
representing the average of the three laboratory test speci-
mens (finer fraction), the percent oversize material in the 
field sample, and the bulk specific gravity of the oversize 
material [AASHO T-84-70 and AASHO T-85-70 (D-1)] 
can be used to compute the theoretical maximum dry den-
sity of the whole specimen, assuming that the oversize 
(plus 3/4 -in.) materials are solids that tend to float in the 
matrix of minus 3/4 -in, material. In practice, however, 
some voids are introduced when oversize particles are 
added to the finer material. Therefore, a coefficient of 
0.95 is applied to the bulk specific gravity of the oversize 
material and the NCSA (D-3) equation for computing the 
theoretical maximum dry density of the whole specimen, D, 
becomes: 

D— 
- 

0.95 DCxDf 
pcf 

0.95 D0  P1  + D1 P 

in which 

D0  = solid density of oversize (bulk Sp. G. X 62.43); 
D1  = maximum lab density of finer fraction, in pcf; 

= percent oversize, as a decimal; and 
P1  = percent finer fraction, as a decimal. 

The calculations involved in solving this equation may be 
avoided by using the nomograph shown in Figure D-4. 
Instructions for its use are given on the figure. 

FORMULAS USED IN COMPUTATIONS 

4.1 The moisture content and dry density of the com-
pacted aggregate for each trial shall be computed as 
follows: 

A—B 
B—C X 100 

= W X 30  

in which 

w = percentage of moisture in the specimen; 
A = weight of the container and the wet sample; 
B = weight of the container and the dry sample; 
C = weight of the, container; 
W = dry weight of the total compacted specimen, in 

pounds; and 
= dry density of the compacted sample, in pounds 

per cubic foot. 

The formulas used to compute the arithmetic mean and 
the standard deviation for three density tests are: 

- Yi + 72+73 
'nvg - 

MY = 0.707yi2  + 722  + 732_ (7i + 72 + 7)2  

3 

in which 

7a9 = average dry density from the three individual 
dry density values; 

= standard deviation of the average dry den-
sity; and 

721 73 = dry density of the three individual tests. 

REPORT 

5.1 The report shall include the following: 

Percent of material scalped (retained above the 
3/4 -in, sieve). 

Apparent and bulk specific gravities.' 
Average of the two final moisture contents at which 

the two highest individual dry densities occurred, which 
represents the optimum moisture content. 

Average dry density, Yaw,  which is the maximum dry 
density at the optimum moisture content. 

REFERENCES 

Highway Materials, Part lI—Tests, 10th Ed. 
American Association of State Highway and 
Transportation Officials (1971) pp.  246-250. 
American Society for Testing Materials, ASTM 
Standards, 1958, Part 4, pp. 1.006-1 013. 
Flexible Pavement Design Guide for Highways, 
National Crushed Stone Assn., Washington, D.C. 
(1972). 
R0sTR0N, J. P., F. L. ROBERTS, and W. BARON, 

"Density Standards for Field Compaction of 
Granular Bases and Subbases." NCHRP Report 
172 (1976). 
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Where: 

D = Theoretical maximum density of whole sample 

Dc = Solid density of oversize (Gm x 62.43) 
Df = Max. lab. density of finer fraction 

= Percent oversize as a decimal 
Pf = Percent finer fraction as a decimal 
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Figure D4. Nomograph for determining correction for oversize material in field test sample (D-4). 
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APPENDIX E 

WASHINGTON STATE HIGHWAY DEPARTMENT TEST METHOD NO. 606A 

PART 1. METHOD OF TEST FOR COMPACTION CONTROL OF 

GRANULAR MATERIALS 
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1. SCOPE 

(A) This test method consists of four 
separate tests which present q method 
for establishing the proper maximum 
density values to be used for control-
ing the compaction of granular mate-
rials. These methods account for varia-
tions of maximum obtainable density 
of a given material -for a given corn-
pactive effort, due to fluctuations in 
gradation. 

(B) By splitting the material on the No. 4 
sieve and determining the specific 
gravity, the compacted density, and 
the loose density of each of the two 
fractions, a curve of maximum density 
versus percent passing the No. 4 sieve 
can be plotted. These curve values will 
correlate closely with the densities ob-
tained in the field; using modern com-
paction equipment. 

(C) The test methods are applicable either 
to specifications requiring compacting 
to a given percent of maximum den-
sity, or to specifications requiring com-
paction to a given compaction ratio. 

(D) Use of these test methods eliminates 
the danger of applying the wrong 
"Standard" to compaction control of 

- 	gravelly soils. 

TEST NO. 1 

(Fine Fraction- 100 Percent passing No. 4 Sieve) 

1. SCOPE 

This test was developed for the sandy, 
non-plastic, highly permeable soils 
which normally occur as the fine frac-
tion of granular base course and sur-
facing materials. 

When the fine fraction is primarily a 
soil having some plasticity and low 
permeability, WSHD Test Method No. 
11 5A (Standard Proctor Test) may be 
used. With border.line soils both tests 
should be applied and the one yielding 
the highest density . value should be 
used. 

2. EQUIPMENT 

Vibratory, Spring Load Compactor (Fig-
ure 1). 
Mold—A Standard California Bearing 
Ratio Mold (CBR) Mold. 
Mold Piston—A piston which has a 
diameter /e  in. less than that of the 
inside of the mold being used. 
Height-Measuring Device—A scale 
with an accuracy of 0.001 in. 
Tamping Hammer—A 5 lb hammer 
having a 3 sq in. face area and a 5/ 

in. diameter rod handle which is 171/2  

in. long. 
Sieve—U. S. No. 4. 
Oven—An oven capable of maintain-
ing a temperature of 49 ± 6C. 
Balance—A balance having a capacity 
of 100 lb and an accuracy of 0.1 lb. 

3. PROCEDURE 

Oven-dry the total original sample. 

Separate the sample, by screening, into 
two fractions divided on the No. 4 
sieve. The fraction passing the sieve is 
used in this test and the fraction re-
tained will be used in Test No. 2. 

From the fine fraction (No. 4 minus) 
split or otherwise obtain a representa-
tive sample of approximately 13 lb. 
(This weight can be adjusted after the 
first compaction run to yield a final 
compacted sample approximately 6 
in. high.) 

(DI Add water to the sample until it is 
saturated when compacted. (Note 1.) 

(E) Place the sample in the mold, in three 
layers. Rod each layer 25 times (use 
handle of tamping hammer), and tamp 
with 25 blows of the tamping hammer. 
The blows of the hammer should ap-
proximate that produced by a 12 inch 
free fall provided severe displacement 
of the sample does not occur. In such 
cases adjust the blow strength to pro-
duce maximum compaction. The sur-
face of the top layer should be finished 
as level as possible. 
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Figure 1. 

Place the piston on top of the sample 
in the mold, and mount the mold on 
the lack in the compactor. Elevate mold 
with the jack until the load-spring re-
tainer seats on top of the piston. Apply 
initial seating load of about 100 lb on 
the sample. 
Start the compactor hammers and at 
the same time gradually increase the 
spring load on the sample to 2,000 lb 
total pressure, by elevating the lack. 
The rate of load application is as fol-
lows: 

Load in Pounds 	 Time in 	Minutes 

	

Oto 500 	 1 

	

500 to 1,000 	 1/2  

	

1,000 to 2,000 	 1/2  

After reaching 2,000 lb pressure, stop 
the hammers, release the jack and re-
turn to zero pressure. 
Repeat step (G) 4 additional times. 
After the last run remove the mold 
from the compactor. 

NOTE 1 	The moisture content should be adjusted so 
that free water will show at the base of the mold between 
500 and 2000 lb pressure. (Section 3 (G).) Most materials will 
yield the highest density at that moisture content. Some ma-
terials may continue to gain density on increasing the mois-
ture above that specified; however, severe washing.out of the 
fines will occur, which will alter the character of the sample 
and void the test results. 

Figure 2. 

Measure and record the height of the 
compacted sample to the nearest 0.001 
in. and calculate the volume. (See Sec-
tion 4.) 
Remove the sample from the mold, 
weigh it and record its weight, to the 
nearest 0.01 lb, and calculate the wet 
density. 
Determine and record the moisture con-
tent of the sample, and calculate the 
dry density. 
Repeat steps (C) through (L) at higher 
or lower moisture contents, on fresh 
samples, to obtain the maximum den-
sity value for the material. Three tests 
are usually sufficient. 

4. CALCULATIONS 
(A) The formula for calculating the volume 

and dry and wet densities are as fol-
lows: 

(Hi - H2) (B) 
Volume =  

I I .O 

Hi = Inside height of the mold, 
inches 

H2 = Height from top of the sample 
to the top of the mold, inches 



B 	Inside bottom area of the 
mold, square inches. 

