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1. TINTRODUCTION

In 1978, for the first time, the Federal Aviation Administration (FAA)
Eastern Region incorporated statistically based concepts into its bituminous
surface courge specification (Item P-401). This specification included
price adjustment factors for mat density. 1In order to expand the scope
of its statistical specification to include additional acceptance
characteristics and érice adjustment factors, the FAA contracted with The
Pennsylvan;a State University, through The Pennsylvania Transportation
Institute, to investigate the Eastern Region's P-401 specification. This

report summarizes the findings of that research.

RESEARCH PROCEDURE

The objective of the research was to make recommendations concerning
the development of a statistically based price adjustment acceptance plan
for P-401 construction. The research project consisted of three phases.
In the first phase, a literature search was conducted to identify the
literature on quality assurance that is applicable to the construction of
bituminous airport pavements (see Chapter 2). During the second nhase
of the project, data provided by the FAA Eastern Region were analyzed to
determine the population parameters applicable to bituminous airport pavement
construction. Information concerning the collection of data is presented in
this chapter, while the results of the data analysis are presented in
Chapters 3, 4, and 5. In the final phase of the project, the results of
the data analysis were used to develop a statistically based acceptance
plan, including price adjustment factors, for P-401 material. The develop-

ment of the acceptance plan is presented in Chapters 3 and 4. The
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operation of the proposed acceptance plan was simulated by applying it to

the test results of three projects from the studv, The results of this

simulation are presented in Chapter 6.

DATA COLLECTION

Data for the research were collected by the FAA Eastern Region from
thirteen projects in four states during the 1978 construction season. These
data were then provided to the researchers. The projects, together with
tireir locations and approximate tonnages, are presented in Table 1.1. As
can be seen from the table, a total of over 200,000 tons of bituminous
concrete was placed on these projects. Not all of the projects listed in
Table 1.1 were governed by the rFAA Eastern Region P-401 specification, and
this presented some problems in identifying projects on which to simulate
the recommended acceptance plan. These problems are discussed in Chapter 6.
All samples from the projects were taken in strict accordance with random
sampling procedures. FEach project in the study was visited by FAA personnel
to ensure that the random sampling procedures were understood and were being
employed. In spite of these precautions, it was decided that not all of the
projects were appropriate for the purposes of the research study, and several
were eliminated in determining the population parameters used in the
develogment of the acceptance plans. This factor is addressed later in
this chapter.

The data collected from the projects included test results for mat
denstity, Joint density, Marshall stabilfty and flow, air voids, asphalt
content, and aggrepate gradations., Results were available for mat density,

Marshall stability and flow, and air voids from all projects. Not all of
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TABLE 1.1 PROJECTS FROM WHICH DATA WERE COLLECTED

Project Location Tonnage
Adirondack Saranac Lake, NY 8,210
Butler - Graham Butler, PA » 2,500
Charlottesville - Albemarle Charlottesville, VA 25,300 ?
Chautauqua County Jamestown, NY 10,660 ‘
Chemung County Elmira, NY 60,000
DuBois - Jefferson County DuBois, PA 6,850
Dutchess County Poughkeepsie, NY 3,250
Linden Linden, NJ 6,850
Manassas Maﬁassas, VA 2,230
Blue Ridge Martinsville, VA 3,050
Richard E. Byrd Richmond, VA 8,000
Shenandoah Valley Weyers Cave, VA 33,000
Westchester County White Plains, NY 36,000 !
TOTAL 205,900 l




the projects had results available for the other properties, and only one
project had comprehensive results available for joint density.

It should be pointed out that the data resulted from regular daily
production and acceptance tests rather than from a designed experiment.
This fact presented some problems of analysis. Since there was no designed
experiment, it was very difficult to establish reliable correlations among
the various measured properties. These difficulties are discussed in
Chapter 5. Also, since there were no replicate samples taken and tested,
it was not possible to identify the relative amounts of variability associated
with sampling, testing, and the production process. For the purpose of
this study, all of these components were considered together as the overall
variability of the process. While a breakdown of the components of vari-
ability would certainly have been informative, the overall variability

should be sufficient for the development of the acceptance plan. The use of

actual production data in specification development has the advantage of

serving as a verification of the industry capabilities under typical con-
struction situations. The data results should, therefore, be helpful in

developing acceptance plans which can be met under field conditions.

The researchers had no input into the selection of the projects from
which data were to be collected. The researchers did, however, review the
procedures for the random sampling of materials presented in the Eastern
Region Laboratory Procedures Manual. It was decided that these procedures,
if followed on all projects, were sufficient to ensure the unbiased, random
sampling necessary for the project. Although it was not possible for the
researchers or FAA personnel to be present at all times, it must be assumed
that the appropriate sampling procedures were employed on all projects. It

is also assumed that all of the projects followed the testing procedures
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outlined in the Eastern Region Laboratory Procedures Manual. This is
essential to ensure that all of the data which were used were generated

from similar testing procedures.

SELECTION OF PROJECTS FOR THE STUDY

The first task was to determine whether all of the projects from which
data were collected should be used to develop the acceptance plan. In
determining which projects were to be included in the study, it was first
decided that on projects which had two separate asphalt plants, each plant
would be treated as a separate project. It was judged that asphalt plants
c¢a the same project, each having its own jpb mix formula, were as distinct
as asphalt plants on different projects. Three of the projects,
Charlottc.'7le, Chemung, and Westchester, each had two asphalt plants.

In addition, the Adirondack project had two different job mix formulas
(Type A and Type B). It was decided to treat these separately for the
purpose of determining parameters for the Marshall properties. This
brought the total number of projects available for the study to 17.

After conducting a preliminary analysis on these 17 projects, it was
decided to eliminate four from consideration. Two of the projects, Manassas
and Martinsville, were governed by specifications which required a 50-blow
Marshall test rather than the 75-blow Marshall test required on all the

other projects.

The other two projects, Butler and Shenandoah, were eliminated because
of the nature of the method employed to develop the specification. The
method which FAA had adopted for the developmen£ of its acceptance plan is
a common approach which calls for the measurement of statistical parameters
from acceptable existing construction projects. These parameters can then

be used in the development of specifications to ensure that the level of
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qualfity of future projects i{s at least as high as that on current accept-
able projects. The two latter projects were eliminated because thelr test
results were consistently outside of the established specification limits. On
the Butler project, the mean value for mat density, 95.6 percent, was more
than a full point below the lower specification limit of 96.7 percent.
All of the remaining projects had mean values of at least 97.6 percent.
In addition, the Marshall test results for the Butler project were
consistently outside of the established specification limits. The mean
value for air voids was 1.8 percent versus a specification range of 2.7
to 4.7 percent, and Marshall flow values as ﬁigh as 25 were recorded
(the specification limigs are 8 to 16). On the Shenandoah project the
mean value for Marshall flow was 19.8 versus a specification range of
8-16 and a job mix formula target value of 1l1; the mean air voids value
was 1.6 percent versus a specification range of 2.0 to 4.0 percent and a
job mix formula target value of 3.0 percent. While the density results
for this project were quite good, it was considered more appropriate to
eliminate the project completely than to use selectively the results that
were acceptable.

