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Density Standards for Field Compaction of 
Granular Bases and Subbases 

An NCHRP staff digest of the essential findings from 
report on NCHRP Project 4-8(2), 

,-IE PROBLEM AND ITS SOLUTION 

There is reason to believe that in many state highway departments the procedures 
for determining laboratory maximum and target construction densities and the require­
ments for acceptance testing of granular materials are rather vague and not related 
to the intended behavior of the material in over-all pavement structure. In some 
states, the decision as to acceptability of a compacted granular base rests entirely 
with the resident engineer. Such a procedure 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 designs 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 highways, particularly bitumi­
nous pavements, that could be attributed 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 provide a realistic picture of the actual com­
paction 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, environment, 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 
particular conditions. 

This paper deals with procedures and criteria for the setting of density standards 
to control compaction during construction of granular base and subbase courses. The 
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findings, based on extensive laboratory testing, will be of interest to engineers 
concerned with the design, construction control, and performance of flexible pavements. 
Highway agencies may wish to consider adoption of the proposed specifications 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 con­
struction and maintenance. The findings have been published as NCHRP Report 100. 
Altogether, 52 studies with an estimated budget of $5.5 million were recommended. 
NCHRP Pr oject 4-8(2), "Density Standards for Field Compaction of Granular Ba&es 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 proce­
dures 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. 

The Clemson University researchers recognized that development and verification 
of completely new laboratory and field control procedures requiring drastic departure 
from current practices were -beyond the allotted funds and time for this project. As 
a result, the research emphasized an experimental analysis of procedures presently 
being used by state highway departments and the preparation of proposed modifications 
to these procedures. 

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

An extensive laboratory test program was conducted involving seven methods of 
compaction and four materials under various moisture conditions and gradations. A 
prototype field compaction testing program was conducted using the same four aggre­
gates. 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 densifi­
cation 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. 

Information from a review of the literature and current practice was combined 
with analysis of data from the testing program to produce a set of revised procedures 
for the control of compaction during construction of granular bases and subbases, 
including the following; 

1. Test methods for determining maximum laboratory densities. 

2. Criteria for arriving at target construction densities. 

3. Procedures for field control of compaction. 

The procedures and criteria proposed should be considered by highway agencies 
experiencing unsatisfactory pavement performance that may be attributable to 
inadequate compaction. The findings are also useful to agencies that have had no 
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such problems, because satisfactory performance might not indicate that density stan­
dards are adequate but rather that, possibly due to improved construction equipment, 
the base compaction obtained in the field may be greater than required by specifi­
cations. Improved compaction provisions would be advisable in either case. 

More detailed test results and descriptions of the c@.mpaction test methods 
and equipment are contained in the agency's final report,which is expected to be 
published in the NCHRP series in early 1974. Loan copies of the uncorrected draft 
of this final report are available upon request to the NCHRF Program Director, Highway 
Research Board, 2101 Constitution Avenue, N.W., Washington, D.C. 20418. 

FINDINGS 

Review of Literature and Current Praatiae 

The strength and compressibility of granular materials are influenced princi­
pally by (a) relative density, (b) particle shape, (c) moisture content, (d) 
confining pressure, and (e) gradation. These characteristics also have varying 
degrees of influence upon each other. This study was concerned primarily with the 
relative density or compaction of gr.!:µlular materials and the·related influences of 
gradation, particle shape, and moisture content on the attainment of compaction. 

Load-associated damage to bituminous pavements is usually characterized as 
cracking caused by excessive stresses and strains or as rutting in wheelpaths caused 
by further compaction of the base course. The literature supports the position 
that an increase of only a few pounds in compacted density of a generally well­
compacted granular base course can result in a substantial increase in strength. 
Adequate compaction is of increasing importance as highway agencies become more 
concerned about fatigue cracking of pavements thought to be structurally sound 
that are now exhibiting premature damage due to the rapidly increasing rate of 
loading. 

It has also been reported that during a field scudy in Georgia* traffic 
further compacted the crushed-stone base course in wheelpaths by as much as 15 
pcf over the as-constructed target density. Densification in the wheelpaths was 
much greater in saturated base sections, indicating the influence of moisture content 
on the attainment of compaction in the field. 

During the early stages of the project, a mail survey was conducted. In 
addition, 29 state highway departments were visited and various personnel were 
interviewed to determine present practices with regard to density standards and 
compaction control for granular base and subbase courses, as well as to obtain 
information on performance experience with granular materials and to identify any 
research or field studies that might be helpful in relating pavement performance 
to base course density. 

Responses from state highway departments to the questionnaries and the inter­
views indicated that most departments do not see a significant need for change in 
their procedures for compaction control of granular materials for bases and subbases. 
They generally believe that they can obtain the desired density of aggregate bases 
and subbases using present compaction control. 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 determined in the 

*Adams, L. G., "Interdepart. Correspondence to Thomas D. Moreland, Subject 
Investigation of 1-75-3(23)319 in Barstow - Gordon Counties," State Highway 
Department of Georgia, Mar. 18, 1970. 
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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 consider this a 
pressing problem. 

