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This report contains the methods and results of measuring . the variability 
of percent compaction and moisture content of compacted embankments in 
acceptable highway construction in North Dakota. Separate from the State 
Highway Department's control sampling, randomly located samples were 
taken on each of three typical. construction projects. At each sample loca
tion, the following duplicate samples were taken: (a) in-place density using 
the water- balloon method; (b) in-place moisture by drying two soil s amples; 
(c) moisture and density using a nuclear moisture-density gage in both 
direct transmission and backscatter positions ; and (d) a sack sample for 
determination of maximum density. For comparison, State Highway De
partment data collected during the same construction period are also 
reported. 

The major conclusions are that (a) the variability in percent compaction 
is large-for example, every third sample will deviate from the average by 
at least 3 to 5 percent; (b) the average percent compaction was very near 
the required minimum; (c) the higher in-place densities and lower standard 
deviations of the highway department results could have resulted from the 
use of representative samples or from resampling; (d) a laboratory cali
bration of the two nuclear density gages indicated very close agreement 
with the manufacturer's curves; (e) the nuclear instrument, when in the 
direct transmission position, is a much more reliable indicator of field 
density than when in a backscatter position and is slightly more reliable 
than the conventional water-balloon tests; and (f) the air- gap procedure 
was more reliable than the standard block only on that project believed to 
have a larger variation in chemical content of the soil. 

•ANYONE involved in highway construction is aware of a degree of variability in the 
constructed product. This variability has often been the source of problems among 
the many professions connected with highway construction-engineers, contractors, 
auditors, federal agencies, administrators, and politicians. A possible solution to 
these problems is the implementation of construction specifications based on the vari
ability of the constructed product. Prior to this implementation, however, the vari
ability must be measured. It was the purpose of this research to measure the vari
ability of percent compaction and moisture content in acceptable highway construction 
in North Dakota. 

With the increasing rate of construction, there is a corresponding need for methods 
of conducting quick, accurate control tests. A method of testing that has shown promise 
in other areas, but prior to 1967 has not undergone thorough field tests in North Dakota, 
is a nuclear instrument for measuring soil density and moisture content. A second 
purpose of this research was to compare the accuracy of the nuclear instrument with 
the conventional tests that use a water-balloon for density and drying for moisture. The 
nuclear instrument was used in both the backscatter and direct transmission position 
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for both standard count ratio and air- gap ratio with the intention of comparing the ac
curacy of each method. Before and during field use, the instruments were calibrated 
with soils of known densities. 

DATA COLLECTION 

To evaluate the true average and variability of present acceptable construction, it 
was necessary that (a) the sampling take place only after the compaction had been ap
proved by the present control methods, and (b) the sample locations be selected on a 
purely random basis. This was accomplished by following the general sampling pro
cedure as suggested in a research guide published in 1965 by the U.S. Bureau of Public 
Roads (1). 

Three grading projects were selected for tes ting. Each was located in a m ajor 
geological area of the state. Project 1 (Fingal ) was located in the glaciated soil area. 
Project 2 (Max) was located in the end moraine area and Project 3 (Belfield) was in 
the nonglaciated area in the southwest corner of the state. A fourth geological area 
was not represented-the glacial lake area on the eastern edge of the state. With the 
exception of this glacial lake area, it was planned that the three projects would repre
sent the range in variability in the state. 

In each project, 50 samples were taken from approximately 100,000 cu yd of em
bankment. This embankment was divided into 20 units of approximately 5,000 cu yd 
each. Ten of these units were selected as follows: (a) using random numbers and the 
length of the sampling unit, the stations for the samples were selected; and (b) using 
random numbers along with the old and new cross sections for that station, the offset 
and depth coordinate locations for the samples were selected. This procedure located 
the sampling unit, which was a square yard of compacted roadway a lift (1 ft) in 
thickness. 