The elimination of these four projects left 13 projects to be used
for developing the population parameters appropriate for existing acceptable
construction. It should be noted that the 13 "projects" referred to here
actually constitute only nine different construction projects: several
projects had more than one asphalt plant, as previously discussed. Table 1.2
lists the projects and indicates the types of test results available for
each. As can be seen from the table, the results are complete for mat density
and Marshall test properties, while nine of the 13 projects had results

available for extraction tests. The analysis phase of the project centered

on these tests because the greatest amount of data was available for them.
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2. LITERATURE REVIEW

INTRODUCTION

In the first phase of the project, a review of the literature on
quality assurance was conducted. The first goal was to identify work
which had been previously performed regarding acceptance plans for pave-
ment materials. The second goal was to identify research on correlations
betwcen acceptance characteristics and bituminous pavement serviceability
and the cost of production for bituminous pavements.

The primary sources of information were studies which had been
performed by various highway agencles throughout the world. The primary
sources included in the review were publications of the Transportation
Research Board, the Federal Highway Administration, the Association of
Asphalt Paving Technologists, the Asphalt Institute, the Transport and
Road Research Laboratory (Crowthorne, Great Britain), the Federal Aviation
Administration, and various state highway and transportation agencies in
the U.S. 1In addition, a computer search of the TRIS data base was

conducted.

ACCEPTANCE PLANS

In reviewing the development of the many statistically based acceptance
plans of state highway agencies, it was discovered that there is one major
difference from the FAA acceptance plén. In nearlv all cases, state highway
agencies which were contemplating the use of a statistical specification
first conducted designed experiments on designated projects in order to

identify the components of variance which were associated with the process.

In many cases it was reported that testing variability was greater than
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sampling variability, and that testing was a major component in the overall
variability of the process (1-4). In the FAA study, the data provided to
the researchers were not collected in accordance with a designed experiment,
and it is therefore not possible to identify the relative magnitudes of the
components of variance. Such an analysis is not crucial to the development
of the acceptance plan, since the overall variability of the process can be

- used, but it is useful in evaluating testing procedures and properties.

TYPES OF PLANS

A number of different acceptance plans were encountered in the litera-

g o o e e

ture rev' - In some plans, the acceptability of the material is determined
from the average, or mean, value of multiple tests conducted on the material. >
In other plans, the multiple test results are used to determine the percentage
of material within specification tolerances (PWT). The latter method is also
referred to as the percentage within limits; or PWL, approach.
i An acceptance plan that takes into account only the average value of
| the test results has the disadvantage that it fails to consider the actual
variability of the material. Such plans are usually based on an estimated
value for standard deviation, which is used for establishing the tolerance f
limits. It is then assumed that this estimated value remains relatively 1
constant. This assumption may not be valid since it is nossible for two lots
of material with identical means to have different amounts of variability.

This fact would not be identified in an acceptance plan based solely on the

mean value of the test results. Such an average value acceptance plan for

density is recommended for airfield pavement materials by White and

Brown (5).




Several state highway agencies* () have developed acceptance plans which
congider the variability of the materlal as well as its mean value. One of
these methods is the PWL or PWT method, in which the sample mean and range are
used to estimate the percentage of the material which {s within specifica-
tion tolerance limits. Range 1s used ifnstead of the standard Jdeviat fon
by most states because it {s an easier concept to understand. The range is
actually used to estimate the standard deviation, and does not provide as
good an estimate of PWL as would be provided by the sample standard deviation
(9). The density specification employed by the FAA Eastern Region in 1978
was based on the PWL approach using the sample range.

Lot Size

The determination of lot size must be considered in any acceptance
plan. In a statistical acceptance plan, material is accepted on a lot-by-
lot basis. A lot of material should be produced by essentially the same
process. Some definitions of lot are (6):

1. One day's production.

2. The quantity of material represented by a stated number
of samples or tests.

3. A specified amount of material.

Each of these definitions has advantages and disadvantages. The use
of a day's production as a lot is quite common. Confining the lot to the
material produced in one day may help to ensure that all the material ir
the lot has been produced by the same process. One disadvantage of this
approach is that the lot size is highly variable. One thousand tons of
material might be produced on one day and only 200 tons on the next. In

theory, this varying lot size should not affect the number of samples

*State highway agencies will gencrally be referred to as states, and in
particular, by the name of the state involved.
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necessary to estimate the quality of the material, but this may be questioned
in a real construction situation.

Defining a lot as a specified amount of material has the advantage of
providing uniform lot sizes, but it introduces the disadvantage that the
lot may contain material from several construction days. This procedure
may make it more difficult to ensure that the material in the lot has been
produced by the same process, and it also requires records to be carried
over from day to day to determine when the lot has been completed.

Material Properties

A number of different properties were identified as having statistical
acceptance plans and price adjustments. The most common of these include
asphalt (bitumen) content, aggregate gradation, density, thickness, and
smoothness. Of these five, only density is measured for acceptance purposes
in the FAA Eastern Region P-401 specification used in 1978. Very few cases
were found where price adjustments were applied for the Marshall properties.
Louisiana (10) and Mississippi (6) have employed price adjustments for
stability. A price adjustment schedule for stability from Louisiana is
shown in Table 2.1,

Density was one of the most common properties identified as being
accepted on a statistical basis. Density was generally measured by

determining the relationship between the in-place density and some target

density. The method of determining target density varies from state to state.

It was found that 29 states use Marshall specimens to determine the target
density (1l), and this is also the approach used by FAA. MNHowever, 19
states have tried the use of a control strip to establish a target

densfity (11).

11
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TABLE 2.1 PRICE ADJUSTMENT SCHEDULE FOR
MARSHALL STABILITY FROM LOUISIANA (10)

Percent of Contract Unit

Marshall Stability Price/Per Lot

1200 and Higher 100
1100 to 1199 95
80

1000 to 1099

Below 1000 50 or Remove

Tt =
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The FAA may want to consider the use of a control strip on projects
involving the overlay of existing pavements. This method would take into
account the condition of the existing pavement in arriving at the target
density. In cases where the existing pavement is badly cracked and provides
little support, it may be difficult to achieve an average of 98 percent of
the Marshall density in the field. This opinion was expressed to the
researchers several times during the conduct of the project. It should be
noted, however, that there are some potential disadvantages associated with
the use of a control strip. Major modification to the existing specifications
would be required since they were not developed for this approach. The current
specification was developed to assure that the in-place air voids remain
below 7 percent and that a minimum 1000 pounds In-place stabillity he obtained.
It is not clear how these objectives would be assured under the control-strip
approach. Another potential disadvantage to the control-strip approach is
that it may provide the contractor with an incentive to reduce his compaction
effort on the control strip to make it easier for him to meet the resulting
compaction requirements.

The use of thickness for acceptance purposes is another point which
should be considered by FAA. Currently, thickness measurements are not
required by thg FAA Eastern Region P~401 specification. Pavement thicknesses
below the design value can lead to reduced pavement life. Thickness would
be particularly easy to measure on projects which are already using cores

for density determination. The same cores could be used for both thickness

and density measurements.

13
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CORRELATIONS

The sevond objective of the Hiterature teview wis to tocate correlat bons
that might have been identified between acceptace characteristics and pave-
ment serviceability and the cost of production for bituminous pavements.
The literature review, although extensive, failed to identify any direct
correlations between acceptance properties and pavement serviceability for
the properties which are measured by FAA. The purpose of such correlations
would be to develop a rational price adjustment system which would relate
deficiencies in acceptance properties with their corresponding effect on
pavement life or performance.

In some cases where attempts have been made to relate acceptance
properties to their effect on pavement life, properties included in the
design procedure for the pavement are used, for example, pavement thickness
and flexural strength. These values can be determined and then substituted
into design equations, curves, or nomographs to determine the associated

reduction in pavement life. This reduction in 1life can be compared with the

design life of the pavement, and price reductions can be calculated accordingly.

