DEVELOPMENT AND TRIAL USE OF

ACCEPTANCE SAMPLING PLANS FOR
COMPACTED EMBANKMENTS

James L. Jorgenson, North Dakota State University

The purpose of this research was to develop and put in trial use statisti-
cally based acceptance sampling plans for compacted embankments based
on the existing variability in acceptable construction. The first phase of
this research indicated that the trial specifications should have the follow-
ing characteristics: (a) Decisions should be based on the average of a
number of in-place density tests; (b) sample locations should be deter-
mined for random numbers; (c) specifications should provide an incentive for
the contractor to produce uniform compaction; and (d) specifications should
call for the same average degree of compaction as is accepted under the
current specifications. Specifications incorporating these characteristics
were developed and used along with current highway department specifica-
tions on 3 construction projects. The lot acceptance plan used a sample
size of 3 to 5 tests. A nuclear moisture-density instrument was used and
resulted in a testing and calculation time of from 40 to 90 min per lot. A
comparison of the current specifications that are based on representative
sampling with a specified minimum density indicated that (a) the average
lot test results for the representative sampling deviated from the random
test results depending on the judgment of the inspector, (b) of the 60 lots
accepted under the current specifications, 2 lots would have been rejected
under the trial specifications, and (c) 9 of the 67 lots accepted by the trial
specifications had one or more tests below the current specification limits
indicating that they could have been rejected by the current specifications.

®AN EVOLUTION is in progress. The evolution is in the updating of construction
specifications to account for the variability in the constructed product. Although varia-
bility has always been present in highway construction, it has been dealt with primarily
by judgment of inspectors or engineers. Although this process has produced many miles
of adequate highways, it has recently been complicated by many problems such as lack
of adequately trained inspectors; the need to explain specification results to federal
agencies, auditors, politicians, and the public; the variations in judgment among engi-
neers and inspectors; and the increased rate of construction. All of these factors have
put additional emphasis on the need for specifications that will clearly account for the
variability.

This problem is of national concern; approximately 40 states have recently conducted
research in this area. In 1967, the North Dakota State Highway Department sponsored
research to measure the variability present in acceptable compacted embankments (1).
This research is a continuation of that work. The purpose of this research was to de-
velop and put into trial use acceptance sampling plans for compacted embankments
based on the previously measured variability.

This report starts with an examination of the results of the variability study to note
the implications for improving the specifications. This is followed by the trial specifi-
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cations. Next, the collection of data andtheir application to the trial specifications are
discussed. A brief section indicates some statistically based construction specifications
in use by other states, and the last section examines the question of quality assurance,
i.e., a way of measuring the effectiveness of the different sampling plans.

VARIABILITY RESULTS AND IMPLICATIONS OF TRIAL SPECIFICATIONS

The research on variability of compacted embankment in North Dakota brought to
light many characteristics of currently acceptable construction. They are as follows:
(a) One of every 3 adjacent in-place density tests will deviate from the average by at
least 3 to 5 percent compaction depending on the construction project; (b) the nuclear
moisture-density gage when used in the direct transmission mode is a much more re-
liable indicator of field density than when used in the backscatter mode and slightly
more reliable than the conventional water-balloon method; and (c) there was a signifi-
cant difference in field density as measured by representative and random sampling.
The following paragraphs in this section expand on these observations and discuss their
implications on developing trial specifications.

The reason for measuring the density of the compacted embankment is to obtain in-
formation from which a decision will be made on the acceptability of the compaction.
For each decision made, there is a probability that the decision is incorrect (i.e., ac-
ceptable material may have been rejected or poor material may have been accepted).
The probability of the decision being incorrect increases with the variability of the in-
formation on which the decision is based. The variability of this information can be
reduced by basing the decision on the results of more than one in-place density test.
Therefore, the probability of making a correct decision on the acceptability of the com-
paction in the trial specifications is increased by basing this decision on the average
of a number of in-place density tests.