Although most of those interviewed expressed the opinion that they have not 
recently had difficulty with granular bases and subbases, particularly with respect 
to compaction, their conclusions may not 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 performance they do observe 
to the performance of the base and subbase materials. Yet, more than one highway 
engineer expressed the opinion that less variation 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 evident that the majority of highway departments have had no significant 
density control experience other than with the Proctor-type apparatus. Those that 
have considered or are considering changes in their compaction control are considering 
vibratory density tests and control strip test sections. 

Testing Program 

In an attempt to determine which laboratory methods would be suitable for set­
ting field target densities, project investigators evaluated seven laboratory 
compaction test methods and compared the densities thus obtained with densities 
obtained from full-scale compactions. The laboratory compaction tests investigated 
were (1) AASHO T-180, Method C, (2) gyratory compaction, (3) vibratory barnmer,(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 MSHO T-180 procedure 
except that the Marshall hammer (ASTM D-1559-58T) is utilized and 40 blows per layer 
~re applied]. Four replicates of each test were performed on each of four granular 
materials. The four materials used were (1) dolomitic limestone similar to that used 
as a base course for the MSHO Road Test, (2) granite-gneiss from the southeast, (3) 
crushed gravel from the north central, and (4) basalt from the northwest. In addition 
to variations in test methods and materials, the laboratory test program considered 
the effect of variations in gradations and between test operators. These materials 
were graded at three gradations representing the upper, middle, and lower limits of 
a typical gradation band for two different aggregates whose maximum sizes were 3/4 
in. and 11/2 in. Specific gravity and angularity determinations were also made for 
each aggregate. 

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 pits were constructed. These prototype base courses were placed in 8 x 12-ft 
test pits over compacted subgrades with moduli of subgrade reactions of 330 and 465 
pci. The ideal gradations of the four materials were placed in two 4-in. layers. 
The first layer was compacted with a "wacker" tamper and the second layer with a 
12-ton vibratory roller until no further densification was obtained. 

Compaation Test ResuZts 

The results of eight different methods for determining the maximum dry density 
of the four granular base materials are summarized in Table 1. The Washington Method 
606A is treated as two methods because results derived from actual tests of full­
graded samples are not a required part of the standard test procedure. However, these 
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tests were performed and the results were evaluated so that the method and equipment 
could be compared directly with other test methods utilizing full-graded samples. 
The alternate to the Washington method is the standard procedure specified by the 
Washington Highway Department in which the maximum dry density is obtained from theo­
retical curves derived from test results of the plus No. 4 fraction, the minus No. 4 
fraction, and the specific gravity of the two fractions. 

Table 1 summarizes these results for the average of all materials for each of 
the maximum sizes evaluated, tested in both the wet and dry condition. Results for 
1 1/2-in. maximum size materials were obtained by correcting for oversize where size 
of the material (basalt) or test mold (diameter less than 6 in.) did not permit test­
ing 1 1/2-in. maximum size material. 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. 

Comparison with Test Pit Density 

Figures 1 and 2 are graphic presentations of the relationships between the maxi­
mum dry density obtained 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. The average field compacted density is shown as 100 percent for each 
aggregate. The same relationships for the average of all four base materials are 
shown in Figure 3. The maximum dry density for each test method was taken from a field 
curve in which the actual gradation of the base material compacted in the test pits 
was used to determine the laboratory maximum density obtainable for that particular 
gradation. Where necessary, correction for overs~e material in actual test pit grada­
tions was also used to obtain the laboratory maximum dry density for those test methods 
utilizing 3/4-in. maximum size (scalped) samples. Thus, the procedure 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. 

APPLICATIONS 

The report contains a discussion of the relative merits of compaction test 
methods, including a subjective evaluation based on flexibility and applicability 
to field use, ease and rapidity of performing tests, cost, and reliability of 
equipment. The researchers concluded that "(c)onsidering the ove~-all advantages, 
disadvantages, and capabilities of the various test methods and procedures evalu­
ated, the Vibratory Hammer method, as developed by the FHWA and/or the Marshall 
Hammer Test Method are recommended for compaction control of granular bases and 
subbases. The Washington Test Method 606A 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." 

On the basis of the review of literature and current practice and a compre­
hensive statistical analysis of the test data, the researchers arrived at the 
following recommendations for density standards and control of compaction of 
granular base and subbase courses. 

Proposed Specifications foP 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 
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with the minimum 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;" or the method of determining 
the "Maximum Density of Dense-Graded Aggregate Using the 10-lb Marshall Hammer 
and an 18-in. Drop." 

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, t he sample need not meet thes e gr adation requirements provided 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 scr eening the material from 
the density test holes or locations. 