The square yard was divided into nine 1-sq ft units, from which two were selected 
by random numbers for testing. At each of these 1-ft sq locations, the following tests 
were run: (a) in-place density using the water-balloon method; (b) in-place moisture 
by drying two soil samples; (c) density and moisture content r eadings using a nuclear 
moisture- density gage; and (d) sack samples taken for determination of Proctor density 
in the laboratory. The nuclear moisture-density gage was used in both the backscatter 
and direct transmission positions. In the backscatter position, the following readings 
were La.Keu: ilu::su ut:u~.ii.y, .Llui,11 iJ.iuiotui-c cv11tc1J.t, 2-ill. <:iii"- 6"-P d~~::;it:t, ~'"1.d ct~d~d 
counts for moisture and density. A direct transmission reading was taken with the 
probe penetrating 6 in. into the soil. The results of the data collection are discussed 
later. As a matter of gener al inter est, results on the first ten s amples in Project 
2 are reported in the Appendix. 

HIGHWAY DEPARTMENT SPECIFICATIONS 

The specification under which the projects were constructed are contained in this 
section. The standard specifications call for a compaction of not less than 90 percent 
of maximum dry density where the maximum dry density is based on AASHO Designa
tion T 180. The moisture content at the time of compaction was to be not less than 75 
percent of optimum nor more than that which will permit compaction to the required 
density. These standard specifications were in force on Projects 1 and 2. 

Special provisions were enacted for Project 3 that changed the compaction and 
moisture requirements. All embankment 4 ft below the finished grade line of earth
work was to be constructed in accordance with the standard specifications with the ex
ception that the embankment be compacted to not less than 85 percent of maximum dry 
density (T 180). The compaction of the upper 4 ft of embankment was to be not less 
than 95 percent of maximum dry density where the maximum dry density was deter
mined in accordance with AASHO Designation T 99. The moisture content of the soil 
(in the top 4 ft of embankment) at the time of compaction was to be not less than 4 per
centage points below optimum nor more than that which would permit compaction to 
the required density. 
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RESULTS OF CONVENTIONAL TEST METHODS 

Research Data 

The percent compaction for the three projects is shown in Figure 1. Field density 
was measured by the water-balloon method. Maximum dry density was obtained from 
a standard Proctor test on the same soil that was measured for field density. Along 
with the frequency distribution, the following factors are reported: X, average per
cent compaction; a, standard deviation of all the observations in the project; cra, stan
dard deviation of adjacent observations; and n, the number of observations in the proj
ect. The small number of duplicate samples reported in Project 3 is caused in part 
by rainy weather that curtailed sampling, and partly by a number of samples having 
a different required percent compaction. The reported samples are for the top 4 ft 
of embankment in Project 3. 

The standard deviation is a quantitative measure of the variability. It can be used 
to make probability statements on the variability of the data under study. For example, 
68 percent of the time an observation will be within plus or minus one standard devia
tion of its average value, and 95 percent of the time an observation will be within plus 
or minus 1.96 standard deviations of its average value. 

Two different standard deviations for each project result from an analysis of vari
ance of the data. The analysis of variance separates the sampling and testing standard 
deviation from the total standard deviation. The sampling and testing standard devia
tion results from a difference in observations of the two adjacent tests and is reported 
here as cra . The standard deviation, a, results from a difference in observations of 
two tests located anywhere in the project. Applying these ideas to Project 1, it can be 
said that 95 percent of the time the difference between a test value and the true average 
will be less than 6.5 percent compaction. Similarily, for two samples located anywhere 
in the project, 95 percent of the time the difference will be less than 8.8 percent com
paction. Likewise, the percent compaction values will be less than 10.3 and 15.7 per
cent for Project 2 and 7 .6 and 9.5 percent for Project 3. 

Comparison of the required percent compaction and the average percent compaction 
indicated that the average is slightly less for Projects 1 and 2, and slightly more for 
Project 3. Another indication of the level of percent compaction is the percentage 
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Figure l. Percent compaction, research 
data. 

of samples with compaction less than that re
quired. These values for Projects 1, 2, and 3 
are 52, 53, and 20 percent respectively. 

A second variable studied is the moisture 
content. The moisture content alone is not of 
much interest, but rather is used in reference 
to the optimum moisture for the soil. In Figure 
2 are shown the field moisture minus optimum 
moisture for the three projects. It can be ob
served that the average field moisture is near 
optimum for Projects 2 and 3, whereas it is 
about 4 percent greater than optimum for Project 
1. This agrees with the field conditions during 
the sampling because Project 1 was temporarily 
stopped because of rain just prior to the research 
sampling. It can also be observed that the stan
dard deviations of the differences in moisture 
content for the three projects are nearly equal. 