Those experienced in compaction checking know that the test results are very much
dependent on the judgment of the inspector in his selection of the representative sample.
In most cases (and this depends on the degree of experience of the inspector), the in-
spector can select locations where moisture or density is high or low. All inspectors
are not able to exercise this judgment uniformly, nor is a single inspector always con-
sistent. For example, the average percentage compaction on the 3 projects in the
variability research was from 2.8 to 4.4 pcf greater for the representative sampling
than for the random sampling. It is, therefore, necessary to select sample locations
by some means that eliminates (or reduces to a high degree) the bias of the inspector.
Herein lies the advantage of random sampling, for unbiased numbers are used to select
the sample locations. In the trial specifications, sample locations should be determined
by random numbers.

Currently, the variability in construction not only increases the chance of making a
wrong decision on its acceptability but also is a source of future maintenance problems
with the roadway. There is often disagreement among engineers as to the amount of
compaction desirable in a given roadway, but all will agree that the compaction should
be uniform throughout the roadway. The road surface is like a continuous beam; if all
the supports under the road surface settle the same amount, there is no distortion to the
road surface. However, if the subgrade settlement is not uniform, the roadway surface
will tend to break up. The variability is due partly to the use of heterogeneous soils and
partly to the way the soil is processed. The processing part of the variability can be
reduced by the contractor. The trial specifications should provide an incentive for the
contractor to produce uniform compaction. This is accomplished by having the required
average compaction for a series of tests increase as the range in the test results in-
crease.

The final characteristic of the trial specification is that it should call for the same
degree of compaction as was measured in the variability study. For example, when the
highway department specifications called for 90 percent of T-180, through random sam-
pling a density greater than 90 percent was actually obtained in about one-half the
samples. The average of the test results was near 90 percent, while 80 percent of the
samples had a density greater than 85 percent of T-180. Similarly, from the research
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data when 95 percent of T-99 compaction was called for, that obtained was 80 percent
of the samples with greater than 95 percent compaction. The trail specifications should
be written so as to obtain the same degree of compaction under new specifications as is
now being accepted.

TRIAL SPECIFICATIONS

The trial specifications were tailored to satisfy the requirements stated in the pre-
vious section. The portion pertaining to density and acceptance is as follows:

Density Requirements:

The target value for controlled density of the material shall be 85% of AASHO T-180 (or 95%
of AASHO T-99). The Quality Index, Q, of each lot for the density requirement based on 5 ran-
dom samples and the methods of ACP-1 (see below) shall be 0.36. Any AASHO standard test
method or an approved equivalent method may be used in determining inplace density.

The lot size shall normally be a day’s run. However, a lot of any size may be selected by the
Engineer when the factors affecting compaction exhibit variation, when an area is obviously defec-
tive, when approval is needed prior to placing another lift, or when the rate of construction is
greater than 10,000 cubic yards per day.

Acceptance Testing, Density:

Acceptance testing will be performed as soon as practicable after the contractor has informed
the engineer that the lot or sections within the lot are ready for test. Lots failing to meet the
Quality Index requirement shall be reworked by the contractor at his expense and be resubmitted
for acceptance testing. Retesting of reworked lots will be at the expense of the contractor at the
stated unit cost per test.

ACCEPTANCE PLAN NO. 1 (ACP-1)

1. Locate five sampling positions on the lot by use of a table or random numbers.

2. Make an inplace density and moisture test measurement at each location, and using the
proper maximum dry density, calculate the percent compaction at each location.

3. Add the measurements and divide by five to obtain X.

4. Find the range in measurements, R, by substracting the smallest value from the largest value
in the group of measurements.

5. The lot is acceptable if: X = L + R Q where L is the target-value percent compaction and Q
is the Quality Index given in the specification. i.e. accept if X = 85 + 0.36 R for T-180 compac-
tion and X = 95 + 0.36 R for T-99 compaction.

OTHER TRIAL SPECIFICATIONS

The 2 types of acceptance sampling plans are inspection by variables and inspection
by attributes. Inspection by variables applies when the characteristic measured is
given a numerical value. Inspection by attributes applies when the characteristic is
just given a suitable or defective classification. There are situations where inspection
by attributes must be used; however, more information about the material in question
can be derived through inspection by variables than by inspection by attributes. Hence,
the further discussion will be on inspection by variables.