This approach has been employed in New Jersey (7, 12) for the development of
price adjustment schedules. This approach might be developed for thickness
for both flexible and rigid pavements and for flexural strength for rigid
pavements by using the FAA design curves. Other attempts have been made to
correlate asphalt content (7, 13) and smoothness (7) to pavement performance.
All of these cases deal with properties that are not currently used for
acceptance purposes in the FAA Eastern Region P-401 specification.

Some indirect correlations have been identified for asphalt content
and total voids content. The correlations actually relate these properties

with their effects on the fatlgue lite of asphaltic concrete. 1t has boeen

14




noted by Pell (14) and Chow (15) that bitumen content and voids content are
among the most important factors affecting fatigue performance. It is not
clear, however, that the reduction in fatigue life associated with increased
voids content can be directly related to price adjustments for air voids
content as determined from Marshall test specimens.

It has been suggested by Van de Fliert and Schram (16) that the results
of fatigue tests on asphalt concrete can be used to estimate reductions in
pavement service life. They indicate that excessive voids caused by
insufficient compaction result in a reduction in pavement life of 25 percent
for each percentage increase in voids, and that this is a cautiouys estimate.

For the case of bitumen content, they indicate that "for every reduction of

0.3 percent in bitumen content, service life is reduced on average by a

factor of 0.75, provided that the bitumen content does not fall to very

low values."
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3. DENSITY

INTRODUCT 1 ON
This chapter presents the findings of the data analysis for mat
density. Since only one construction project had data for joint density,

it was judged that there were not sufficient data available to develop

population parameters or an acceptance plan for joint density. The findings
from the mat density analysis are compared with the values assumed by FAA

in the development of the density specification used in 1978. The

APPSRV, A AP

acceptance plan from this specification is reviewed, and the development

of the acceptance plan proposed by the researchers is presented.

ANALYSIS OF DENSITY TEST RESULTS

The density test results from each of the projects in the study were
analyzed, and the mean and standard deviation were determined for each
project. The results of this analysis are presented in Table 3.1. As

can be seen from the table, there were a total of 733 density determinations

on the projects studied. The pooled mean and standard deviation for these
iu} density values are 98.45 percent and 1.19 percent, respectively.
The values for population mean and standard deviation shown in
Table 3.1 can be compared with the values which werce assumed by FAA

Eastern Reglion in the development of their densitv specification for the -

1978 construction season. The FAA values were s mean of 98 percent and a
standard deviation of 1.3, These compare quite well with the values of
98.4% and .19 obtained from the density data. 1t appears that the con-

struction projects studied achfeved values that were superior to those

assumed by FAA.
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TABLE 3.1 RESULTS OF MAT DENSITY TESTS FOR d
PROJECTS IN THE $TUDY

Number Standard

Project of Tesats Mean Deviation
Adirondack 60 98.83 1.14
Charlottesville - ANJ 80 97.58 | 2.14
Charlottesville - SLW 73 97.74 1.67
Chautauqua 45 99.35 0.71
Chemung - Chemung 38 98.76 0.77
f. Chemung - Fisherville 80 99.23 0.92
j? DuBpis 4Q 98.61 1.01
Dutchess 12 97.57 0.73
Linden* 77 98.53 0.45
Richmond 36 97.96 0.83
Westchester - Colprovia* 110 98.55 0.94
Westchester - Peckham* 82 98.36 1.05

]

TOTALS 733 98.45 1.19

*On these projects, density for acceptange purposes was determined by nuclear
density device.
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FAs DUNSTTY ACCEPTANCE PLAN
& brief review of the density acceptance plan used during the 1978
construction season (from this point referred to as the FAA plan) may be

useful.

Specification Limits

The FAA acceptance plan allows acceptance to be based on density values
obtained from either cores or nuclear devices. Acceptance was on a lot-by-
lot basis, with a lot defined as one day's production. When cores were uscd
for acceptance, four samples per lot were taken, whereas when nuclear
density devices were used, the number of tests per lot was seven. The
extra tests were made possible by the greater speed and ease associlated
with the use of nuclear density devices. The lower specification limit
in the FAA acceptance plan was set at 96.7 percent when cores were used,
and 97.0 percent when nuclear devices were used. The method of acceptance
of material‘was based on the percentage of material that was above the

specification limit, as estimated from the test results for the lot.

Comments on Specification Limits

By requiring a minimum of 90 percent within limits for full payment for
nuclear devices, with a specification limit of 97.0, and a minimum of 90
percent within limits for full payment for cores, with a specification
limit of only 96.7, a higher quality is actually being specified for the
case when nuclear devices are used. Both of these specification limits
require material of higher quality than the values of mean (98) and standard

deviation (1.3) which were assumed by FAA. This is illustrated in Figure 3.1.
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FIGURE 3.1 COMPARISON OF LOWER DENSITY SPECIFICATION LIMITS
FOR MEAN AND STANDARD DEVIATION VALUES ASSUMED
BY FAA
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Figure 3.1 illustrates the case of a contractor who is producing
material which is exactly comparable to that assumed by FAA, i.e. a mean
of 98 and standard deviation of 1.3. For this contractor, the percentage
of material that would be above the core lower limit of 96.7 is 84.1 percent,
as indicated in Figure 3.1la. If this same material were produced under the
nuclear densgity device specification limit, only 77.9 percent of the material
would be above the limit of 97.0 percent, as indicated in Figure 3.1b. The
FAA acceptance plan requires that 90 percent of the material be above
specification limits for full payment. Figure 3.1lc¢ indicates that for a
contractor producing material at a mean of 98 with a standard deviation of
1.3, 90 percent of the material would fall above a value of 96.3. This
seems to indicate that the lower specification limit for density should be
set at 96.3 percent to be consltstent with the orfginal FAA assumpt {ons.  The
topic of a lower specification limit for densitv will be discussed further

when the proposed new acceptance plan is presented.

Price Adjustments

The price adjustment schedule from the FAA plan is presented in Table
3.2. It can be seen that at least 90 percent of the material must be within
the specification limits (referred to as 90 percent within limits or PWL) for
the material to be accepted at full payment. TFor material that is less
than 90 PWL, the material is accepted but at a reduced pavment. The
incremental payment reductions increase as the level of quality, as
measuged by PWL, decreases. Since the price reductions become more severe
as the quality of the material decreases, the contractor is encouraged to

produce acceptable material, rather than to produce inferior material at

a reduced price.
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TABLE 3.2 PRICE ADJUSTMENT SCHEDULE FROM :
FAA DENSITY ACCEPTANCE PLAN i

Percent Above Lower Percent of Contract
Tolerance Limit Price to be Paid
90-100 100
85-89 98
80-84 95
75~79 90
70-74 80
65-69 70
Less than 65 *

==%.x

*The lot shall be removed and replaced to meet
specification requirements as ordered by the
engineer. In lieu thereof, the contractor
and the engineer may agree in writing that,
for practical purposes, the deficient lot
shall not be removed and will be paid for at
50 percent of the contract unit price.
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The Oéerating Characteristics (OC) curves for the FAA plan, shown in
Figure 3.2, were developed by numerical integration techniques, described
later in this chapter. The OC curves graphically represent the relationship
between the actual quality of a lot and its probability of acceptance. For
the FAA plan, a set of OC curves is required in order to show the probability
of a ot being accepted at any of the possible payment levels. The curves
shown in Figure 3.2 are for a sample size of four, as is the case for accept-
ance by cores in the FAA Eastern Region specifications.