HIGHWAY DEPARTMENT DATA 

On completion of the testing, the State High
way Department made available their compaction 
control data for the three projects under study. 
The percent compaction data, shown in Figure 
3, are for the same sections of roadway used in 
the research study. Recorded for each project 
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are the required percent compaction, average percent compaction, standard deviation, 
and number of samples. Because the tests were not run in duplicate, it was not possible 
to identify that portion of the standard deviation due to sampling and testing of adjacent 
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samples. The standard deviation reported rep
resents differences in samples taken anywhere 
in the project. It can be noted for each of the 
projects that the average percent compaction 
i:s greater than foe requireu cumyadiun. Ali 
three projects have samples with less than the 
required density. However, most of these sam
ples are within ½ percent of the required mini
mum. In Project 1, 6 percent of the samples 
were more than ½ percent below the required 
density. 

Data on moisture content are shown in Figure 
4. The numbers indicate the average field mois
ture content to be at about the optimum moisture 
content. Also, the standard deviation of difference 
in moisture content is about the same for the three 
projects. 

Comparison of Highway Department 
and Research Data 

It is interesting to compare the State Highway 
Department data with the research data from con
ventional tests. Figures 1 and 3 show that the 
average percent compaction for each project for 
the highway department data is about three per
centage points greater than that for the research 
data. Also, there is a considerable difference in 
the shape of the frequency distribution curves. 
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TABLE 1 

AVERAGE IN-PLACE AND MAXIMUM DRY DENSITY 

in-Place Dry Density Maximum Dry Density 
Data 

Proj. 1 Proj. 2 Proj. 3 Proj. 1 Proj. 2 Proj. 3 

Highway department 106. 8 112.0 105 . 2 117.0 120. 2 103 . 3 

Research 102 . 0 105. 9 100. 4 115.2 119.0 102. 7 

Highway department vs research 1. 05 1.06 1. 04 1. 02 1. 01 1.00 

The research data are more symmetrical and have a larger range than the highway 
department data. Standard deviations for the research data are about twice that of 
the highway department data for Projects 1 and 2. However, the standard deviations 
are about equal for Project 3. 

Although the percent compaction from the two sources shows considerable difference, 
the difference in moisture content is not readily discernible. Figures 2 and 4 indicate 
nearly equal standard deviations. The averages are also fairly close with the exception 
of Project 1, which is about 3 percent higher for the research data. 

The difference in percent compaction comes from two basic sources. Because the 
percent compaction is a ratio of the in-place field density and the maximum dry density, 
the difference could result from a difference in either or both of these values. The 
source of this difference may be determined by comparing the average in-place density 
and average maximum dry density as obtained from research and highway department 
data for each of the projects. These values, along with a ratio of highway department 
values to research values, are given in Table 1. Noting that the ratios are about 1.05 
for the in-place dry density and about unity for the maximum dry density, it can be 
concluded that the difference in average percent compaction between the highway de
partment and research data resulted from the larger in-place dry density in the high
way department data. 

What are the causes for this difference in average dry density and in variability of 
percent compaction between the highway department and research data? Possible 
causes are sample location, testing technique, resampling, and the presence of a re
quired percent compaction. 

Sample locations for the research data were selected solely through the use of ran
dom numbers. That is, the bias of the technician had no effect on sample location. 
Sample locations for the highway department data were selected by the technician as 
being representative of the compaction in the area under question. This would intro
duce a bias if the technician were able to judge relative compaction prior to selecting 
a sample location. This bias could change both the mean and standard deviation of the 
test results. If either the denser or looser soil were sampled, this would be indicated 
by a lower or higher than true average dry density. If samples are being selected as 
representative of the average density, then the variability (standard deviation) of the 
test results will be lower than the true variability because samples from neither the 
low nor high densities will be selected. 

Testing technique is another possible source of error. An attempt was made for 
the research personnel to use the same testing technique with the water-balloon method 
as was standard practice with the highway department. In particular, the base plate 
was staked in place and an auger was used to remove the soil. The less care and con
sistency exercised in performing the tests, the greater is the variability (standard de
viation) of the test results. This might explain the larger standard deviation of the 
research test results on percent compaction; however, it is doubtful because the same 
degree of care would have been used on moisture content determination and in this case 
the standard deviation of highway department and research data are nearly identical. 
It should be noted that a portion of the highway department data in Projects 1 and 3 was 
taken with a nuclear instrument rather than the water-balloon method. This may have 
affected the results. 
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Figure 5. Effect of resampling. 