Acceptance sampling plans by variables can be divided into 3 cases (2). The case to
use for a particular material or construction depends on the information known about
that material or construction. Case 1 is a plan to estimate the percentage of the mate-
rial within tolerance. It can be used when both the mean and standard deviation of the
measured property are unknown or are known to vary widely. Case 2 is a plan to pro-
vide fixed protection against accepting poor material. To use this plan, one must know
the average value of the measured property for unacceptable construction. Case 3 is a
planto provide fixed protection against accepting poor material or rejecting good material.
However, this plan can be used only when acceptable or unacceptable material or con-
struction canbe defined interms of its average value and the standard deviation is known.

Which of these 3 cases is applicable to subgrade compaction? Case 3 calls for the
standard deviation to be known, meaning that the standard deviations of the lots in a con-
struction project should be about equal. The range in lot standard deviations for the 3
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projects were project 1, 2.0 to 13.5; project 2, 2.0 to 7.0; and project 3, 0.5 to 9.9 The
large ranges in standard deviation values suggest that case 3 is not applicable. In order
to use case 2, one must know the average value of unacceptable construction. In refer-
ence to subgrade compaction, this value is unknown. Research on current construction
has indicated the average value of that being accepted but not the average value of that
being rejected. This value could possibly be developed on the basis of a laboratory in-
vestigation of subgrade stability. In the absence of an average value for unacceptable
subgrade compaction, the case 2 acceptance plan cannot be used. The remaining ac-
ceptance sampling plan is case 1, which is the type of planusedinthetrial specifications.

DATA COLLECTION

One man using a direct transmission nuclear instrument carried out the trial speci-
fications. Through discussion with the state inspector, he determined the largest size
lot that could be tested. The lot size was usually limited by the contractor's desire to
place material on the lot. Ten random numbers were selected that, when multiplied by
the lot size, determined the 5 sample locations.

The sample locations were stepped off and 1-min moisture and density count readings
were taken at each location. The readings, along with the calibration charts for the in-
strument, were used to obtain the in-place moisture and density of the soil. The maxi-
mum dry density for the soil in question was determined on advice of the state inspector.
The percentage compaction for each sample along with the average and range in values
was calculated. Therequired average percentage compaction for the 5 tests was cal-
culated according to the specification requirements. If the average of the 5 samples was
greater than the required average, the lot was accepted.

The time to carry out the testing for a sample size of 5 was as follows: 10 min to
determine sample locations, 30 to 60 min to do the testing (depending on the ease with
which the sample locations can be leveled by hand shovel), and 15 min to do the calcula-
tions necessary to determine whether the area is accepted. The testing was carried out
while the contractor was working on the lot. For a few of the smaller lots, there was
insufficient time to perform all 5 tests. For the 70 lots, 9 had 4 tests, 1 had 3 tests,
and the remainder had 5 tests.

RESULTS AND DISCUSSION

The numerical results for the 3 projects in which the trial specifications were simu-
lated are given in Tables 1, 2, and 3.

The lots varied in size from as small as 15 by 400 ft in project 1 to 60 by 3,000 ft in
project 3. Lot sizes in project 1 were limited to a 15 ft width because the testing was
done during the construction of the second stage of a 2-stage grading project. The com-
paction of all the lots was accepted by the current specifications.

For an individual lot, a considerable range in compaction values is observed, espe-
cially those for the trial specifications. This range brings a number of individual com-
paction values below the limits of the current department specification. For project 1,
8 of the 14 lots have one or more compaction values below 90 percent. Yet, only one
of those lots was rejected according to the trial specifications. This comparison is
made to point out that individual compaction values are not significant, and only infor-
mation derived from a number of test results has meaning.

A better understanding of the degree of compliance with the trial specifications can
be obtained if a plot is made of the measured average compaction and the required
average compaction for each lot. This plot for project 3, shown in Figure 1, illustrates
an interesting point. The compaction was more than adequate until lot 14 and the next
3 lots where the compaction was near or below the required value. At this point, the
contractor overreacted and produced much more than the required compaction for the
next 5 lots.