Wet Weight 
Wet Density 

Volume in cu ft 

Wet Density 
Dry Density 

1 + Moisture Contents 
NOTE: 5.. WSHD Test Method No. 106*, "METHOD 

OF DETERMINATION OF MOISTURE CONTENT IN SOILS BY 
OVEN DRYING.' for moisture content calculations. 

TEST NO. 2 
(Coarse Fraction-0 percent passing No. 4 sieve) 

SCOPE 
(A) This test involves two separate proce. 

dures based on the maximum size of 
the aggregate being tested. When the 
maximum size is 3/4  in. or less, a 0.1 
cu ft sample size is satisfactory. For 
material having a maximum size of 
1 to 3 in., the sample size should be 
increased to 1h cu ft for accuracy. 

PROCEDURE 1. 
(Aggregate Size: 3/4  in. or less) 

EQUIPMENT 
(A) The equipment for this test is the some 

as that used in Test No. 1. 

PROCEDURE 
From the coarse fraction obtained in 
Section 30, Test No. 1, separate a 
representative sample of 10 to 11 lb 
and weight to 0.01 lb. 
Dampen the sample with 21/2  percent 
moisture (Note 3) and place in a 0.1 
cu ft mold, in 3 lifts. Tamp each lift 
tightly with 25 blows of the tamping 
hammer. (Omit rodding.) Avoid loss 
of the material during placement. 

'(C) Place the piston on top of the sample, 
In the mold, and follow the procedure 
described in Test No. 1, SectIons 3(F) 
through 3(l). 

(D) Using the original dry weight value, 
calculate the dry density in pounds per 
cubic foot. Use the formula for dry 
density described in Section 4, Test 
No. 1. 
NOTE: It has bun found through experiment that mail-

tyro in .xcess of 2 '/ percent has no effect on the final den. 
sHy 'obtained with then coorse open.gralned aggregates. 
For very coorse aggregate requiring the use of the 1/,  cu ft 
mold, moisture has no effect on the density end con be 
umth,d. 

PROCEDURE 2 
(Aggregate $ize: Larger than 3/4  in.) 

8. EQUIPMENT 
1/3  cu ft standard aggregate measure. 
3/4  inch thick Piston—A plywood piston 
with the bottom face covered with 16. 
gouge sheet steel and having a diam-
eter is in. less than the inside diameter 
of the ½ cu ft measure. 

9. PROCEDURE 
From the coarse fraction in Section 30, 
Test No. 1, separate a representative 
sample of 45 lb and weight to 0.1 lb. 
Divide the sample into five representa-
tive and approximately equal parts. 
Place the sample in the mold in five 
separate lifts. After each lift is placed 
in the mold, position the piston on the 
sample, mount the mold in the com-
pactor, and compact as described in 
Section 30 of Test No. 1. Spacers be. 
tween the load spring and piston must 
be used to adjust the elevation of the 
mold to the height of the lift being 
compacted. 
After the final lift is compacted, re-
move the mold from the compactor, 
determine the height (Note 4) of the 
compacted sample, and calculate the 
volume. (See Section 4, Test No. 1.) 
NOTE 4: The ptac.dure of measuring the overage height 

of the sample to the top surface of the piston, and then cor-
recting for piston is satisfactory for 1 in. maximum sill aggre. 
gate. For larger material it is necessary to minimise the error 
Introduced by the excessive void ratio obtained at the surface 
contact with the piston. By determining the total volume of 
the mold and using the Washington D.ns.O.Me$sr to measure 
the unus.d volume above the sample, a more correct volume 
of the sample can be obtained. 

(El Calculate the dry density in pounds per 
cubic foot. (See "Section A', Test No. 
1 .) 

TEST NO. 3 

SPECIFIC GRAVITY DETERMINATION 
FOR MAXIMUM DENSITY TEST 

EQUIPMENT 
1 1 -qt. mason jar pycnometer 
1 vacuum pump or aspirator (Pressure not 

to exceed 100 mm mercury) 
1 balanc, accurate to 0.1 gram 

MATERIAL: 
Fin, fraction 1#4 Minus) 500 grams 
Coarse fraction 1#4 Plus) 1000 grams 

chong. 1 (Feb. 1971) 
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PROCEDURE: 

Place dry material, either fine or coarse 
fraction, in pycnometer, add water to 
within 1 inch of top of pycnometer jar. Put 
pycnometer jar top in place and connect 
to vacuum apparatus. Apply vacuum for 
at least 20 minutes until air is removed 
from sample. Slight agitation of the jar 
at this time will aid the de-airing process. 
If the material boils too vigorously, reduce 
the vacuum. Remove vacuum apparatus, 
fill pycnometer with water, dry outside of 
jar carefully and weigh. Water tempera-
ture during test should be maintained as 
close to 68°F. as possible. 

Calculate Specific Gravity as follows: 

Sp.Gr.= 	
C 

a +b — c 

Where a = Wt. of dry material 
b = Wt. of pycnometer + 

water 
c = Wt. of pycnometer + 

material + water 

10. REPORTS 

All test results are recorded on Maxi-
mum Density Worksheet. 

A copy of the Maximum Density Work 
Sheet is shown in Fig. 3. 

The four seperate test values deter-
mined above are all the data necessary 
to determine the coordinates required 
for construction of a maximum density 
curve, see Fig. 4. The end points of the 
curve are the densities determined from 
tests number 1 and 2. The four inter-
mediate points are determined from a 
series of complex graphical constructions 
or through the aid of an appropriate 
computer program. The input to the com-
puter consists of those values on the 
work sheet numbered 1 through 5; the 
output, a recapitulation of input plus 
coordinates of the above mentioned four 
points. To construct the density curve, 
the points are plotted and a line con-
necting the points is drawn using a 
number 50 ships curve. The correctly 
shaped density curve is obtained by 
using the number 50 curye, concave side 
up, curved end to the outside, with a 
short, connecting curve. 
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PART 2. DERIVATION OF ThEORETICAL CURVES FOR DENSITY VS. 
PERCENT PASSING THE NO. 4 SIEVE 

On the graph shown in Fig. 1, the unit dry weight (pcf) is 
represented on the vertical scale and percent passing No. 4 sieve is represented 
on the horizontal scale. The left-hand ordinate represents the No. 4 plus 
fraction (100% No. 4-plus, 0% No. 4-minus), and the right-hand ordinate repre-
sents the No. 4 minus fraction (0% No. 4-plus, 100% No. 4-minus). The Inter-
mediate ordinates represent the various possible combinations of the two 
fractions. All percentages are based on dry weight of the total sample. 

Plot the values of loose density, D, compacted density, Dc,  and 
solid density, D5, for each of the two fractions on the respective left and right 
ordinates as shown on Fig. 1. 

Derive the theoretical curves that establish the correct position 
of the true maximum density curve as follows: 

Curve A 

Calculate the density at any specific percentage of No. 4-minus 
(Dr) by the basic equation shown on Fig. 4, or use the nomograph, Fig. 4, 
to establish sufficient points to draw the curve. 

Curves B, C, D 

Establish these curves in the same manner as Curve A, substituting 
the proper values in the basic equation or using the nomograph in Fig. 4. 
For curves B and D, substitute DL  for  Dc•  For curves C and D, reverse the 
percentage values, p; i.e., 80% = 20%, etc. 

Curve E 

Use the basic equation or nomograph (Fig. 5) to establish suff i-
dent points to permit plotting the curve. 

Curve F 

Establish this curve in the same manner, substituting D1 for D 
in the basic equation or nomograph (Fig. 5). 

Curves G, H 

Establish these curves in the same manner, except that the equation 
(Fig. 5) is changed to 

D = D No. 4-minus and D = D
c  or DL  

p 

100 

You can use the nomograph (Fig. 5) to solve this equation. 
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Use the theoretical curves derived as stated above and plotted as 
shown (Fig. 1) to form the basis for establishing theoreticalextrerne limits of 
maximum density. 

Label intersections of the curves (as shown on Fig. 2) as follows: 
Curves B and E intersect at point a, G and D at b, A and D at c, B and D at d, 
A and F at e, and C and H at f. 

Equate the percent passing the No. 4 sieve at point e to 100%, and 
calculate the mid-point (50%) value (r). This is sufficient to permit drawing 
the curve Dc  to e through r. Obtain the unit weight at point r either from the 
equation or from the nomograph (Fig. 4). point o is the intersection of curve Dc 
to e and curve B. 