OC curves presented in terms of actual PWL versus the probability of
acceptance (Figure 3.2) are independent of the specification limit. For
example, when a contractor produces material with a given mean and standard
deviation, the actual PWL value can be determined from tables of the area
under normal distribution. If a contractor produces material with a mean
value of 98 percent and a standard deviation of 1.0 percent and the specifi-
cation limit is 96.7 percent, then the actual PWL value can be determined to
be 90.3 percent. If the specification limit is changed to 97.0 percent and
the contractor's mean and standard deviation do not change, then the actual
PWL of the material will be 84.1 percent. Figure 3.2 can be used to determine
the probability of acceptance at any payment level (100%, 98%, 95%, etc.) for
each of these cases. The figure can be used for any specification limit, the
only difference being that the actual PWL value of the material will be
different for each specification limit.

Another useful relationship for examining the reasonableness of an
acceptance plan is quality of the material, as measured by PWL, versus
expected payment. This relationship is plotted in Figure 3.3 for the FAA
plan. Expected payment can be thought of as the average payment over the
long run. The development of the expected payment curve shown in Figure 3.3

is illustrated in Table 3.3. To arrive at the curve shown in Figure 3.3, it

22
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is necessary to make certain assumptions concerning the probability of

receiving 50 percent payment when the material has an estimated PWL less
than 65. As shown 1n Table 3.2, when the material has less than 65 PWL,
it can either be removed and replaced or it can be accepted as is at a
payment level of 50 percent. In arriving at the expected payment curve,
the following assumptions were made in the case when the estimated PWL
is below 65:
1) When the actual PWL is between 50 and 80, the material is
accepted at 50 percent payment 75 percent of the time, i
2) When the actual PWL is equal to 80, the material is accepted '5
at 50 percent payment 90 percent of the time.

3) When the actual PWL {s above 80, the material is accepted

at 50 percent payment 100 percent of the time.
These assumptions were made by the FAA Eastern Region in its Engineering

Bulletin No. 8 and have been used by the researchers because they appeared

e T (G T T3 OV,
" POV e

to be reasonable. It seems likely that in nearly all cases the option of
acceptance at 50 percent payment will be chosen since it is the easiest
course of action.

The expected payment curve in Figure 3.3 requires the specifying
agency's subjective judgment on the reasonableness of the curve. Since
this curve is based on the price-adjustment schedule developed by FAA,
that agency undoubtedly considered it acceptable. The curve in Figure 3.3
scems reasonable.  If a contractor produces material which is actually 98
percent within limits, then his expected payment is nearly 100 percent
(99.4 from Table 3.3). For a contractor producing material which is 90
percent within limits, the expected payment is 93.7 percent. If the

correct decision were made every time, that is, if the PWL value of 90

26
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percent were known with certainty, then this contractor would receive 100

percent payment at all times. Since the PWL value must be estimated from
sample results, there will be some risk that material from a particular lot
which is actually 90 PWL will receive a reduced payment. This risk is Indi-
cated by the expected payment value of 93.7 percent associated with an actual
PWL of 90 percent, shown in Figure 3.3. On the other hand, there is also a

chance that a particular lot of material will receive a higher payment than

would be made if the PWL value were known with certainty. For example, if
the contractor produces material which is actually 60 PWL and the correct
decision is made every time, then his expected payment should be no more
than 50 percent (see Table 3.2). However, the expected payment for an
actual PWL value of 60 from Figure 3.3 (or Table 3.3) is 56.6 percent.
Therefore, even though a subjective analysis must ultimately be made by the
FAA, the risks in this plan appear to be equitably shared by the contractor

and the owner.

DEVELOPMENT OF PROPOSED ACCEPTANCE PLAN

In light of the fact that no direct correlations were identified between
the FAA acceptance characteristics and pavement serviceability, it was
decided to base the development of acceptance plans and price adjustments
on the reasonableness of their Operating Characteristics (OC) curves and
curves of Expected Payment. This approach is one of four described by
Willenbrock and Kopac (17). Since this approach requires some subjective
decisions concerning the reasonableness of the acceptance plan and price
adjustments, the starting point which was used in the development of the

proposed acceptance plan was the density plan employed by the FAA Fastern
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Region. Before the acceptance plan and price adjustment factors were 1
considered, the problem of the specification limit for density had to be

resolved.

Development of Specification Lower Level

In order to arrive at a new acceptance limit, the pooled estimates
for population mean (98.4) and standard deviation (1.2) for density were

used. The population with these parameters was compared with one having

the parameters originally assumed by FAA, As a compromise, a third popula-
tion was considered, which had the FAA mean target density of 98 percent
and used the pooled estimate for standard deviation of 1.19 percent. These
three cases are presented in Figure 3.4. Since a minimum of 90 PWL is
required for full payment, the value of the lower specification limit in
each of the three cases was set at a value, L, such tiwit 90 percent of the
population was above L. The corresponding values from Figure 3.4 for L

are 96.9, 96.3, and 96.5 respectively.

It is difficult to say which of the three cases presented in Figure 3.4
should be used by FAA to determine its specilicat{fon Timit.  According to
the FAA Eastern Region Englineering Bulletin No. 11 (18), the standard devia-
tion value of 1.3 was an estimated value based on the best information
available at the time rather than on an analysis of test results. Since an
analysis of test results is now available, the value of 1.2 for standard
deviation should be considered the better estimate and should be used to
establish the specification limit. Thus, Figure 3.4a or 3.4c¢ should be
preferred to Figure 3.4b. The rematning question is which mean value should

be used.
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The mean value of 98.4 percent, derived from the test results, should

perhaps be used (a specification limit of 96.9 percent) since this value

was achieved in the field. Omn the other hand, the FAA target value of

98 percent might be used (a specification limit of 96.5 percent) since this
value was originally considered acceptable by FAA. According to Engineering
Bulletin No. 11 (18): )

The 98 percent requirement was developed in order to limit the
in-place air voids in the pavement to 7 percent and to eliminate
secondary compaction (rutting) by insuring adequate strength (in-
place stability). 1In other words, 98 percent compaction is necessary y
to insure adequate strength and durability so that the 20-year life

would be realized. !

A compromise limit of 96.7 percent, as in the FAA plan of 1978, might

also be used. The ultimate decision regarding the specification limit must
be made by FAA after the findings presented in this report are reviewed.
However, the chosen limit should be used whether acceptance is determined
by the density results of four cores or by seven nuclear density readings.

The lower limit chosen will not directly affect calculations for OC curves

made in this report (for example, Figure 3.2), as long as the curves are

presented in terms of actual PWL values. f

Type of Acceptance Plan

The first question which had to be addressed was the method of
determining acceptance. The method which was selected was the Percent
Within Limits (PWL) approach, which had been adopted in the FAA acceptance

plan. This type of plan has the advanﬁage of considering both the mean and

variability of the material. This approach was used successfully by FAA

during the 1978 construction season and had become known by the consultants

»

testing laboratories, and contractors during the season.




Range Method Versus Standard Deviation Method

The FAA acceptance plan for density, as outlined in the Eastern Region
P-401 specification, is based on the Range Method for estimating PWL. 1In
this method a Quality Index, Q, is calculated for each set of samples. For
the case of density, which has only a lower specification limit, L, the

value of QL is calculated from

X -L

Q= 7R
n
where: QL = Quality Index for lower specification limit
i; = Mean value of n samples in the lot
|

n = Number of samples in each lot
Rn = Range (difference between largest and smallest) of the n

samples in the lot
L = lower specification limit.