A comparison of the average percentage compaction for each lot as obtained from
highway department and trial specifications is shown in Figure 2 for project 3. The re-
search data are from random sample locations, and the department data are what the
inspector considered to be representative samples. The comparison can be considered
a measure of the ingpector's ability to select a sample, or samples, representing the
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average compaction of the lot. It can be observed that the major changes in density
were detected by the inspector. However, as the lot numbers increase, there is a
widening gap between the research and inspector's data. This indicates the inspector's
inability to consistently select average compaction values.

STATISTICALLY BASED SPECIFICATIONS IN USE BY OTHERS

In a 1968 report, the California Division of Highways summarized its research on
statistical quality control for a 4-year period (3). "The report proposed quality control
by moving averages using control charts. It is anticipated that this procedure will pro-
vide control without increasing cost while at the same time supplying management in-
formation in the form of charts and graphs."

TABLE 1
RESULTS OF PROJECT 1 IN LEEDS

Current Specifications
Trial Specifications

Lot i
Individual
Compac- Average
Num-~ Width Length Individual Compaction Results égrter‘age Aver_age Accept tion Compac- Corppac-
ained Required or i tion
ber (ft) (ft) (percent) ( nt) ( t) Reject Required tion Result
perce! percen jec (percent) (percent) : esults

percent)