Draw straight lines ab and de and label their intersection point 
m. Draw straight lines ac and df and label their intersection a. 

Draw the maximum unit weight curve through Dc  plus No. 4, r, o, in, 
n and Dc  minus No. 4 (Fig. 3). 

REFERENCE 

Humphres, H. W., "A Method for Controlling Compaction of Granular Materials." 
HRB Bull. 159 (1957), pp.  41-57. 
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PHUJECT 	1- 7,0 I(i3 ) 62- 	 L.*a.No. 	173 330 

	

SOURCE No. 	$H-So_ 

iIfATflPY. SPRING LOAD CX4PACTOR DATA sFfIT 	 DENSITY vs. % PASSING NO. 14 SIEvE 

ORIGINAL MPLE 
u. WEIGHT La. 

PASS 
% 

EL*I 
TE6T 	DVI  La.  
3" _____ /000 100 

.O '720 _j 
8.0 'fo 
7.0 77° 22 

3/?4-5ft" .o (,.'10 ._j! 
172" 

__________ 
i.o 61. 0 59 
13.0 Z5.o _L. 
vt.o 3/0 _j_ 

No. 	6 '77 I9.'1 g0.4 

No. 	10 /?3 3.7 4/.3  i?.o 1_J.j.. 
No. 20 3o6 41.3 .3.7 /2.0 _j 
No. 30 332- .3$5 /1.0 _.LL. 
No. 140 331 47.7 3.2.3 lo.o Q_ 
No. 50 3/40 72.! 9.0 _j. 
No.100 391 78.3 3-/..7 7.0 7 
No.200 406 /.'* '84 4 O 
ORIG.WT. 	 (CoNTAINER No.3 
DUST RATIo, 1 	1,0 	q4.. 
SAND EQUIVALENT (ORIeISAt. SAMPLE) 

CONTAINER No. 	p531 
SAND_3.0 	 3.0 
TOTAL - 	/0.0 	• 	3p 	% 	,o.0 	• 	30 	% 
B 	£-AII.' 	 AVE. 

)w4AKI-UP_CALCULATION________ 

SIEVE 
EACH 
SIZE 

% AojusTKD 
EACH 

SIZE 

LB, 
EACH 
SIZE 

Accuu. 
LB. 

7 0 
2" S ii.(., 1.0 1.0 

ii. 6 ,.o 1-0 
1" 7 ,oj_ 0.9 2.9 
3/14" S 'il, I.! 111.0 
1/2" /1 161 1.5 5.5 
3/8 ,3 'e.g 	I 1.7 7.2- 
No. 14 /1 20.3 	1 I's 9.0 
TOTAL 42,j 10 0 .0 	1 9.0  
AASHO ?-ioo 	- 
SPECIFIC GRAVIT (APPARENT)COAR3C 
PAN No. Ar 3 CONtAINER-No .*.2.a#_ 

WT.PVC+H20,P 334./ SAT.WT. 	3390 
W1.Pyc+Sois.+ 

1120,W 7..1. 
DRY WT, 
GAIN 	 70 

VIT.SOILI 	S ABSORP./c, 	21 
S SP.GR.. 

(p+s)-w 
P + S - 	','j 

1120 DISPL.. 	/.t!5 
SP.GR. 	2.73 

Tct BY -. 
- W - 3.3.. MAXIMJM DENSITY 

FROM CURVE 

143.0 C.F.*T 	#3 % 
§_ 	A.. 
TEST sy 

_t4.9 
.2.7J 
DEC 

ONPUTCD BY flEe 

C.B.R. MOLD No. 	 AREA 	3.8.9/p 	s.0 

CONVERSION FACTOR - 
1728 • 1728 - 
AREA 

LB.Of WET Aoc.x CONVERSION FAC 
WET DENSITY, 	LB./C.F.. 	H 1 GHT 	IN 	INCHES 

MINUS NO. 4 
DENSE CC4JDITION, D 	TRIAL A Sj. 8611 C 04V 0 

MOLDNO. .2. .1. 1 	.2..  
Vtr.uoLo + BASE + AGGREGATE 37.00 37.2.0 1 	36.75  
WT.MOLD + BABE t.tSS .j55 22.55 
NET WT.or AGGREGATE, WET I'.af5 i'..45 /ZQ 

HEIGHT, 	IN, 4.010 5933 6.I0 
WET DENSITY (Lo./C.F.) 'S'?.8 /37.8  
Di.. - DRY DENSITY 	(La/C.F. /33.0 /3.8.0 
MOISTURE DETERMINAT I'4 
VT.Pis 	+ WET Aoa. 

t",* 

Soe.0 po.o 

VIT.PAN + DRY Aoo. 7cp,p 745.o 
V/T. 	OF WATER .0  60-01 350  

WT. PAN + DRY AGo. 759.0 73p.p 7.50 
WT. PAN 300.0 200.0 300.0 
WT. DRY AGGREGATE 4t59.o 550O sp  
MOI6TURC - 9.0 //.! 7$  

OVEN DRY WT. PLUS No. 4 Aoa, 
HEIGHT. 	IN. 	(3/14"&iiNus)  
VOLL.RIE UETEHMIr'ATId4 - DENS-0-ME1ER DRY WT. 	0 VOI.UMC 	• 	C + 

______ 	LB. 
107.0 

__________________ 

FINAL READING "A" 	, 	0 &l 
RING CONSTANT "C" 	. 	/ 000 
"A" + "C" 	 1915 
INITIAL READING 	"B" 	. 	)00 
TOTAL VOL. OF MEASURE C.F, 	. 
VOL. UNOCCUPIED, CJ.(A+C-B) . 07/5 
VOL. 0ccuico(DIFFERENCE) 	• 

Sp.G. 
IDs 

SOLID 
Dc 

COMPACTED 
DL 

LOOSE 
PLUS No. 4 2.73 /70.' /07.0 97.0 
MINUS No. 14 2.7/ / 	9.1 /33.0 

NOMOI.1 p'- 	_j!ri UR14 
p 20 40 50 60 80 
CURVE A /6(.5 /53.0 /''8.' ,s Sc, o /30.8 
CURVE B ,aj 	4 /3.1.e /12.5 /05.0 93.0 
CURVE C ii(,.p /.lr.5 /3.1.2- /37.0 /52.5 
CURVE 0 93.0 //o.2- //7.0 /2..','. 
NOTEI FOR CURVES C AND 0 THE PERCENT VALUES p ARC 

RF'LERjb 	I.E.,8gf. • 20%,çTc. 
NOMOGRAPrI - FIGLJRE 5 
p.% 
CURVE E jj5 jj LSSU-  
CURVE F .1LI .L4.q 1i.L2 _Ul.k It 	1 .L2 &L9 .&L.S  
P - % .22.. ..L. ..82.. .12.. .12.. ..... 55 50 
CURVE 0 LJLLS&L°_________ 
CURVE H .ILE (j9 Jjj 

IPOINT £ • 	1*I.5 	. •19 - 	11.2.0 	La./C.F.t  
IPOINT R • 	2o,, 	• 	50 	•. 	. 	i.a.Z.,o 
Pig, 7 
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PART. .3. FORTRAN LY COMPUTER P.RQGM FOR.SOLUTtQN OF T8.EDRETCAL CUVES 

C ******** 	NCHP PROJECT 4 - 8 ( 2 ) -- PROGRAMMED BY F.L. ROBERTS 
C************ PROGRAM WRITTEN 14 FEBRUARY 1973 	************$*******$* 
C 

C 
C PROGRAM TO COMPUTE POINTS ON THE FIELD DENSITY VS. GRADATiON CURVE 
C FOk THE WASHINGTON TEST METHOD 606A -- INPUT DATA IS THE SPECIFIC 
C. GRAVITY AND THE COMPACTED DENSITY OF THE COARSE AND FINE FRACTIONS 
C 
C* *** 
C * *** 
C 
C PtJINTS GENERATED ARE SEMI—EMPIRICAL AS DEVELOPED FROM A COMBINATION 
C OF THEORETICAL ANALYSES AND STATISTICAL CURVE FITTING TECHNIQUES **** 
C 
C * *** 
C ***************************************************************s******* 
C 
C************REF.: 3UREAU OF PUBLIC ROADS PROGRAM NO, S-2 
C***********AS DEVELOPED BY THE WASHINGTON DEPARTMENT OF HIGHWAYS ****** 
C 
C* *** 

INTEGER TRIAL 
J=J 
IF (J.NE.0) GO 10 11 
PRINT 666 

656 FORMAT  
PRINT 5 

5 FORMAT (' ',2X9'MATERIAL TRIAL COND',2X,'DCC'9 5X,'XR 0 9 5X,'YR',5X 
1 X0',5X,'YO',5X,'XM',5X,'yM',5X,sxN',5X,'YNS,5X,.DCFS,//) 
GO TO 11 