Once the value of QL has been calculated, the estimate of PWL can be
determined from tables that relate Q values to estimated PWL. The table
for estimating PWL from the FAA acceptance plan is included in Table 3.4.
This table is adapted from Willenbrock and Kopac (8).

Lt has been pointed out (8) that the range method, which is used {n

the FAA plan, provides a biased estimate of percent within limits.

Willenbrock and Kopac (8) recommend the use of the standard deviation

it provides unbiased estimates of the percentage within
limits.... The standard deviation method also requires
smaller sample sizes than the range method in order to
provide a given degree of protection.

.
‘g method for estimating percent within limits since:
;
»
¥

In light of the better estimate afforded by the standard deviation method,
it is recommended that the FAA adopt the standard deviation method in lieu

of the range method. The advantage attributed to the range method is that

31




TABLE 3.4 TABLE FROM FAA EASTERN REGION SPECIFICATIONS FOR
ESTIMATING PWL BY THE RANGE METHOD

Percent Above
Tolerance Limit

Positive Values of QU or QL

n=3 n=4 . n=5 n=6 n=7
99 .5895 .6574 .6642 .6611 .6534
98 .5879 .6440 .6387 .6264 .6124
97 .5863 .6307 .6166 .5983 .5811
96 .5847 .6173 . 5966 .5744 .5550
95 .5830 .6039 .5777 .5530 .5319
94 .5814 .5905 .5600 L5330 S0
93 .5797 .5771 .5431 .5143 L4916
92 .5762 .5638 .5267 .4968 L4735
91 .5719 .5504 .5108 .4800 L4564
90 .5677 .5370 .4955 L4640 . 4402
89 .5621 .5236 .4808 L4485 L4249
88 .5564 .5101 .4657 .4337 .4099
87 .5499 4967 .4514 L4191 .3957
86 .5432 .4833 .4373 .4050 .3817
85 . 5355 .4699 4234 .3913 .3683
84 .5275 .4565 .4097 .3778 .3552
83 .5189 4431 .3962 .3647 . 3424
82 .5098 L4297 .3829 .3517 .3300
81 .5001 4162 .3697 .3391 L3177
80 .4889 .4028 .3567 . 3266 .3058
79 .4791 .3894 .3438 .3144 L2941
78 .4679 .3760 .3311 .3023 . 2825
77 .4560 .3626 .3184 .2902 L2712
76 .4439 .3492 . 3059 .2786 .2599
75 .4311 .3358 .2935 .2669 . 2489
74 4179 .3223 .2811 .2554 .2380
73 4041 .3088 .2689 .2440 L2273
72 . 3901 . 2954 .2567 .2327 .2166
71 .3754 .2820 L2446 L2215 .2061
70 . 3604 . 2685 .2325 .2104 .1957
69 . 3450 .2551 .2206 .1995 .1854
68 .3293 .2417 .2086 .1884 .1752
67 .3131 .2283 .1968 1777 .1649
66 . 2965 .2149 .1835 .1668 L1549

65 .2798 .2015 .1732 .1562 .1450

TR Ty




TABLE 3.4 (CONTINUED)

Percent Above
Tolerance Limit

Positive Values of QU of QI

n=4

n=5

64
63
62
61
60

55
50

.1881
.1747
.1611
L1477
.1343

.0672
.0000

.1614
<1497
.1382
.1265
.1149

.0573
.0000

n=6

.1455
.1349
.1243
.1139
.1034

.0515
.0000




TABLE 3.4 (CONTINUED)

B =
DEIE RIS . - S % TE X

Negative Values of QU or QL

Percent Above - - |
Tolerance Limit n= ash =5 =6 nm=/ :
PR - {
a0 0000 L0000 . 0000 L0000 L0000
45 ) .0970 .0672 .0573 .0515 L0477
40 .1911 .1343 L1149 .1034 .0957
39 .2093 L1477 .1265 .1139 .1055
38 L2274 .1611 .1382 .1243 L1152
37 .2451 1747 L1497 .1349 .1252 ; }
36 .2625 .1881 .1614 .1455 .1351
1
35 .2798 .2015 .1732 .1562 .1450 . ]
34 .2965 .2149 .1835 .1668 .1549 :
33 L3131 .2283 .1968 1777 .1649 -
32 .3293 L2417 .2086 .1884 .1752 ¥
3 .3450 .2551 .2206 .1995 .1854 ,
30 . 3604 .2685 .2325 L2104 .1957
29 .3754 .2820 L2446 .2215 .2061
28 .3901 .2954% .2567 .2327 .2166
27 . 4041 .3088 .2689 L2440 .2273
26 L4179 .3223 .2811 .2554 .2380
25 L4311 .3358 .2935 .2669 .2489
24 .4439 .3492 .3059 .2785 .2599
23 .4560 .3626 .3184 .2902 L2712
22 L4679 .3760 .3311 .3023 .2825
21 4791 .3894 .3438 .3144 .2941
20 .4899 .4028 .3567 .3266 .3058
19 .5001 .4162 .3697 .3391 .3177
18 .5098 .4297 .3829 .3517 .3300
17 .5189 L4431 .3962 L3647 . 3424
. 16 .5275 L4565 .4097 .3778 .3552
' 15 .5355 .4699 L4234 .3913 .3683
14 .5632 L4833 .4373 . 4050 .3817
13 .5499 4967 L4514 L4191 .3957
12 .5564 .5101 L4657 L4337 .4099 ) ]
11 .5621 .5236 . 4808 .4485 L4249 ;
10 .5677 .5370 .4955 L4640 L4402
9 .5719 .5504 .5108 .4800 L4564
8 .5762 .5638 .5267 .4968 .4735
7 .5797 .5771 .5431 .5143 .4916
6 .5814 . 5905 .5600 .5330 .5110
5 5 .5830 .6039 .5777 .5530 .5319
: 4 .5847 .6173 .5966 .5744 .5550
? 3 .5863 .6307 .6166 .5983 .5811
2 .5879 .6440 .6387 .6264 6124
1

.5895 .6574 . 6642 L6611 L6534

me.3 2 = s AEIT R X3 R 3 TLIR 3 L0




range is a more easily understood concept. With the advent of inexpensive
pocket calculators that provide the capability of quickly determining mean
and standard deviation, the researchers consider the use of the range method
to be no longer warranted. The standard deviation method was used to determine
all OC and Expected Payment curves presented in this report.

The method for estimating PWL in the proposed new acceptance plan is
based on the calculation of a Quality Index for the lot by using the standard

deviation method. The Quality Index, QL’ for density can be calculated from

in-L
QL= s
n
where: QL’ i;, n, and L are defined as before

Sn = Standard deviation of n samples in the lot,

and Sn can be calculated from

z
1=1 (

" .
/ XX )2
.J n .
sn n-1

where: Xi, i=1,2,3 ....n = individual sample results
n = number of samples in each lot.
As in the case of the range method, once QL has been calculated by the
standard deviation method, the estimated value of PWL can be determined

from tabled values of b. An appropriate table, from Willenbrock and Kopac

(8), for the standard deviation method is given in Table 3.5.

Price Adjustments~-Continuous Versus Discrete

The price adjustment schedule from the FAA acceptance plan is given in

Table 3.2, and {s shown graphically in Figure 3.5. This type of schedule
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works quite well in the long run, as was shown by the expected payment
curve {n Figure 3.4. However, this schedule can present some problems in
the short run and, in particular, on smaller projects. There are two
potential problems with the current FAA price adjustment scheduie.