Resampling can contribute to a change in 
both the average and standard deviation of the 
test results. For example, consider the case 
where the embankment has been compacted 
to an average density of 85 percent. The 
actual frequency distribution of the test re
sults may be as shown in Figure 5a. If all 
tests indicating a compaction less than re
quired are discarded, the resulting frequency 
distribution of the recorded test results will 
be as shown in Figure 5b. By comparing the 

two frequency distributions of Figure 5, it can be observed that the effect of resampling 
is both to increase the average percent compaction and to reduce the variability (stan
dard deviation). 

The last factor to explain this difference in test results is the effect of the presence 
of required percent compaction. There may be a tendency on the technician's part to 
record those tests with results just below passing as passing. This would especially 
be true if, in the opinion of the technician, the compaction was considered to be adequate 
and he was just looking for a test result to verify that opinion. The technician collect
ing the research data was not under pressure of evaluating the adequacy of the compac
tion, nor did he perform at that time the calculation of the densities. 

Comparison With Results of Others 

Before it is hastily concluded that the data presented are an indication of poor-quality 
construction, these results should be compared with compaction results from other 
areas. The prime example of expert care and control in construction (and yet not meet
ing the specifications) is the construction of the AASHO Road Test tract. About 9 per
cent of all compaction tests on embankment material were below the specified minimum 
requirement. 

A research report from the California Division of Highways on three of their con
struction projects indicates that the average percent compaction was from 0.5 to 3.5 
percent greater than the required compaction (2). The standard deviation ranged from 
?_A f.n " .. ~ :p.o ... ,...ont ronni:pt:l,..tinn, 4::1,i,.f tho ruli'rl"O.nt~o nf ~!lmrlD~ urith 1~~~ th:1n thP rP.-

quired compaction on the three projects was 9, 24, and 43 percent. 
A research report from the Indiana State Highway Commission states that, for the 

three construction projects they tested, the average percent compaction was from 3.2 
percent below to 0.6 percent above the required compaction (3). The standard devia
tion ranged from 4.5 to 5.7 percent compaction, whereas the percentage of samples with 
less than the required compaction on the three projects was 48, 68, and 72 percent. 

NUCLEAR INSTRUMENT CALIBRATION 

To date, nuclear instruments for measuring soil density and moisture have not been 
universally accepted. This is partly because of the variability in their results. It has 
been observed that the nuclear density values are a function of both the soil density and 
the chemical content. It was recently suggested that the chemical effect could be over
come by use of an air-gap procedure (4). For this reason, it was decided to calibrate 
the nuclear instrument for the purpose- of verifying the manufacturer's curve and for 
establishing a curve based on the air- gap procedure. 

The nuclear moisture-density instruments used were manufactured by Troxler Elec
tronic Laboratories. Each instrument came in two parts, a gage and a scaler. The 
gage was Model SCM-227 surface and subsurface density and surface moisture gage. 
A Model 200-B transistorized portable scaler was used. As previously stated, the 
density gage could be used in either the direct transmission or backscatter positions. 

The air- gap ratio method consists of two readings; one records the radiation count 
from the backscatter or direct transmission with the density gage flush with the soil, 
and the other records the radiation count from backscatter with the density gage supported 
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a distance (about 2 in.) above the soil. The ratio of these two readings together with 
a calibration curve is used to obtain the soil densities. 

Prior to actual calibration, it is necessary to establish the distance or air gap be
tween the soil and the instrument. The proced~re consists of recording and plotting 
the radiation count vs air gap for gaps ranging from 0 to 3 in. The air gap to use is the 
one with the maximum count for the most typical materials (4). By this procedure, an 
air gap of 2 in. was selected. -

The calibration procedure was as follows: 

1. Soils were selected for their range in densities from 75 to 140 pcf (pounds per 
cubic foot) by using sand, clay, pea gravel, and combinations thereof. 

2. A rigid box open on the top and of known weight and volume was constructed 
(14 by 14 by 12 in.). 

3. Samples were prepared in the box by placing the soil in layers to obtain uniform 
density. To obtain dense samples, the layers were compacted with a Proctor hammer. 