100 PRINT 3 
3 FURMAT ('-') 

11 I = 0 
.J=J+j 
DC' 10 I = 1,8 
READ 1.9  MAT, TRIAL, COND, SGCpSGF,DCC,DCF 

1 FORMAT (A4,6X,jj ,2X,A2,2F5.3,2f6.3) 
DLC = 0.94 * DCC - 10.9 
DLF = 0.32 * DCF + 41.3 
DSC = 62.4 * SGC 
DSF = 62.4 * SGF 
Xl = 100. * DLF *(DSC - DCC)/( DSC * DCC + DLF * (DSC - DCC)) 
Y]. = 100. * DCC/ ( 100. - Xl) 
X2 = 100.* DSF * DCF / ( DSF a  DCF + DLC * ( DSF - DCF H 
Y2 = 100. * DCF/X2. 
X. = 100.*DSF*DCF*(DSC—DLC)/(DSF*0CF*(DSCDLC) +OSC*DLC*(D.SF—DCF)) 
Y3 = I.)O.*OSC*DCF/( X3*DSC + (100. - X3) * DCF) 
X4 = 100.*DSF*DLF*(DSC_DLC)/(DSF*DLF*(DSC_DLC)+DSC*OLC*(DSF_DLF)) 
Y4 = 100.tDSC*OLF/(x4*DSC + (100. -. X4)*OLF) 
X5 = 100.*DCF*(DSC—DLC)/(DSC*DLC + DCF*(DSC—DLC)) 
VS.  = 100.*DLC/(100. - X51 
X6 = 1J). * DSF*DLF/(DSF*DLF + DCC*(DSF—DLF)) 
Y6 = 100.*DLF/X6 
X7 = X5/2. 
Y7 = 2.*Y5 *DCC/(Y5 + DCC) 
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X8 = 100. * X5 * V 5  * DIF * ( DSC - DCC)/ ( DCC * X5 * Y5* I DSC -. 
11)LF) + 100. * USC * DLF * ( Y5 - DCC )) 
yg = JUD. * USC * OLF / ( XB * (DSC - DLF) + 100. * DLF) 
X9 = ((X2_X1)*(X5*Y4.X4*Y5) - (X5 - X4)*(X2*V1 - X1*Y2))/(IX5 - X4 

1) * (Y2 -Vi) - I X2-X1) * (Y5 - Y4)) 
Y9 = ((Y5-Y4)*(X2*V1 - X1*Y2) - (Y2_Yi)*(X5*Y4_X4*Y5))/((Y5Y4)* 

I(X2-X1) - (Y2-Y1) * (X5 - X4)) 
X10 = ((X3_X1)*(X6*Y4.X4*V6) - (X6-X4)*(X3*Y1 - X1*Y3)1/ 

1((X6 - X4)*(Y3 - Vt) - (X3 - X1)*(Y6 - Y4)) 
YlO = ((Yb - y4)*(X3*y]-X1*Y3) - (Y3-Y1)*(X6*Y4 - X4*Y6))/ 

1(( YbY4)*(X3Xl) - (Y3-Y1)*(X6X4)) 
xli = xl 
Vii = 184.3 - y7)*(0.0062*Xii - 0.941 + 68.3 
X12 = X8 
Y12 = ( 84.3 - Y8)*(0.0062*X12 - 0.94) + 68.3 
x13 = X 
Y13 = ( 84.3 - V91 * ( 0.0062 * X13 - 0.94) + 68.3 
X14 = X10 
V14 = ( 84.3 - YlO) * ( 0.0062*X14 - 0.941 + 68.3 

POINTS R,O,M, AND N ARE GENERATED BY THIS PROGRAM AND ARE LOCATED 
WITH X AND V COORDINATE POINTS GIVEN IN THE OUTPUT AS SHOWN ON THE 
CURVE BELOW. 

I 
0 	I 
E 	I 
N I 	 * M 	* 

S 	I 	* 	 * 

I 	I 	* 	 N 	* 

T I * Q 	
* 

V I*R 	 * 

1* 	 * 
p *DCC 	 DCF 

C 	I 	 I 

F 	I 	 I 

I 	 I 

I 	 I 

I 	 I 

--------I ----------- ------------ I---------- I 

PERCENT PASSING NO. 4 U.S. STANDARD SIEVE 

XR = X7 
YRY7 
XO = XB 
VU = VS 
XM = X9 
YM = Y9 
XN = Xi0 
YN = YlO 

10 PRINT 29 MAT,TRIAL,COND,DCC,XR,YR,XO,YO, XM,YM,XN,YN,DCF 
2 FuRMAT I' ',5X,A4,17,2X,A4,10F7.21 

IF ( J - 4) 11,9999 
9 PRINT C99 

	

'9 FORMAT ( 0 1 10 	THE END 	') 
STOP 
END 
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APPENDIX F 

SUMMARY OF STATE HIGHWAY DEPARTMENT RESPONSES 

During June, July, and August 1971, the research agency 
investigators made personal visits to highway departments 
throughout the United States. The purpose of these visits 
was to question highway department engineers as to their 
experiences with and recommendations for use of unbound 
granular materials as highway bases and subbases. 

State highway departments representative of all geo-
graphic areas of the continental United States, other than 
Alaska, were visited. The following 30 states were visited 
by project personnel: 

Alabama Iowa New Hampshire South Carolina 
Arizona Indiana New Mexico South Dakota 
Arkansas Kentucky New York Tennessee 
California Maryland North Carolina Texas 
Colorado Michigan Ohio Utah 
Florida Missouri Oklahoma Virginia 
Georgia Montana Pennsylvania Washington 
Idaho Wyoming 

However, because Oklahoma no longer uses unbound 
granular materials in bases or subbases, the survey results 
reported are limited to 29 states. (Oklahoma's discontin-
uance of the practice resulted from their experience with 
rapid highway deterioration due to accumulation of water 
under the pavement surface in granular bases, and in-
ability to control this accumulation of water. Neverthe-
less, they, expressed no dissatisfaction with density control 
of materials.) 

A summary of the survey findings follows: 
A. Present methods of granular base and subbase com-

paction control (Q-1 ).' 
Four states use a test strip for compaction control. 

(A Proctor-type test was used by these states as a 
secondary control on density.) Additionally, two 
states use test strips when difficult materials are 
encountered; and three others are experimenting 
with test sections as potential means of compaction 
control. 

Four states use a vibratory laboratory test to 
specify density requirements.2 

Seventeen states use the AASHO T-99, T-180, or 
some modification of these tests to specify density 
requirements. 

Two states use a percentage of solid volume to 
specify density requirements. 

Two states depend solely on inspection by and 
judgment of the field engineer in acceptance of field 
compaction. 

One state uses a triaxial test. 

'Numbers in parentheses correspond to the question numbers in the 
survey questionnaire. 

2  The Michigan Cone Test is classified here as a vibratory test. 

Roller Pattern (Q-1). 
Only one state in which compaction control was 

at the discretion of the 'field engineer and two states 
using test strips for compaction control reported that 
roller patterns were specified for the contractor. 
Are there particular types of construction equipment 
that are used that give you either greater ease or 
difficulty in field compaction (Q-12)? 

The two states in which compaction control was at 
the discretion of the field engineer either required 
prior approval of compaction equipment or specified 
the equipment to be used. Only one other state, using 
a test strip, indicated a requirement on compaction 
equipment. 

In general, rubber-wheeled rollers, steel-wheeled 
rollers, and vibratory compactors were all credited 
with giving adequate compaction of granular ma-
terials. Vibratory equipment was most often noted 
for good compaction of granular bases and subbases. 
Two states replied that, for crushed stone, contrac-
tors needed vibratory equipment to achieve density 
specifications. 
Are you satisfied with present methods of density 
specifications (Q-7C)? 

Eighteen states replied that they were generally 
satisfied. 

Two states replied that they were not satisfied; but, 
one of these specifically suggested that there was no 
real need for a change. 
Are you satisfied with your present (standards) 
methods of compaction control (Q-8)? 

Twenty states replied favorably. 
Eight states replied that they were not satisfied. 

Of the dissatisfied states, three specifically suggested 
that there was no need for a change as there did not 
seem to be a major problem in compaction control of 
granular materials. A fourth dissatisfied state was one 
of those having no control other than the discretion 
of the field engineer. 
How well does the realized field density correspond 
to the laboratory target density (Q-9)? 