Lo1 15 1,000 102.2 97.3 93.4 95.7 93.7 96.6 88.2 A 90 95.6 94.7 96.6

L02 15 400 96.8 97.5 100.5 96.0 96.8 97.5 86.4 A 90 97.9 97.9

LO03 15 500 95.0 69.0 97.5 90.0 95.0 89.3 95.2 R 90 94.0 94.0

L04 15 3,000 93.4 92.2 90.8 90.8 89.4 91.3 86,4 A 90 90.8 90.4 90.8

LO05 15 500 91.6 94.2 87.5 91.1 88.3 A 90 91.5 91.5

L06 15 1,000 101.0 96.6 90.3 88.5 94.1 90.0 A 90 90.5 90.7 90.4

Lo7 15 500 87.4 92.0 90.0 86.7 93.2 89.9 87.3 A 90 90.4 90.4

Lo8 15 500 92.0 88.4 93.0 86.7 90.0 87.5 A 90 91.8 91.8

LO09 15 500 95.5 92.0 88.4 85.0 91.4 90.5 88.8 A 90 96.3 95.4 97.3

L10 15 500 94.7 93.7 98.0 84.0 87.0 91.5 90.0 A 90 91.7 91.7

Li1 15 500 91.6 92.3 96.5 91.6 97.0 93.8 87.0 A 90 90.4 90.4

L12 15 500 92.4 104.0 104.0 96.5 99.0 99.2 89.2 A 90 99.6 99.6

L13 15 500 98.7 103.0 100.5 97.5 101.5 100.2 86.9 A 90 92.7 92.7

L14 15 500 98.3 92.4 98.8 96.4 94.3 96.0 87.3 A 90 96.8 96.8

TABLE 2

RESULTS OF PROJECT 2 IN WILLISTON

Trial Specifications Current Specifications

Lot
_— Compac-
Num- Width Length Individual Compaction Results gbvtzigg Qg;ﬁgez A°§rept tion Individual Compaction
ber (ft) (ft) (percent) (percent) (percent) Reject :iequ.l:‘ed Results (percent)
percent)
wo1 48 1,000 100.0 111.0 107.5 108.5 106.0 106.0 99.0 A 95 104.4 109.2 102.0 102.0
wo2 48 900 105.0 99.6 100.0 96.1 107.2 101.8 99.0 A 95 97.0 95.6 98.4
w03 48 2,500 105.0 117.0 101.5 116.0 110.5 110.0 100.6 A 95 98.2 100.8 95.6
w04 48 2,800 101.5 104.5 100.9 99.4 100.0 105.3 99.1 A 95 99.4 100.0 98.8
w05 48 600 105.0 105.5 106.0 101.5 110.8 105.7 98.3 A 95 101.0 101.0
wo06 48 600 106.0 110.0 108.0 100.0 100.6 104.9 98.6 A 95
wo7 48 600 98.2 99.6 99.0 102.0 112.0 102.2 99.9 A 95 99.8 100.0 99.6 98.2
w08 48 1,300 111.0 93.5 98.5 108.0 103.0 102.8 101.3 A 95 101.3 98.7 104.0
wo9 48 750 105.5 104.2 105.3 104.2 109.2 105.7 96.8 A 95
w10 48 2,800 104.2 106.4 94.3 104.2 113.0 104.4 101.6 A 95 99.5 96.1 102.9
w11 48 2,000 108.0 103.8 108.3 99.5 104.3 104.8 98.2 A 95
w12 48 600 104.5 99.8 100.0 108.0 104.3 103.3 97.9 A 95 100.0 100.0
w13 48 910 104.0 105.0 99.3 104.0 100.9 102.6 97.1 A 95
w14 48 3,200 93.7 106.2 99.3 105.5 106.8 102.3 99.7 A 95
W15 78 600 108.0 104.0 100.0 103.0 98.2 102.6 98.5 A 95 103.0  99.7 106.4
w16 66 600 103.0 105.0 106.0 98.0 99.3 102.2 97.9 A 95 101.0  97.0 105.0
w17 60 700 107.0 103.0 100.0 100.7 98.0 101.7 98.2 A 95 104.5 104.5
w18 60 1,000 109.0 107.4 110.2 105.8 105.7 107.6 96.6 A 95 101.2 100.3 100.0 103.3
w19 60 1,000 110.1 103.4 108.5 109.4 107.6 97.7 A 95 100.6 98.0 99.8 104.0
w20 48 1,500 99.5 103.0 104.8 97.2 100.3 100.9 97.8 A 95
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Figure 1. Required and measured average compaction values for project 3.
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Figure 2. Average compaction values obtained from highway department and research data for project 3.
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Briefly, the moving average method works as follows: (a) Sample locations are de-
termined through the use of nonbiased sample cards (a form of random numbers); (b)
individual density tests are performed; (c) the moving average is calculated where the
moving average is the average of the 4 most recent test results representing acceptable
material plus the test result from the material being considered for acceptance; and
(d) the moving average is plotted on a control chart that provides visual evidence of the
quality of construction. Generally, specifications will require both individual test and
moving average test results to be within specified limits; if these limits are exceeded,
the material does not meet the specifications. By noting trends on the control chart,
the contractor is able to correct his process prior to test points exceeding the limits.

The report (§) lists the following advantages of using the moving average approach:

1. More information is available to the engineer than is available when only a single
test result is considered,;

2. Randomly occurring "extreme'" values are identified;

3. When plotted on a control chart, trends in material quality or uniformity can be
readily observed;

4. When compared to a full statistical specification, fewer tests are required for
control; and

5. The precision of the test result can be controlled depending on the number of
tests included in the running average, thereby increasing the reliability of the decision-
making process.

The 1967 construction specifications for the Mississippi State Highway Department
employ a compaction specification based on the moving average (4). The roadway area
is divided into lots of sizes specified in the contract or in the department's standard
operating procedures. Tests are taken at predetermined random sample locations.
However, the engineer on visual inspection may take other samples as he deems neces-
sary. The program is set up to have a number of tests at the start of the project and,
if the compaction is satisfactory, to be followed by minimum testing.

The test area concept has been used in Virginia and California for density control of
subgrade and base course work. In California (5) the procedure is as follows: An area
to be tested is divided into 3 subareas; in each subarea, 2 nuclear density tests are
taken at random locations determined by the engineer; the percentage compaction is
determined for each test based on a single maximum dry density value for the area; and
for the compaction of each subarea to be accepted, the average of the 2 percent compac-
tion values must be more than the required compaction value, and no more than one of
the individual tests may be less than the required compaction. Therefore, one or both
of the subareas may fail.

The area concept is limited to locations where the soil is uniform. However, if it
is modified to the extent that for each variation in soil a new maximum dry density test
was performed, then it can be applied to locations of nonuniform soil.