The first problem deals with the uncertain area between different pay
levels. Table 3.2 indicates that material which is 90-100 percent within limits
is to receive 100 percent payment, and that material which is 85-89 percent
within limits is to be paid for at 98 percent of the contract price. This
could present problems of interpretation when the estimated PWL is between
89 and 90. These potential areas of uncertainty occur at the boundary of
each price adjustment level, and are indicated by gaps in the plot in
Figure 3.5.

Another area of concern is the large incremental differences in the
price adjustment levels. A situation in which, for example, 75.1 PWL is
worth 90 percent payment while 74.9 PWL (or 74.4) is worth only 80 percent
payment, is a difficult one, particularly in light of the uncertain areas
between price adjustment levels. It can be argued that in the long run these
situations, i.e. 74.9 vs 75.1 PWL, will balance out, as shown by the expected
payment curve in Figure 3.4. But on a small project or in the case of a
contractor who works infrequently under the FAA acceptance plan, there is
no long run in which this balancing effect can take place. It is suggested
that a continuous, rather than discrete, price adjustment schedule would
eliminate potential problems when the estimated PWI. is near the boundary
between price adiustment levels. Willenbrock and Kopac (8) have recommended

that a specifying agency:




seriously consider the use of a continuous price adjustment
schedule which can be presented in a graphical fashion or as
a series of straight line equations between the various price
adjustment levels. This approach would eliminate a lot of
potential field problems of interpretation which could
develop.

4
L)

For the reasons stated above, it was decided to use a continuous price

adjustment schedule in the proposed new acceptance plan.

Development of Price Adjustments

Since the development of acceptance plans by the OC curve approach
requires some subjective analysis and engineering judgment, it was decided
to base the continuous price adjustment on the discrete schedule developed
by FAA. This was done for two reasons. First, FAA considered it to be a

reasonable schedule, and scecond, as far as the researchers could determine,

the schedutle had gone through one construction season with no major complalints

from the contractors about its fairness.

Five different continuous price adjustment schedules, all based on the
FAA schedule, were considered. The five price adjustment schedules (labeled
I, II, I1I, IV, and V) are shown in Figures 3.6 through 3.10. The first
three schedules are based on the use of several straight line equations
to relate payment level and estimated PWL. The last two schedules attempted
to fit one curved line to the FAA schedule to eliminate the need for more
than one equation. These curves were fitted to the FAA plan by multiple
regression analysis. In the regression analysis, percent payment level from
the FAA schedule was used as the dependent variable, and selected values of
estimated PWL were used as the independent variable. The points used in the
regression analyses are indicated in Figures 3.9 and 3.10. To choose among
these five schedules, it was decided to compare their OC curves and curves

of expected payment with those of the FAA price adjustment schedule.
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It has bheen shown by Resnikoff and Licberman (19, 20) that non-central
t-distribution is appropriate for the estimate of the proportion of a normal
population which lies above a given limit. This is the case for the density
acceptance plan, in which acceptance is based on an estimate of the proportion
(or percentage) of the population which falls above the specification limit.
A detailed discussion of the use of the non-central t-distribution to
estimate PWL for the case of asphaltic concrete density is presented by
Willenbrock and Kopac (9)

The OC curves for the FAA price adjustment schedule and the proposed
new schedules were determined by use of a computer program which calculates
the area beneath the non-central t-distribution. This program was subroutine
MDTN, obtained from the International Mathematical and Statistical Library
(IMSL) of Subprograms (21). This subroutine, which is available only in
single precision in IMSL, was modified for double precision by Terry L. King,
a graduate student in the Department of Statistics at The Pennsylvania State
University.

The set of OC curves for the FAA acceptance plan has been presented

in Figure 3.2. For the case of the discrete FAA price adjustment schedule,
an OC curve can be developed for each price adjustment level. For the case
of a continuous price adjustment schedule, there are an infinite number of
OC curves possible since there are an infinite number of potential payment
levels. The operating characteristics for the case of a continuous schedule
can therefore be indicated by a region which has as {ts bounds a curve
corresponding to the probability of recelving 100 percent pavment ol
another curve corresponding to the probability of receiving at lcast the

minimum possible payment. For each of the five proposed schedules, 100 percent

e

e e A e s e
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payment occurs at an estimated PWL value (PWL) of 90 or greater, and the

minimum payment level occurs at a PWL of 65. The operating characteristics
of the proposed schedules can be represented, then, by a region bounded by
one curve corresponding to the probability of PWL greater than or equal to

90 for each actual value of PWL and by another curve corresponding to the

probability of PWL greater than or equal to 65 for each actual value of PWL.

The regilon within these curves corresponds to the probability of receiving A

some payment.

The operating characteristics of the five proposed schedules for sample

sizes of four, five, and seven are presented in Figure 3.11. The upper and

lower bounds, which correspond to the probability of receiving some payment,
are the sare for all five plans. The improved estimate associated with
increasing the sample size is clearly demonstrated on this figure because
the probability of receiving a particular payment becomes higher for the
higher quality levels and lower for the lower quality levels as the sample

size increases. To help distinguish the five plans, Figure 3.12 presents

the curves corresponding to the probability of receiving at least 90 percent ﬁ
payment for a sample size of four, for each proposed payment schedule. Even

though the boundaries of the payment region are the same for all five schedules,
a particular payment level may occur at a different location within the A
region. It is difficult to compare the five schedules from OC curves similar

to those in Figures 3.11 and 3.12. 1In order to differentiate the five

schedules, their expected payment curves must be determined.

R P, Yt a5

For the discrete FAA price adjustment schedule the expected payment m

curve shown in Figure 3.3 can be calculated from the relationship: i

Expected Payment = % X  P(X,)
a1 i 41

———— L
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where: xi = payment level {.

P(xi) = probability of receiving payment level {.
The calculations for a sample size of four are shown in Table 3.3.
With a continuous price-adjustment schedule, an integration procedure
must be used since the number of possible price adjustment levels is
infinite. The expected payment in this case can be calculated from the

relationship:

Expected Payment = I G(X) P(X) dX

-o
where: X = the estimated PWL value (PGL)
G(X) = a payoff function relating the estimated PWL value (PﬁL)
to the payment level
P(X) = the probability density function of the estimated PWL
values (PGL)
This integral is not easy to evaluate by analytical methods. As a convenient
aéproximation to this integral, the potential PWL values were partitioned

into small intervals, leading to the following:

65 65+
Expected Payment = I G(X) P(X) dX + I G(X) P(X) dX + ....
~® 65
J90 o
cee ¥ 90_AG(X) P(X) dX + Jgo G(X) P(X) dX

where: A = width of the intervals.
In order to simplify the above integrals, it was assumed that for the small
intervals involved, the payoff function, G(X), could be replaced by the

average payoff over the interval. Thus,

50
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65 65+A
Expected Payment = j 50 P(X) dX + j G1 P(X) dX + ....
65

N of
90 ©
cee + J Gn P(X) dX + J 100 P(X) dXx
90-A 90
where: G i=1,2,...n = the average payment associated with each of the n
intervals.
This equation can be rewritten as:
65+A

P(X) dX + G J P(X) dX + ....
Les

[65
Expected Payment = 50

) e
90 ®
ce. + GnJ P(X) dX + IOOJ P(X) dX.
90-A 90
The above l...:cgrals can then be evaluated by using subroutine MDIN to determine
the appropriate areas under the non-central t-distribution.