Nineteen states replied favorably. 
Eleven states gave no reply. 
However, of those replying favorably, a significant 

number indicated that contractors with modern com-
paction equipment were easily achieving and surpass-
ing the minimum density requirements for field com-
paction. Several engineers suggested that although 
they did not believe the laboratory compaction tests 
were completely realistic (particularly true of AASHO 
T-99), they felt that there was no significant need for 
a change. Generally the engineers interviewed felt 
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that difficulties with highway performance were not 
attributable to density or compaction control of un-
bound granular materials in bases or subbases. Deg- 
radation of granular materials and accumulation of 
moisture in bases or subbases were cited by some as 
more pressing problems. Difficulties in setting and 
measuring density standards for materials containing 
rock-size particles were also cited. 

F. Variations in compaction requirements. 
Do you vary the compaction requirements with the 

gradation for any materials (Q-3)? 
Six states indicated that the density requirements 

were related to gradation. 
Nine states indicated that a new compaction test 

would be run if there were a significant change in the 
gradation. Four of these states used test strips in 
their compaction control. 

The remainder indicated that no change was made 
unless there was a change in the material. 

Do you vary the target density with depth of the 
lift within the layered system for bases and subbases 
(Q-4)? 

Two states replied yes. 
Eighteen states replied no. 
Do you vary the target density with the type of 

traffic (i.e., primary versus secondary roads) (Q-5)? 
Two states replied yes. 
One state allows for a reduction in density at the 

discretion of the resident engineer for low-density 
traffic. 

Twenty-six states replied no. 
Do you vary the target densities to accommodate 

variations in environmental effects (Q-6)? 
One state does require changes. 
Twenty-eight states replied that there was no 

change in density requirements for environment. 
However, several states noted that environmental 

effects were incorporated in other aspects of ma-
terial selection and highway design. 

Are the density specifications different for second-
ary and primary roads (Q-7)? 

Four states replied yes. 
Twenty states replied no. 
The design procedure used by most states provides 

for reduced thickness of the pavement layers rather 
than lower density requirements when low traffic 
and/or stress levels are anticipated. Although some 
engineers felt that differences in density requirements 
might be appropriate, they were unsure of what the 
differences should be. They also felt that adequate 
density of granular materials could easily be obtained 
with proper construction procedure and that a spe-
cial reduction in density requirements for low-traffic 
roads or deep layers would not significantly lower 
construction costs. A change in the type of pavement 
materials to meet the requirements of different ser-
vice applications may be justified in the interests of 
economy. However, once these adjustments or varia-
tions are included in the design, the construction  

process should be developed as necessary to obtain 
the full potential of these materials. 
What laboratory equipment is already available for 
setting density standards other than equipment pres-
ently used for general work (Q-2)? * 

All but two states indicated Proctor-type compac-
tion equipment was available. 

One state had a gyratory apparatus. 
Five states had vibratory equipment. (Compaction 

equipment available but not appropriate to granular 
materials was not included here.) 

Based on a comment made at one interview, sev-
eral departments were questioned as to whether a 
more complex compaction test or compaction pro-
gram than they were presently using would be ac-
ceptable to them. Generally those states running 
tests in central or district laboratories were willing 
to accept a more complex test, but those running 
compaction tests at the job site were less favorably 
inclined. They were concerned as to time and cost 
of tests and the competency of field personnel. 
Are any of the materials used for granular bases and 
subbases problem materials from a compaction stand-
point (i.e., actually realizing the field density) 
(Q-1 1)? 

Fifteen states replied no. 
Problem materials commented on included: 

Volcanic cinder, igneous rock. 
Blow sand, fine sands, sandstones which de-

graded. 
Decomposed granites, schists. 
Slag (several responses). 
Materials generally with poor gradations. 
Crushed materials. 

Is the performance of certain materials marginal 
(Q-12)? 

All but three states replied no. 
Those states that indicated poor performance at-

tributed the difficulty to volcanic cinders and sands, 
particularly blown sands. 

Several states replied that they either no longer 
used the materials that had previously given them 
poor performance or had learned how to cope with 
them. 
Test roads. The latter part of the questionnaire dealt 
with test roads built and monitored by individual 
state highway departments. The investigators were 
interested in determining whether such sections exist 
and the extent of information available on each sec-
tion. Of particular interest was the extent of control 
used in the original construction of those sections. 

Of the 30 states visited, nine had one or more sec-
tions that were of direct interest to this project. Al-
though other states had sections under observation, 
the density during construction was generally not well 
enough controlled to be of use. 

* The highway personnel were not asked how many pieces of "other 
equipment" might be available. It is assumed that except for Proctor-
type equipment only one piece in any category of "other equipment" 
might be available to an individual state. 
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rated Concrete in Structures (Proj. 6-8), 	56 p., 
$2.80 

	

2 	An Introduction to Guidelines for Satellite Studies of 
Pavement Performance (Proj. 1-1), 	19 p., 	$1.80 
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Intersections—Interim Report (Proj. 3-5), 	36 p., 
$1.60 

	

4 	Non-Chemical Methods of Snow and Ice Control on 
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S Effects of Different Methods of Stockpiling Aggre-
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$3.20 
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Pavement Condition—Interim Report (Proj. 1-2), 
29 p., 	$1.80 

8 Synthetic Aggregates for Highway Construction 
(Proj. 4-4), 	13p., 	$1.00 

9 Traffic Surveillance and Means of Communicating 
with Drivers—Interim Report (Proj. 3-2), 	28 p., 
$1.60 

	

10 	Theoretical Analysis of Structural Behavior of Road 
Test Flexible Pavements (Proj. 1-4), 31 p., $2.80 

11 Effect of Control Devices on Traffic Operations— 
Interim Report (Proj. 3-6), 	107 p., 	$5.80 

12 Identification of Aggregates Causing Poor Concrete 
Performance When Frozen—Interim Report (Proj. 
4-3(1)), 	47p., 	$3.00 

	

13 	Running Cost of Motor Vehicles as Affected by High- 
way Design—Interim Report (Proj. 2-5), 	43 p., 
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/ 14 Density and Moisture Content Measurements by 
Nuclear Methods—Interim Report (Proj. 10-5), 
32.p., 	$3.00 

15 Identification of Concrete Aggregates Exhibiting 
Frost Susceptibility—Interim Report (Proj. 4-3(2)), 
66 p., 	$4.00 

	

16 	Protective Coatings to Prevent Deterioration of, Con- 
crete by Deicing Chemicals (Proj. 6-3), 	21 p., 
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17 	Development of Guidelines for Practical and Realis- 
tic Construction Specifications (Proj. 10-1), 	109 p., 
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18 	Community Consequences of Highway Improvement 
(Proj. 2-2), 	37 p., 	$2.80 

	

19 	Economical and Effective Deicing Agents for Use on 
Highway Structures (Proj. 6-1), 	19 p., 	$1.20 

* Highway Research Board Special Report 80. 
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20 Economic Study of Roadway Lighting (Proj. 5-4), 

77 p., 	$3.20 
21 Detecting Variations in Load-Carrying Capacity of 

Flexible Pavements (Proj. 1-5), 	30 p., 	$1.40 
22 Factors Influencing Flexible Pavement Performance 

(Proj. 1-3(2)), 	69 p., 	$2.60 
23 Methods for Reducing Corrosion of Reinforcing 

Steel (Proj. 6-4), 	22 p., 	$1.40 
24 Urban Travel Patterns for Airports, Shopping Cen- 
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$5.20 