4. Flush backscatter, air-gap backscatter, and direct transmission readings were 
taken for each instrument on the prepared soil. Readings were also taken on the stan
dard block. 

5. The box was weighed and the density computed from the known volume and weight 
of the box. 

Using this procedure, nuclear readings were taken on as many as ten soil samples. 
It was then necessary to use the data to develop equations relating the nuclear read

ings and soil density. An equation of the following form was developed: 

(1) 

where C1 and C2 are constants determined from the regression analysis, and f(X1/X2) 
is a function of the ratio of two nuclear radiation counts, X1 and X2. 

The regression equation will give only estimates of the wet density. The accuracy 
of this estimate is indicated by the standard deviation of the wet density. The equation 
that gives the smallest standard deviation of the wet density would give the most accu
rate estimates. Table 2 gives the standard deviations for selected equations. The 
first column of Table 2 contains the functions of the two nuclear radiation coW1ts; the 
terms refer to the position of the gage when the counts were made. 

One can first observe that the log functions are desired over the straight ratios 
because they give equal or lower standard deviations. The probe (direct transmission) 
equations have standard deviations about half of those for flush (backscatter). The 
desirability of the air-gap reading in place of the standard reading is not clearly indi
cated because the standard deviation for the air gap is lower with instrument 205 and 
higher with 228. Only six samples were tested in the flush position for instrument 
228; hence, the large standard deviations reported for that case are not very reliable. 

To compare the manufacturer's equations with those derived above, the two lines 
with the data points are plotted in Figures 6 and 7. The equations are of the standard 
type (Eq. 1) with log (flush or probe count/standard count) inserted for f(X1/X2). It 

TABLE 2 

STANDARD DEVIATION FOR WET DENSITY EQUATIONS 

Standard Deviations, pcf 

can be noted that the laboratory curves 
fall almost on top of the manufacturer's 
curves with the exception of the flush 
(backscatter) equation for instrument 228. 

The equations and points employing the 
f(X/X2 ) 

Instrument 205 Instrument 228 log of the air- gap ratio are plotted in 

Flush/ standard 
Probe/ standard 
Log (flush/standard) 
Log (probe/ standard) 
Flush/air gap 
Probe / all" 11np 
Log (nush/ alr gnp) 
Log (probe/ air gap) 

8.9 
6. 7 
8.9 
5. 5 
8.2 
5. 5 
8.0 
4.5 

13. 3 
4 . 7 

13. 0 
3.3 

14. 3 
5. 5 

14. 2 
3. 9 

Figures 8 and 9. The instrument manu
facturer did not supply curves with which 
to compare these equations. 

After completing the field work, typical 
soil samples from each project were used 
in calibrating the two instruments. How
ever, the resulting densities were not of 
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sufficient range to provide a meaningful calibration. Hence, the results are not 
reported. 

A limited amount of calibration work was done on moisture contents. The data 
points, resulting regression curves, and manufacturer's curves are reported in Figures 
10 and 11. For the typical range of values for instrument 205, 10 to 25 pcf, the manu
facturer's and laboratory curves are nearly identical. For instrument 228, the labora
tory curve gives approximately 1.5 pcf greater than the manufacturer's curves. The 
standard deviation from the wet density equations are 1.3 and 1.2 for instruments 205 
and 228 respectively. 
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Figure 8. Calibration curves using air-gap 
count, instrument 205. 
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RESULTS OF NUCLEAR TEST METHODS 

Two sets of nuclear density data are reported for each project. One set is based 
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on the air-gap procedure using the laboratory-prepared calibration curves. The other 
uses the standard block based on the manufacturer's curves. In the case of the air gap, 
the laboratory curves are used because the manufacturer did not supply air-gap curves. 
Manufacturer's curves were used with the standard block because the laboratory and 
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manufacturer's curves were nearly identical. 
All moisture contents were based on the manu
facturer ' s curves . 

The nuclear density data are reported in 
percent of Proctor compaction in Figures 12, 
13, and 14 for Projects 1, 2, and 3 respectively. 
The upper two frequency distributions are for 
densities based on the air- gap laboratory curve 
whereas the lower two are for densities based 
on the standard block, manufacturer's curve. 
Each set of data contains results from direct 
transmission (6-in. probe) tests and from 
backscatter tests. Besides the frequency dis
tribution, there is also reported the average 
percent compaction, X; the standard deviation 
of all observations, a ; the standard deviation 
of adjacent observations, aa; and the number 
of observations, n, for each series of tests. 