QUALITY ASSURANCE: COMPARISON OF CURRENT AND
TRIAL SPECIFICATIONS

The reason for securing samples of compacted soils is to gain information on the
adequacy of the compaction. It has been established that there is considerable variation
in the degree of compaction in any lot. This variability will cause the data to take the
form of any one of the bell-shaped frequency distribution curves shown in Figure 3,
which is included to show possible levels of compaction in the lot. A specification limit
is indicated. The percentage of the lot with compaction less than the specification limit
is the percentage defective and is shown in the figure.

When samples are drawn from lot a, the probability of accepting the lot would be 100
percent because all the values are above the specification limit. Likewise, the proba-
bility of accepting lot e would be 0 percent because none of the samples is above the
specification limit. For lots b, ¢, and d, the probability of accepting the lots lies be-
tween 0 and 100 percent. This depends on the percentage of the lot that is defective and
the number of samples taken from the lot for the purpose of determining the accepta-
bility.
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The relationship between the probability of accepting a lot and the percentage defec-
tive in the lot can be developed for different sampling plans. This has been done for the
trial specifications and other sampling plans and is shown in Figure 4. The 3 lower
lines are for the trial specifications of sample sizes 3, 4, and 5. They are based on
Military Standard 414 with 20 percent defective material (6). The straight diagonal line
is for a sampling plan based on a single test. The upper line is for a sampling plan
that states that, if the first test is below specifications, take another test; if that is
also below specifications, reject the lot.

When sampling plans are compared, it should first be noted that all sampling plans
give the same results if the lot is either less than 0 percent or more than 100 percent
defective. The trial specifications will accept 50 of 100 lots that are 20 percent defec-
tive, while n =1 and n = 1 with check test will accept 80 and 96 of 100 lots respectively.
There is less than a 5 percent chance of accepting lots with 70 percent defective when
the trial specifications are used; however, the other sampling plans give probabilities
of 30 and 50 percent. In conclusion, the trial specifications provide less chance of ac-
cepting defective material.

SUMMARY AND RECOMMENDATIONS

The investigation has brought out the following advantages in using a statistically
based construction specification for embankment compaction as compared to the current
method based on representative samples and a specified minimum compaction.

1. Random sampling produces an unbiased estimate of average compaction, while
representative sampling produces results above or below the true average depending on
the judgment of the inspector (Fig. 2).

2. The statistically based specifications produce greater uniformity of contract en-
forcement, and this results in better contractor relations.

3. There is a much greater chance of accepting poor quality construction from a
sampling plan based on a single test result or a single test with check test than from
a statistically based acceptance sampling plan (Fig. 4).

4. The proposed statistically based specification provides an incentive for the con-
tractor to reduce the variability in the construction in that the required level of com-
paction is dependent on the range in test results.

5. The compaction level under the statistically based construction specifications is
at the same level as that currently produced in acceptable construction in North Dakota.

6. The trial application of the statistically based specifications indicated that, of 60
lots accepted by the state, 2 lots would be rejected under the trial specifications. This
does not mean there will be more rejections under the trial specifications, because 9
of the 67 lots accepted by the trial specifications could have been rejected by the state
in that they contain compaction values below the specification limit (Tables 1, 2, and 3).

Certain problems will be encountered in a change in specifications. These include
the following:

1. There will be a change in the frequency of sampling. This will depend on the
acceptance plan employed, size of project, rate of construction, and testing equipment
available to the inspector. For example, if a statistically based specification employing
a sample size of three were used, this would have doubled the highway department's
sampling frequency on project 1 and reduced the sampling frequency by 10 percent on
project 3.

2. Equipment needs will increase if nuclear moisture-density instruments are em-
ployed. However, manpower needs will decrease in that 1 man with a nuclear instru-
ment can carry out more tests than 2 men with water-balloon in-place density equipment.

3. An educational effort is necessary for inspectors as well as for administrative
engineers not on the mechanics of employing the specification, for this is relatively
simple, but rather on the concepts that a number of random samples are of far more
value than representative samples and that variability is a normal characteristic of ac-
ceptable construction.
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