25 Potential Uses of Sonic and Ultrasonic Devices in 
Highway Construction (Proj. 10-7), 48 p.,  $2.00 

26 	Development of Uniform Procedures for Establishing 
Construction Equipment Rental Rates (Proj. 13-1), 
33 p., 	$1.60 

27 Physical Factors Influencing Resistance of Concrete 
to Deicing Agents (Proj. 6-5), 	41 p., 	$2.00 

28 	Surveillance Methods and Ways and Means of Com- 
municating with Drivers (PrOj. 3-2), 66 p.,  $2.60 

29 Digital-Computer-Controlled Traffic Signal System 
for a Small City (Proj. 3-2), 	82 p., 	$4.00 

30 Extension of AASHO Road Test Performance Con- 
cepts (Proj. 1-4(2)), 	33 p., 	$1.60 

31 A Review of Transportation Aspects of Land-Use 
Control (Proj. 8-5), 	41 p., 	$2.00 

32 Improved Criteria for Traffic Signals at Individual 
Intersections (Proj. 3-5), 	134 p., 	$5.00 

33 Values of Time Savings of Commercial Vehicles 
(Proj. 2-4), 	74p., 	$3.60 

34 Evaluation of Construction Control Procedures— 
Interim Report (Proj. 10-2), 	117 p., 	$5.00 

35 Prediction of Flexible Pavement Deflections from 
Laboratory Repeated-Load Tests (Proj. 1-3(3)), 
117 p., 	$5.00 

36 	Highway Guardrails—A Review of Current Practice 
(Proj. 15-1), 	33 p., 	$1.60 

37 Tentative Skid-Resistance Requirements for Main 
Rural Highways (Proj. 1-7), 	80 p., 	$3.60 

38 	Evaluation of Pavement Joint and Crack Sealing Ma- 
terials and Practices (Proj. 9-3), 	40 p., 	$2.00 

39 Factors Involved in the Design of Asphaltic Pave- 
ment Surfaces (Proj. 1-8), 	112 p., 	$5.00 

40 Means of Locating Disabled or Stopped Vehicles 
(Proj. 3-4(1)), 	40 p., 	$2.00' 

41 Effect of Control Devices on Traffic Operations 
(Proj. 3-6), 	83 p., 	$3.60 

42 Interstate Highway Maintenance Requirements and 
Unit Maintenance Expenditure Index (Proj. 14-1), 
144 p., 	$5.60 

43 Density and Moisture Content Measurements by 
Nuclear Methods (Proj. 10-5), 	38 p., 	$2.00 

44 Traffic Attraction of Rural Outdoor Recreational 
Areas (Proj. 7-2), 	28 p., 	$1.40 

45 Development of Improved Pavement Marking Ma- 
terials—Laboratory Phase (Proj. 5-5), 	24 p., 
$1.40 

46 Effects of Different Methods of Stockpiling and 
Handling Aggregates (Proj. 10-3), '102 p., 
$4.60 

47 Accident Rates as Related to Design Elements of 
Rural Highways (Proj. 2-3), 	173 p., 	$6.40 

48 Factors and Trends in Trip Lengths (Proj. 7-4), 
70 p., 	$3.20 

49 National Survey of Transportation Attitudes and 
Behavior—Phase I Summary Report (Proj. 20-4), 
71 p., 	$3.20 



Rep. 
No. Title 
50 Factors Influencitig Safety at Highway-Rail Grade 

Crossings (Proj. 3-8), 	113 p., 	$5.20 
51 	Sensing and Communication Between Vehicles (Proj. 

3-3), 	105 p., 	$5.00 
52 Measurement of Pavement Thickness by Rapid and 

Nondestructive Methods (Proj. 10-6), 	82 p., 
$3.80 

53 Multiple Use of Lands Within Highway Rights-of- 
Way (Proj. 7-6), 	68 p., 	$3.20 

54 Location, Selection, and Maintenance of Highway 
Guardrails and Median Barriers (Proj. 15-1(2)), 
63 p., 	$2.60 

55 Research Needs in Highway Transportation (Proj. 
20-2), 	66 p., 	$2.80 

56 	Scenic Easements—Legal, Administrative, and Valua- 
tion Problems and Procedures (Proj. 11-3), 174 p., 
$6.40 

57 Factors Influencing Modal Trip Assignment (Proj. 
8-2), 	78 p., 	$3.20 

58 Comparative Analysis of Traffic Assignment Tech-
niques with Actual Highway Use (Proj. 7-5), 85 p., 
$3.60 

59 	Standard Measurements for Satellite Road Test Pro- 
gram (Proj. 1-6), 	78 p., 	$3.20 

60 	Effects of Illumination on Operating Characteristics 
of Freeways (Proj. 5-2) 	148 p., 	$6.00 

61 	Evaluation of Studded Tires—Performance Data and 
Pavement Wear Measurement (Proj. 1-9), 	66 p., 
$3.00 

62 Urban Travel Patterns for Hospitals, Universities, 
Office Buildings, and Capitols (Proj. 7-1), 	144 p., 
$5.60 

63 Economics of Design Standards for Low-Volume 
Rural Roads (Proj. 2-6), 	93 p., 	$4.00 

64 	Motorists' Needs and Services on Interstate Highways 
(Proj. 7-7), 	88 p., 	$3.60 

65 One-Cycle Slow-Freeze Test for Evaluating Aggre-
gate Performance in Frozen Concrete (Proj. 4-3(1)), 
21 p., 	$1.40 

66 	Identification of Frost-Susceptible Particles in 'Con- 
crete Aggregates (Proj. 4-3(2)), 	62 p., 	$2.80 

67 	Relation of Asphalt Rheological Properties to Pave- 
ment Durability (Proj. 9-1), 	45 p., 	$2.0 

68 Application of Vehicle Operating Characteristics to 
Geometric Design and Traffic Operations (Proj. 3- 
10), 	38 p., 	$2.00 

69 Evaluation of Construction Control Procedures—
Aggregate Gradation Variations and Effects (Proj. 
10-2A), 	58 p., 	$2.80 

70 Social and Economic Factors Affecting Intercity 
Travel (Proj. 8-1), 	68 p., 	$3.00 

71 	Analytical Study of Weighing Methods for Highway 
Vehicles in Motion (Proj. 7-3), 	63 p., 	$2.80 

72 Theory and Practice in Inverse Condemnation for 
Five Representative States (Proj. 11-2), 	44 p., 
$2.20 

73 Improved Criteria for Traffic Signal Systems on 
Urban Arterials (Proj. 3-5/ 1), 	55 p., 	$2.80 

74 Protective Coatings for Highway Structural Steel 
(Proj. 4-6), 	64 p., 	$2.80 

74A Protective Coatings for Highway Structural Steel— 
Literature Survey (Proj. 4-6), 	275 p., 	$8.00 

74B Protective Coatings for Highway Structural Steel— 
Current Highway Practices (Proj. 4-6), 	102 p., 
$4.00 

75 Effect of Highway Landscape Development on 
Nearby Property (Proj. 2-9), 	82 p., 	$3.60  

Rep. 
No. Title 
76 Detecting Seasonal Changes in Load-Carrying Ca-

pabilities of Flexible Pavements (Proj. 1-5(2)), 
37 p., 	$2.00 

77 	Development of Design Criteria for Safer Luminaire 
Supports (Proj. 15-6), 	82 p., 	$3.80 

78 Highway Noise—Measurement, Simulation, and 
Mixed Reactions (Proj. 3-7), 	78 p., 	$3.20 

79 	Development of Improved Methods for Reduction of 
Traffic Accidents (Proj. 17-1), 	163 p., 	$6.40 

80 	Oversize-Overweight Permit Operation on State High- 
ways (Proj. 2-10), 	120 p., 	$5.20 

81 Moving Behavior and Residential Choice—A Na- 
tional Survey (Proj. 8-6), 	129 p., 	$5.60 

82 National Survey of Transportation Attitudes and 
Behavior—Phase II Analysis Report (Proj. 20-4), 
89 p., 	$4.00 

83 Distribution of Wheel Loads on Highway Bridges 
(Proj. 12-2), 	56 p., 	$2.80 

84 Analysis and Projection of Research on Traffic 
Surveillance, Communication, and Control (Proj. 
3-9), 	48 p., 	$2.40 

85 Development of Formed-in-Place Wet Reflective 
Markers (Proj. 5-5), 	28 p., 	$1.80 

86 	Tentative Service Requirements for Bridge Rail Sys- 
tems (Proj. 12-8), 	62 p., 	$3.20 

87 	Rules of Discovery and Disclosure in Highway Con- 
demnation Proceedings (Proj. 11-1(5)), 	28 p., 
$2.00 

88 Recognition of Benefits to Remainder Property in 
Highway Valuation Cases (Proj. 11-1(2)), 	24 p., 
$2.00 

89 Factors, Trends, and Guidelines Related to Trip 
Length (Proj. 7-4), 	59 p., 	$3.20 

90 Protection of Steel in Prestressed Concrete Bridges 
(Proj. 12-5), 	86 p., 	$4.00 

91 	Effects of Deicing Salts on Water Quality and Biota 
—Literature Review and Recommended Research 
(Proj. 16-1), 	70 p., 	$3.20 

92 Valuation and Condemnation of Special Purpose 
Properties (Proj. 11-1(6)), 	47 p., 	$2.60 

93 	Guidelines for Medial and Marginal Access Control 
on Major Roadways (Proj. 3-13), 	147 p., 
$6.20 

94 Valuation and Condemnation Problems Involving 
Trade Fixtures (Proj. 11-1(9)), 	22 p., 	$1.80 

95 Highway Fog (Proj. 5-6), 	48 p., 	$2.40 
96 Strategies for the Evaluation of Alternative Trans- 

portation Plans (Proj. 8-4), 	111 p., 	$5.40 
97 Analysis of Structural Behavior of AASHO Road 