To obtain the expected payment curves, a computer program was developed
which partitioned the potential PGL values into small intervals. Then sub-
routine MDTN was used to calculate the probability of PaL falling within
each interval. This probability was multiplied by the average payment
associated with that interval, and the products were summed for all of the
intervals to achieve a good estimate of the expected payment. 7This procedure,
which was performed for six actual PWL values to identify the expected pay-
ment curve, is illustrated graphically in Figure 3.13.

The area corresponding to a P&L greater than 65 but less than 90 is the
probability of receiving somé reduced payment; the area falling above a
PQL of 90 is the probability of receiving 100 percent payment; that falling
below a P&L of 65 is the probability that the material will have to be

either removed and replaced, or accepted as is at a payment of 50

percent. In determining the expected payment curves for the proposed
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FIGURE 3.13 PROCEDURE USED TO DETERMINE EXPECTED PAYMENT CURVES
FOR PROPOSED PRICE ADJUSTMENT SCHEDULES
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schedules, the same assumptions concerning the 50 percent payment level
were made as were made in the calculation of the expected payment curve
for the FAA plan presented in Table 3.3.

To determine the expected payments associated with the partial payment
levels, two cases were considered for Price Adjustment Schedule I. The
region between P;L equal to 65 and PaL equal to 90 was partitioned into 25
and 50 intervals for the two cases. The expected values were then calculated
for both cases and compared. At all actual PWL values tested for the two
cases, the expected values calculated using 25 intervals and 50 intervals
were identical to four significant figures. It was therefore decided that
the results obtained by using 25 intervals were sufficiently accurate.

The expected payment curves for sample sizes of four, five, and seven

were then calculated using 25 intervals. The results of the calculations
for each of the five proposed schedules are presented in Table 3.6. The
PWL values included in the table were arbitrarily selected in order to
encompass the total range of probable PWL values. Schedules II and IV have
expected payment values that are very similar to those of the FAA plan
(Table 3.6). The differences between these schedules and the FAA schedule
are quite small for the PWL values included in the table. These schedules
deviate less from the FAA schedule than do the other three schedules, with
Schedule II providing the closest match. The expected payment curves for
the FAA schedule and Schedules II and IV are shown in Figures 3.14 through
3.16 for sample sizes of four, five, and seven, respectively. The curves
for all three schedules are very similar, and it is difficult to discriminate

among them.
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Since the expected payment curves are so similar, the choice between
Schedule II and Schedule IV was based on their ease of application in the
field. Schedule IV has the advantage of having only one equation, but
this equation (Percent Pay = -606.45 - 6.56 (PWL) + 136.7 (PWL)I/Z) is
somewhat more complicated than the straight-line equations for Schedule II.
For this reason, it was decided tc adopt Price Adjustment Schedule II for

the proposed new density acceptance plan. The recommended price adjustment

e rlh e . koo o s

schedule is shown in Table 3.7.
Additional OC Curves 4
In addition to the theoretical development of the OC curves shown §

in Figures 3.11 and 3.12, additional OC curves were determined by use of

computer simulation. The simulation program is discussed in detail in
Chapter 4 and in Appendix A.

The use of the computer simulation has an advantage over the theoreti-
cal solution. The results of the theoretical solution are presented in

terms of the actual PWL of the material. It is difficult for a contractor

to relate what is meant by 90 PWL to his construction process. The simula-

tion program allows the operating characteristics to be easily related to

the mean density values for a given value of standard deviation. The con-
tractor can determine from past test results what values of mean and standard
deviation he can achieve with his process. The simulation program would then
allow him to determine OC curves in terms of the mean target value and
standard deviation which he is achieving with his process. To do this the

ventractor must know the price adjustment schedule. Figures 3.17 through

LY present OC curves for g sample of size four and a specification limit

of Y07 Tor standard deviation values of 0.95, 1.19, and 2.00. The value

vf 1.19 is the pooled sténdard deviation for all the projects in the study, ;
59 1




TABLE 3.7 PRICE ADJUSTMENT SCHEDULE FOR THE PROPOSED
DENSITY ACCEPTANCE PLAN

= T

I[stimated Percentage of

Material Above the Specifi- Percent of Contract Price
cation Limit (PWL) to be Paid
90-100 100
80-90 0.5 PWL + 55.0
65-80 2.0 PWL - 65.0
Below 65 >

P e

*The lot shall be removed and replaced to meet specification
requirements as ordered by the engineer. In lieu thereof,
the contractor and the engineer may agree in writing that,
for practical purposes, the deficient lot shall not be
removed and will be paid for at 50 percent of the contract
price.
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vhereas 0.95 and 2.00 were chosen as indicarive of better than average and
below average values. The figures show curves for the probability of
receiving 100 percent payment, the minimum payment of 65 percent, and inter-
mediate payments of 95 percent and 85 percent. Figure 3.20 provides
expected payment curves for the cases presented in Figures 3.17 through 3.19.
These curves are based on the use of tﬁe payment schedule presented in

Table 3.7.

Selection of Sample Size

The choice of the appropriate sample size is dictated, to a certain
extent, by field considerations. If cores are used for acceptance, then
the current sample size of four per lot, or perhaps five, is probably
appropriate because of the time involved in taking and testing the cores
and because coring is a destructive testing process. If nuclear devices
are used for acceptance testing, then the speed and nondestructive nature
of the testing process allows for larger sample sizes. In their &iscussions
with contractors, consultants, and testing laboratories, the researchers
detected some skepticism concerning the use of nuclear devices for acceptance:
purpvses. There seemed to be much greater sentiment In favor of cores tlum
of nuclear devices for acceptance testing. Because of the present sentiment
among the contractors, it is believed that the use of cores should be retained
as the primary method for density acceptance, but that the option of nuclear
density measurements should also be retained. As nuclear devices become
more accepted and trusted by the contractors and testing laboratories in
general, the appropriate tables could be developed to allow for larger

sample sizes, 10 or 20 for instance.
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} SUMMARY AND RECOMMENDATIONS
. A number of different topics relating to the FAA demsity acceptance plan
have been presented and discussed in this chapter. Some of the recommendations
which were made with regard to this plan are:
f 1) Use of the standard deviation method rather than the range method

since the former provides a better estimate of PWL.

b

2) Use of a continuous price adjustment schedule to prevent major
payment differences for small differences in the quality of the

material. The recommended schedule is shown in Table 3.7 and

Figure 3.7. This schedule was recommended on the basis of the ]
close agreement of its expected payment curve with the expected

payment curve of the price adjustment schedule originally proposed

by the FAA.

3) Use of a computer simulation program to determine OC curves in
terms of means and standard deviations which a contractor can
easily relate to his construction process capabilities.

The recommended acceptance plan is summarized in Chapter 6, where its

use is simulated on several projects from the 1978 construction season.




4, MARSHALL PROPERTIES

INTRODUCTION

This chapter presents the findings of the data analysis for the
Marshall properties of stability, flow, and air voids. The development of
proposed acceptance plans for these properties is also presented. In

k) developing these plans, a computer simulation program was used to obtain

the OC curves for those properties (flow and air voids) which had both %
upper and lower specification limits. Possible alternatives are presented &
for dealing with the case when more than one of these properties require j
price adjustments. Finally, the results of correlation tests among these %

three pi.,.."ties are presented.

ANALYSIS OF MARSHALL TEST RESULTS
The Marshall test results from each of the projects in the study were

analyzed, and the mean and standard deviation were determined for each

project. The results of this analysis are presented in Tables 4.1 through
4.3, There were a total of 532 Marshall tests conducted on the projects
included in the study. Each Marshall test result is the average value of
three specimens. The Marshall results from the Richmond project were not
included in the analysis, because the Marshall results on this project were ﬁ
based on the average of four specimens per test rather than three, as was

é . the case on all of the other projects. The FAA Eastern Region specifica-

= By "

tions require three specimens per test.