If a field curve is to be used for obtaining the standard density, the fol­
lowing procedure for constructing the field curve is recommended. A representative 
s ample of aggregate (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 pre­
pared in the following five subsample combinations to be tested using the FHWA 
method (Appendix D): 

Gradation Weight 

1. Near the middle of the job-mix gradation band 40 lb 
2. 10% more passing the No. 4 sieve than subsample 1 40 lb 

3. 10% less passing the No. 4 sieve than ~ubsal"ple 1 40 lb 
4. 100% passing the No. 4 sieve 10 lb 
5. 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 t he maximum dry density . ) The field curve is then plotted using the 
gradation and dry density data obtained from tests of the five gradations. 

If desired, the same basic procedure described above may be carried out using 
the Washington spring-loaded compactor rather than the FHWA test method. Tests 
with the Washington apparatus should be performed as specified in Appendix F, Part 
1, of the agency's final report, but using the full-graded subsamp les listed above 
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 Washi ngton 606A procedure. 

It is intended that the above 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 
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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 apparatus 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, t~ 
test hole may partially collapse and the resulting density test result can be con­
siderably higher than the true value 

ConcZusions 

It was evident from interviews with highway engineers and study of road test 
data that detailed information on construction density of granular bases and sub­
bases was generally incomplete and unreliable. More and better information is 
needed on granular base projects so that a more accurate analysis of the performance 
of the base and subbase as well as surface layers of the flexible pavement system 
can be made. The researchers reconnnended 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 per­
formance and, once the effects of traffic have stabilized, rutting and density 
measurements should be made to determine the changes that have occurred from the 
effects of traffic and environment. This type of information will enable engineers 
to more accurately assess the adequacy of existing and proposed granular base and 
subbase compaction control 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 hanuner test methods have not been applied 
to general field use. Therefore, independent testing and evaluation of these 
methods should be continued to gain more experience with a variety of materials 
and field conditions. These new test methods and procedures should be compared 
with popular compaction test methods in use. It is also recommended that equip­
ment for the mechanization of the Marshall hammer test be developed or adapted from 
existing mechanical compactor designs. 
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Table 1. Summary of Compaction Test Results for Average 
of All Materials and Gradations. 

I 1 /2- inch Max. Si ze
10

' 3/4-inch Max. Size Mi nus No. 4 Fraction 

Dry+ Wet+ Dry Wet Dry Wet 
Tes t 

Method pcf Rank pcf Rank pcf Rank pcf Rank pcf Rank pcf 

Gyratory ya 147.6 1 151.8 I 145. 1 1 150.2 1 
s b 1 .14 3 0. 71 2 1. 39 5 0.86 2 y 

Marsha 11 y 142.9 3 145.0 2 139. 1 5 142.0 2 136.8 1 136.4 
Hammer s 1 .41 5 0.63 1 1. 78 8 0.74 I 0.41 1 1. 19 y 

Wash. 606A y 140.1 6 143.9 5 139.5 4 141.2 4 136.0 2 133.2 
(Tests)c s 1. 48 6 1. 14 5 1. 4 3 6 1. 29 5 1. 39 C 1. '.JO y 

., 

' Wash. 606A y 142.7 4 142.3 7 141.2 2 140.0 5 
(Curves)d s 0.63 1 0.90 3 0. 70 1 1.06 4 y 

AASHO T-180 y 140.9 5 142 .8 6 137 .0 6 139.4 7 134.7 4 132.8 

s 1. 12 2 1. 29 6 1. 35 y 4 1.54 6 0.85 4 l. 18 

ASTM D-2049 y 137,7 8 143 .8 3 134,5 7 139.7 6 127.8 6 133.6 

s 1.52 7 l.98 8 1. 17 2 2.8e 8 l. 56 6 3.31 y 

Vibratory y 143.2 2 143.b 4 141.0 3 141. 5 3 135.0 3 131 .4 
Hammer s 1.67 8 0.93 4 y 1. 31 3 1. 00 3 o.84 3 0.44 

Michigan y 137.8 7 135.2 8 133.5 8 135. 1 8 128.6 5 127.3 
Cone s 1. 26 4 1. 71 7 1.50 7 2.33 7 o.47 2 2. 79 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 1 1/2-
inch maximum size material. 

+ Refers to the condition of the sample during compaction. 
a Dry Density in pcf. 

b S = St anda rd e rror of est i mate. 
y 

C 

d 
Results from laboratory tests. 

Results w~.e .Jerived from theoretical curves c;0La11,ed from test results 
of the plus No. 4 fraction and minus No. 4 fraction. 

Rank 

1 

3 

3 

4 

4 

2 

2 
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5 
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5 
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Figure 3. Percentage of Test Pit Dry Density Obtained from Various Laboratory 
Compaction Test Methods (Average of All Materials). 
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