Test Rigid Pavements (Proj. 1-4(1)A), 	35 p., 
$2.60 

98 Tests for Evaluating Degradation of Base Course 
Aggregates (Proj. 4-2), 	98 p. 	$5.00 

99 Visual Requirements in Night Driving (Proj. 5-3), 
38 p., 	$2.60 

100 Research Needs Relating to Performance of Aggre- 
gates in Highway Construction (Proj. 4-8), 	68 p., 
$3.40 

101 Effect of Stress on Freeze-Thaw Durability of Con- 
crete Bridge Decks (Proj. 6-9), 	70 p., 	$3.60 

102 Effect of Weldments on the Fatigue Strength of Steel 
Beams (Proj. 12-7), 	114 p., 	$5.40 

103 Rapid Test Methods for Field Control of Highway 
Construction (Proj. 10-4), 	89 p., 	$5.00 

104 Rules of Compensability and Valuation Evidence 
for Highway Land Acquisition (Proj. 11-1), 
77 p., 	$4.40 



Rep. Rep. 
No. Title No. Title 

105 Dynamic Pavement Loads of Heavy Highway Vehi- 133 Procedures for Estimating Highway User Costs, Air 
des (Proj. 15-5), 	94 p., 	$5.00 Pollution, and Noise Effects (Proj. 7-8), 	127 p., 

106 Revibration of Retarded Concrete for Continuous $5.60 
Bridge Decks (Proj. 18-1), 	67 p., 	$3.40 134 Damages Due to Drainage, Runoff, Blasting, and 

107 New Appro8ches to Compensation for Residential Slides (Proj, 11-1(8)), 	23 p., 	$2.80 
Takings (Proj. 	11-1(10)), 	27 p., 	$2.40 135 Promising Replacements for Conventional Aggregates 

108 Tentative Design Procedure for Riprap-Lined Chan. for Highway Use (Proj. 4-10), 	53 p., 	$3.60 
nels (Proj. 15-2), 	75 p., 	$4.00 136 Estimating Peak Runoff Rates from Ungaged Small 

109 Elastorneric Bearing Research (Proj. 12-9), 	53 p., Rural Watersheds (Proj. 15-4), 	85 p., 	$4.60 

$3.00 137 Roadside 	Development—Evaluation 	of 	Research 

110 Optimizing Street Operations Through Traffic Regu- (Proj. 16-2), 	78 p., 	$4.20 
lations and Control (Proj. 3-11), 	100 p., 	$4.40 138 Instrumentation 	for 	Measurement 	of 	Moisture- 

111 Running Costs of Motor Vehicles as Affected by Literature 	Review 	and 	Recommended 	Research 

Road 	Design 	and Traffic 	(Proj. 	2-5A 	and 2-7), (Proj. 21-1), 	60 p., 	$4.00 

97 p., 	$5.20 139 Flexible Pavement Design and Management—Sys- 

112 Junkyard 	Valuation—Salvage 	Industry 	Appraisal tems Formulation (Proj. 1-10), 	64 p., 	$4.40 

Principles 	Applicable 	to 	Highway 	Beautification 140 Flexible Pavement Design and Management—Ma- 

(Proj. 	11-3(2)), 	41 	p., 	$2.60 terials 	Characterization 	(Proj. 	1-10), 	118 	p., 
113 Optimizing Flow on Existing Street Networks (Proj. $5.60 

3-14), 	414 p., 	$15.60 141 Changes in Legal Vehicle Weights and Dimensions- 

114 Effects of Proposed Highway Improvements on Prop- Some Economic Effects on Highways (Proj. 19-3), 

erty Values (Proj. 11-1(1)), 	42 p., 	$2.60 184 p., 	$8.40 

115 Guardrail Performance and Design (Proj. 15-1(2)), 142 Valuation 	of 	Air 	Space 	(Proj. 	11-5), 	48 	p., 

116 
70 p., 	$3.60 
Structural 	Analysis 	and Design 	of Pipe Culverts 143 

$4.00 
Bus Use of Highways—State of the Art (Proj. 8-10), 

117 
(Proj. 	15-3), 	155 p., 	$6.40 
Highway Noise—A Design Guide for Highway En- 144 

406 p., 	$16.00 
Highway Noise—A Field Evaluation of Traffic Noise 

gineers (Proj. 3-7), 	79 p., 	$4.60 Reduction Measures (Proj. 3-7), 	80 p., 	$4.40 

118 Location, Selection, and Maintenance of Highway 
145 Improving Traffic Operations and Safety at Exit Gore 

Areas (Proj. 3-17) 	120 p., 	$6.00 
Traffic Barriers (Proj. 15-1(2)), 	96 p., 	$5.20 146 Alternative 	Multimodal 	Passenger 	Transportation 

119 Control of Highway Advertising Signs—Some Legal Systems—Comparative 	Economic 	Analysis 	(Proj. 
Problems (Proj. 11-3(1)), 	72 p., 	$3.60 8-9), 	68 p., 	$4.00 

120 Data Requirements for Metropolitan Transportation 147 Fatigue Strength of Steel Beams with Welded Stiff- 

Planning (Proj. 8-7), 	90 p., 	$4.80 eners 	and 	Attachments 	(Proj. 	12-7), 	85 	p., 

121 Protection of Highway Utility (Proj. 8-5), 	115 p., $4.80 

$5.60 148 Roadside Safety Improvement Programs on Freeways 

122 Summary and Evaluation of Economic Consequences —A Cost-Effectiveness Priority Approach (Proj. 20- 

of Highway Improvements (Proj. 2-11), 	324 p., 
149 

7), 	64 p., 	$4.00 
Bridge Rail Design—Factors, Trends, and Guidclincs 

123 
$1 3.60 
Development 	of 	Information 	Requirements 	and 

150 
(Proj. 12-8), 	49 p., 	$4.00 
Effect of Curb Geometry and Location on Vehicle Transmission Techniques for Highway Users (Proj. 
Behavior (Proj. 20-7), 	88 p., 	$4.80 

124 
3-12), 	239 p., 	$9.60 
Improved 	Criteria for Traffic 	Signal 	Systems 	in 151 Locked-Wheel Pavement Skid Tester Correlation and 

Urban Networks (Proj. 3-5), 	86 p., 	$4.80 Calibration Techniques (Proj. 1-12(2)), 	100 p., 

125 Optimization of Density and Moisture Content Mea- 
152 

$6.00 
Warrants for Highway Lighting (Proj. 5-8), 	117 

surements 	by 	Nuclear 	Methods 	(Proj. 	10-5A), 
$6.40 p., 

126 
86 p., 	$4.40 
Divergencies in Right-of-Way Valuation (Proj. 11- 153 Recommended Procedures for Vehicle Crash Testing 

4), 	57 p., 	$3.00 of Highway Appurtenances (Proj. 22-2), 	19 p., 

127 Snow Removal and Ice Control Techniques at Inter- 
154 

$3.20 
Determining Pavement Skid-Resistance Requirements 

128 
changes 	(Proj. 	6-10), 	90 	p., 	$5.20 
Evaluation of AASHO Interim Guides for Design at Intersections and Braking Sites (Proj. 1-12), 	64 

of 	Pavement Structures 	(Proj. 	1-11), 	111 	p., 
155 

p., 	$4.40 
Bus Use of Highways—Planning and Design Guide- 

129 
$5.60 
Guardrail Crash Test Evaluation—New Concepts 

156 
lines (Proj. 8-10), 	161 p., 	$7.60 
Transportation Decision-Making—A Guide to Social and 	End 	Designs 	(Proj. 	15-1(2)), 	89 	p., 
and Environmental Considerations 	(Proj. 8-8(3)), 

130 
$4.80 
Roadway Delineation Systems (Proj. 5-7), 	349 p., 

157 
135 p., 	$7.20 
Crash Cushions of Waste Materials (Proj. 20-7), 

131 
$14.00 
Performance Budgeting System for Highway Main- 73 p., 	$4.80 

tenance Management 	(Proj. 	19-2(4)), 	213 p., 158 Selection of Safe Roadside Cross Sections 	(Proj. 