These data can be compared with the intent 
of selecting the test method that is the most 
reliable indicator of the percent compaction. 
The test method with the lowest standard de
viation of test values (that is, having the least 
scatter) is the most reliable test method. 

In comparing the backscatter with the direct 
transmission, it is noted that the backscatter 

tests all indicate larger standard deviations. In fact, they are sometimes more than 
twice as great as those for the corresponding direct transmission results. Hence, the 
direct transmission tests are more reliable. 

Next, the direct transmission standard block is compared with the direct trans
mission air gap. For Projects 1 and 2, the standard deviations are nearly equal; how
ever, for Project 3 the standard deviation of the air gap tests is one-fourth lower than 
the standard deviation for the standard block tests. Project 3 is in an area expected to 
1..:uul.a.i11 a la.1.·gt::£ rc:t.11gt: .iu ~lJCiitica.l cvut~llt iu t!"".lc avil ~~a.&~ i;;. t!";.~ Gt~~:::" t;·.,·0 p~~j~::t~, 
which explains the lower standard deviation for the air-gap tests. 

A comparison of the average percent compaction for the direct transmission test 
methods indicates the air- gap tests to be from 2 to 4 percent higher. An instrument 
calibration involving more than the six to ten points used here may have resulted in a 
curve indicating a lower percent compaction. 

Finally, a comparison is made of the nuclear densities and the water-balloon densi
ties. The water-balloon average densities agree best with the direct transmission 
standard block average densities. In all three projects, lower standard deviations oc
cur for one or both of the nuclear direct transmission tests than for the water-balloon 
tests. This indicates that the nuclear direct transmission tests are more reliable than 
the conventional water- balloon tests. 

CONCLUSIONS 
Through research, many heretofore unknown facts are brought to light. Probably 

the most significant observation from this research is the degree of variability in ac
ceptable embankment compaction. It may be startling for someone experienced in high
way construction to learn that every third test will deviate from the average percent 
compaction by at least 3.3 to 5.3 percent (if the maximum dr y density were 100 pcf, this 
would be a difference in dry density of 3.3 to 5.3 pcf). Similarly, for random samples 
taken from anywhere in the project, the difference in percent compaction would be at 
least from 4.5 to 8.0 percent (the different percentages are for the different projects). 
Other pertinent conclusions are listed below: 

1. The average percent compaction was very near the required minimum percent 
compaction, which led to a substantial portion of the samples with densities less than 
the required minimum. 
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2. The highway department data reported higher in-place densities and lower stan
dard deviations on percent compaction. This could have resulted from the use of rep
resentative rather than random samples, resampling, and the presence of a required 
percent compaction. 

3. The average maximum dry densities for the research and highway department 
data were nearly equal. This, no doubt, is gratifying to the highway department be
cause the research data were obtained from a laboratory test on each sample, whereas 
the highway department data result from the technician matching the field soil with a 
description of the soil compacted in the laboratory prior to construction. 

4. Results of similar research projects in other states have also shown the large 
variability and large percentage of samples with densities less than the required 
minimum. 

5. A laboratory calibration of the two nuclear density gages indicated very close 
agreement with the manufacturer's curves. Hence, the manufacturer's curves are 
adequate for field use. 

6. For the make of nuclear instruments used, the direct transmission position is 
a much more reliable indicator of field density than the backscatter position and 
slightly more reliable than conventional water-balloon tests. 

7. The air-gap procedure was more reliable than the standard block only in that 
project believed to have a larger variation in chemical content of the soil. 

RECOMMENDATIONS 

The report brings to light a significant degree of variability in the percent compac
tion in present highway construction. In order for construction specifications to be 
effective, they must incorporate this variability in a quantitative manner. It is there
fore recommended that (a) specifications containing acceptance sampling plans in
corporating this variability be written, and (b) these new specifications be put in trial 
use along with the present specifications to familiarize the contractor and engineer's 
field personnel with their application. 

Granted that this variability exists, one should ask, can it be reduced? If the vari
ability is a result of causes within the control of the engineer or contractor and if the 
control is not too costly, then the variability should be reduced. For example, an 
operator hauling over the same path would add to the variability. This variability 
could be reduced significantly through concern by the operator. Hence, it is recom
mended that the contractor and engineer work together to reduce the variability where 
possible. Statistics-based specifications are often written to provide incentives for 
the contractor to reduce the variability. 

Two methods of sample selection have been reported here-one using representa
tive samples, the other using random samples. It is only through random samples 
that one can obtain an unbiased estimate of the actual field density. It is recommended 
that sample locations be determined through the use of random numbers. (This change 
may be best made when and if the statistics-based specifications are employed.) 

On the question of quick field measurements, it is recommended that field moisture 
and density measurements be made with a direct transmission nuclear moisture-density 
instrument. It gives more accurate results than the present water-balloon method or 
the backscatter nuclear moisture-density instrument. The manufacturer's curve is 
recommended for use with the nuclear instrument. A calibration curve based on the 
air-gap procedure is advantageous in the nonglaciated areas of the state. 
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MOlA 11.0 15.7 
MOlB 11.2 10.8 
M02A 12.9 12.5 
M02B 15,4 12,7 
M03A 11..6 13.9 
M03B 13. 7 12.5 
M04A 15.0 15 .6 
M04B 13.8 13.8 
M05A 11.4 10,8 
M05B 10.8 12,0 
MOGA 15,6 12.3 
M06B 16.3 15,3 
M07A 13,7 12.7 
M07B 13,7 12.8 
M08A 16.7 17,0 
MOBB 15,l 14.B 
M09A 12.8 13.5 
M09B 13.9 14.1 
MlOA 9,6 10,5 
MlOB 11.2 11,0 

Appendix 

TYPICAL TEST RESULTS, 
FIRST TEN SAMPLES ON PROJECT 2 

13.4 14. 8 14. 8 12.0 
11.0 13.8 14 . 0 12. 0 117 . ~ 11 f;. n 1111 ~ l?? n 
12.7 12.9 13. 6 11.0 98.7 ·105. 2 100.0 124.0 
14.l 13.l 13,5 11.0 103.7 106.l 102.9 124,0 
14,3 16.0 14.8 13.0 105., 102.4 110.5 118. 0 
13.1 16.0 16.6 13.0 101. 0 102. 1 98.7 118.0 
15.3 17.5 15, 8 12.5 107. 6 102.9 113.7 121. 0 
13,6 15.0 14.5 12.5 119.3 110.1 114.1 121.0 
11.1 14.4 14.0 13.0 118. 4 114. 7 118.6 121.0 
11.4 13.6 14,2 13.0 120.0 117. 2 112.7 121. 0 
14,0 15.2 16.1 13.5 109,0 106,8 101.1 118.0 
15.8 10.9 16.6 13.5 106,3 107.2 102,4 118.0 
13.7 16.8 15.9 14,0 106.0 99, 2 104.7 117.0 
13.3 15,6 14.6 14.0 97.9 104,1 111.6 117.0 
16.9 16. 3 16,l 13.0 105.7 110.5 112.0 120. 0 
15.0 15.9 16.2 13.0 113. 4 109.6 107.7 120.0 
13.2 15.6 14,3 12.0 112 .9· 108, 0 117.7 121.0 
14,0 10.5 15.l 12.0 114.8 102.2 111, 4 121, 0 
10.1 12 . 3 13 . 5 12.0 109.9 108.6 99.2 120.0 
11.l 12.8 15 , 0 12.0 108, 9 107.3 91,1 120.0 

92. 1 j 
<J~ . ! ~.?. e 

79.6 84 . 9 80. 6 
83.2 85.6 83.0 
89. 8 86.7 93.6 
85.6 86.5 83.7 
89.0 85.0 9 3. 9 
98,6 91.0 94,3 
97. 8 94,8 98.0 
99.2 96.9 93.1 
92.4 90.5 85.7 
90.1 90.8 86, 8 
90.6 84.8 89.5 
83.7 89.0 95,4 
88.l 92,1 93, 4 
94.5 91. 3 89, 7 
93,3 89, 3 97.3 
94.9 84.5 92.l 
91. 5 90,5 82.7 
90, 8 89.4 75.9 