$8.40 20-7), 57 p., 	$4.40 

132 Relationships 	Between 	Physiographic 	Units 	and 159 Weaving Areas—Design and Analysis (Proj. 3-15), 

Highway Design Factors (Proj. 1-3(1)), 	161 p., 119 p., 	$6.40 

$7.20 



Rep. No. Title 
No. Title 9 Pavement Rehabilitation—Materials and Techniques 

160 Flexible Pavement Design and Management—Sys- 10 
(Proj. 20-5, Topic 8), 	41 p., 	$2.80 
Recruiting, Training, and Retaining Maintenance and tems 	Approach 	Implementation 	(Proj. 	1-bA), Equipment Personnel (Proj. 20-5, Topic 10), 	35 p., 54 p., 	$4.00 $2.80 

161 Techniques for Reducing Roadway Occupancy Dur- 11 Development of Management Capability (Proj. 20-5, ing Routine 	Maintenance Activities 	(Proj. 	14-2), Topic 12), 	sop., 	$3.20 

162 
55 p., 	$4.40 
Methods for Evaluating Highway Safety Improve- 

12 Telecommunications Systems for Highway Admin- 

ments (Proj. 17-2A), 	150 p., 	$7.40 
istration and Operations 	(Proj. 20-5, Topic 3-03), 
29 p., 	$2.80 

163 Design of Bent Caps for Concrete Box-Girder Bridges 13 Radio Spectrum Frequency Management (Proj. 20-51  (Proj. 12-10), 	124 p., 	$6.80 Topic 3-03), 	32 p., 	$2.80 
164 Fatigue Strength of High-Yield Reinforcing Bars 14 Skid 	Resistance 	(Proj. 20-5, 	Topic 	7), 	66 	p., (Proj. 4-7), 	90 p., 	$5.60 $4.00 
165 Waterproof Membranes for Protection of Concrete is Statewide Transportation Planning—Needs and Re- 

Bridge 	Decks—Laboratory 	Phase 	(Proj. 	12-11), quirements 	(Proj. 	20-5, 	Topic 	3-02), 	41 	p., 70 p. 	$4.80 $3.60 
166 Waste Materials as Potential Replacements for High- 16 Continuously Reinforced Concrete Pavement (Proj. 

way Aggregates (Proj. 4-1A), 	94 p., 	$5.60 20-5, Topic 3-08), 	23 p., 	$2.80 
167 Transportation Planning for Small Urban Areas 17 Pavement Traffic Marking—Materials and Applica- 

(Proj. 8-7A), 	71 p., 	$4.80 tion Affecting Serviceability 	(Proj. 20-5, Topic 3- 
168 Rapid Measurement of Concrete Pavement Thickness 05), 	44 p., 	$3.60 

and Reinforcement Location—Field Evaluation of 18 Erosion Control on Highway Construction 	(Proj. 
Nondestructive 	Systems 	(Proj. 	10-8), 	63 	p., 20-5, Topic 4-01), 	52 p., 	$4.00 
$4.80 19 Design, 	Construction, 	and 	Maintenance 	of 	PCC 

169 Peak-Period Traffic Congestion—Options for Cur- Pavement Joints (Proj. 20-5, Topic 3-04), 	40 p., 
rent Programs (Proj. 7-10), 	65 p., 	$4.80 $3.60 

170 Effects of Deicing Salts on Plant Biota and Soils— 20 Rest 	Areas 	(Proj. 	20-5, 	Topic 	4-04), 	38 	p.. 
Experimental Phase (Proj. 16-1), 	88 p., 	$5.60 $3.60 

171 Highway Fog—Visibility Measures and Guidance 21 Highway Location Reference Methods (Proj. 20-5, 
Systems (Proj. 5-6A) 	40 p., 	$4.00 Topic 4-06), 	30 p., 	$3.20 

172 Density Standards for Field Compaction of Granular 22 Maintenance Management of Traffic Signal Equip- 
Bases and Subbases (Proj. 4-8(2)), 	73 p., 	$4.80 ment and Systems (Proj. 20-5, Topic 4-03) 	41 p., 

$4.00 
23 Getting Research Findings into Practice (Proj. 20-5, 

Topic 11) 	24.p., 	$3.20 
24 Minimizing 	Deicing 	Chemical 	Use 	(Proj. 	20-5, 

Topic 4-02), 	58 p., 	$4.00 
25 Reconditioning High-Volume Freeways in Urban 

Areas (Proj. 20-5, Topic 5-01), 	56 p., 	$4.00 
26 Roadway Design in Seasonal Frost Areas (Proj. 20-5, 

Topic 3-07), 	104 p., 	$6.00 
27 PCC Pavements for Low-Volume Roads and City 

Streets (Proj. 20-5, Topic 5-06), 	31 p., 	$3.60 
28 Partial-Lane Pavement Widening (Proj. 20-5, Topic 

5-05), 	30 p., 	$3.20 
29 Treatment of Soft Foundations for Highway Em- 

bankments 	(Proj. 	20-5, 	Topic 	4-09), 	25 	p., 
Synthesis of Highway Practice $3.20 

30 Bituminous Emulsions for Highway Pavements (Proj. 
No. Title 20-5, Topic 6-10), 	76 p., 	$4.80 

1 Traffic Control for Freeway Maintenance (Proj. 20-5, 31 Highway Tunnel Operations (Proj. 20-5, Topic 5-08), 
Topic 1), 	47 p., 	$2.20 29 p., 	$3.20 

2 Bridge Approach Design and Construction Practices 32 Effects of Studded Tires (Proj. 20-5, Topic 5-13), 
(Proj. 20-5, Topic 2), 	30 p., 	$2.00 46 p., 	$4.00 

3 Traffic-Safe 	and 	Hydraulically 	Efficient 	Drainage 33 Acquisition and Use of Geotechnical Information 
Practice (Proj. 20-5, Topic 4), 	38 p., 	$2.20 (Proj. 20-5, Topic 5-03), 	40 p., 	$4.00 

4 Concrete Bridge Deck Durability (Proj. 20-5, Topic 34 Policies for Accommodation of Utilities on Highway 
3), 	28 p., 	$2.20 Rights-of-Way (Proj. 20-5, Topic 6-03), 	22 p., 

5 Scour at Bridge Waterways (Proj. 20-5, Topic 5), $3.20 
37 p., 	$2.40 35 Design and Control of Freeway Off-Ramp Terminals 

6 Principles 	of Project Scheduling 	and 	Monitoring (Proj. 20-5, Topic 5-02), 	61 p., 	$4.40 
(Proj. 20-5, Topic 6), 	43 p., 	$2.40 36 Instrumentation and Equipment for Testing Highway 

7 Motorist Aid Systems 	(Proj. 	20-5, 	Topic 	3-01), Materials, Products, and Performance (Proj. 20-5, 
28 p., 	$2.40 Topic 6-01), 	70 p., 	$4.80 

8 Construction of Embankments (Proj. 20-5, Topic 9), 37 Lime-Fly-Ash-Stabilized Bases and Subbases (Proj. 
38 p., 	$2.40 20-5, Topic 6-06), 	66 p., 	$4.80 



THE TRANSPORTATION RESEARCH BOARD is an agency of the National 
Research Council, which serves the National Academy of Sciences and the National 
Academy of Engineering. The Board's purpose is to stimulate research concerning the 
nature and performance of transportation systems, to disseminate information that the 
research produces, and to encourage the application of appropriate research findings. 
The Board's program is carried out by more than 150 committees and task forces 
composed of more than 1,800 administrators, engineers, social scientists, and educators 
who serve without compensation. The program is supported by state transportation and 
highway departments, the U.S. Department of Transportation, and other organizations 
interested in the development of transportation. 

The Transportation Research Board operates within the Commission on Sociotech-
nical Systems of the National Research Council. The Council was organized in 1916 
at the request of President Woodrow Wilson as an agency of the National Academy of 
Sciences to enable the broad community of scientists and engineers to associate their 
efforts with those of the Academy membership. Members of the Council are appointed 
by the president of the Academy and are drawn from academic, industrial, and govern-
mental organizations throughout the United States. 

The National Academy of Sciences was established by a congressional act of incorpo-
ration signed by President Abraham Lincoln on March 3, 1863, to further science and 
its use for the general welfare by bringing together the most qualified individuals to deal 
with scientific and technological problems of broad significance. It is a private, honorary 
organization of more than 1,000 scientists elected on the basis of outstanding contribu-
tions to knowledge and is supported by private and public funds. Under the terms of its 
congressional charter, the Academy is called upon to act as an official—yet indepen-
dent—advisor to the federal government in any matter of science and technology, 
although it is not a government agency and its activities are not limited to those on 
behalf of the government. 

To share in the tasks of furthering science and engineering and of advising the federal 
government, the National Academy of Engineering was established on December 5, 

1964, under the authority of the act of incorporation of the National Academy of 
Sciences. Its advisory activities are closely coordinated with those of the National 
Academy of Sciences, but it is independent and autonomous in its organization and 
election of members. 	 - 
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