Tables 4.1 through 4.3 present, for each project, values for the number ‘

of tests, the job mix formula (IJMF) values for stability, flow, and air |

{ voids, and the mean value and standard deviation for these parameters.
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TABLE 4.1 RESULTS OF MARSHALL STABILITY TESTS
E FOR THE PRQJECTS IN THE STUDY
Number JMF Mean Offset from Standard
Project of Tests Value* Value JIMF Deviation
Adirondack - Type A 9 2200 2240.1 + 40.1 288.51
Adirondack - Type B 29 2385 2341.6 - 43.4 256.46
Charlottesville - ANJ** 54 2300 2702.6 + 402.6 271.32
Charlottesville - SLW 53 2410 3614.7 +1204.7 367.34 .
Chautauqua 27 2058 2450.4 + 392.4 126.06
Chemung - Chemung 24 2260 2427.3 + 167.3 156.15
Chemung - Fisherville 56 2929 2475.9 - 453.1 260.94
DuBois 32 2541 2056.1 - 484.9 173.49
Dutchess 12 2432 2835.6 + 403.6 193.68
Linden 52 2171 2117.9 - 53.1 127.45
Westchester - Colprovia 99 2220 2816.1 + 596.1 203.69
Westchester - Peckham 85 2640 2686.2 + 46.2 436.86
: TOTAL 532
f POOLED VALUES 2410 2642 + 232 279

*Specification Range—-Minimum of 1800 (pounds)
**Dryer Drum Plant
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TABLE 4.2 RESULTS OF MARSHALL FLOW TESTS FOR THE

PROJECTS IN THE STUDY

T ——

Number JMF Mean Offset from Standard
Project of Tests Value* Value JMF Deviation
Adirondack - Type A 9 10.0 10,15 +0.15 1.692
Adirondack - Type B 29 9.0 10.02 +1.02 1.445
Charlottesville - ANJ** 54 14.0 15.91 +1.91 1.349
Charlottesville - SLW 53 13.0 15.27 +2.27 2.800
Chautauqua 27 8.4 9.59 +1.19 0.799
Chemung - Chemung 24 10.9 10.39 -0.51 1.243
Chemung - Fisherville 56 9.5 9.05 -0.45 0.%02
DuBois 32 9.6 10.44 +0.84 1.485
Dutchess 12 11.7 13.40 +1.70 1.325
Linden 52 13.0 11.90 -1.10 1.246
Westchester - Colprovia 99 14.0 11.41 -2.59 1.790
Westchester - Peckham 85 11.7 11,86 +0,.16 2.540
TOTAL 532
POOLED VALUES 11.88 11.87 -0.01 1.81

*Specification Range~-8 to 16 (1/100 inches).
**Dryer Drum Plant
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TABLE 4.3 RESULTS OF AIR VOIDS TESTS FOR THE PROJECTS

IN THE STUDY
- Number JMF Mean Offset from Standaré;
Project of Tests Value*  Value JMF Deviation
Adirondack- Type A 9 3.7 3.43 -0.27 0.722
Adirondack - Type B 29 3.8 3.58 -0.22 0.623
Charlottesville - ANJt##* 54 2., 7k*k 2.68 -0.02 0.577
Charlottesville - SLW 53 . 4, 14k 3.62 ~0.48 0.964
Chautauqua 27 4.0 3.08 -0.92 0.310
Chemung - Chemung 24 4, 1% 3.46 -0.64 0.293
Chemung - Pisherville 56 4, 2%k 3.68 ~0.52 0.473
DuBois 32 3.9 3.58 -0.32 0.672
Dutchess 12 3.7 4.41 +0.71 0.410
Linden 52 3.9 3.86 -0.04 0.684
Westchester - Colprovia 99 3.5 3.69 +0.19 0.614
Westcehester - Peckham 85 3.65 3.64 -0.01 1.179
FOTALS 532 3.72 3.55 -0.17 0.75

B N T R R T e e 3 . 8 WE T rEAX.TS 74 Farse g S TR - 3

*Specification Range--2.7 to 4.7 (percent)
*%*The specification range on these projects was 2 to 5 (percent).
***The specification range on this project was 2 to 4 (percent).
*2x*ryer Drum Plant
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The tables also present the pooled values of mean and srandard deviat fon
for all the test results. The mean of fset from the IMP, as o measime of
how well actual production coincided with the designed job mix, may be more

meaningful than the actual mean values for stability, flow, and air voids.

Marshall Stability Results -

The results of the analysis of the stability test values are included
in Table 4.1. The mean value of stability from the JMF's on the ptéject
was 2410, whereas the actual mean value of the production stability tests
was 2642. These numbers are both substantially higher than the minimum
value of 1800 required by the FAA specifications, indicating that there was
little difficulty encountered in meeting the stability requirement on the
orojects studied. The average offset from the JMF value for the projects
studied was +232, but this number may be misleading. The offset on one
project, Charlottesville-SLW, was 1204.7, whereas the offsets on the other
projects ranged from +596.1 to -484.9. The average offset from the JMF
value, if the Charlottesville-SLW project is omitted, was +125. The pooled
standard deviation value for all the projects is 279. When this value ié
considered together with the high mean value of stability, it does not seem

that the specification limit for stability is difficult to achieve.

Marshall Flow Results

The results of the analysis of the flow values are presented in Table 4.2.
The mean value for the JMF flow values and the mean value for production tests
are nearly identical, 11.88 versus 11.87. These mean values are both well
within the FAA specification limits of 8 to 16. The average offset from

the JMF value in essentially zero (-0.01), but this does not mean that the

e




JMF value is always obtained. The offset values on the individual projects
varied from +2.27 to -2.59. The pooled standard deviation for the projects
studied was 1.81. The mean production flow value of 11.87 is thus more than
two standard deviations from the nearest specification limit. Upon initial
analysis it appears that there are no major difficulties in meeting the FAA

specification limits.

Air Voids Results

The results of the analysis of the air voids values are presented in
Table 4.3. The mean JMF target value, 3.72, is a little misleading since
one of the projects, Charlottesville~-ANJ, had a specification range for air
voids of 2 to 4 percent. The remainder of the projects used a range of
either 3 to 5 percent (Charlottesville-SLW, Chemung-Chemung, Chemung-~Fisher-
ville) or 2.7 to 4.7 percent, which is the range specified in the FAA Fastern
Region Specifications. If the mean JMF value and mean production value are
determined for the projects bound by the specification range of 2.7 to 4.7
percent, then values of 3.71 and 3.65 are obtained. These values fall in the
center of the 2.7 to 4.7 percent specification range.

The pooled value of standard deviation obtained for the projects was
0.75. This value is quite high in comparison with the specification range
of 2.7 to 4.7 percent. A normal population, with a mean at the center of the
specification range (3.7 percent) and with a standard deviation of 0.73, would
have only about 82 percent of its area within the specification limits. This
indicates that some problems may be encountered in meeting the specification
requirements. 1Tt is possible either that the specification limits are too

restrictive in light of the variability of the production process or that

the estimated value of standard deviation is too high.
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Upon investigation, it appears that some of the variability in the
values for air voids may be attributed to the method by which the value
for air voids content is determined. The method employed for calculating
air voids is based upon a comparison of the actual specific gravity measured
for the Marshall specimens after compaction versus the maximum theoretical
specific gravity. The maximum theoretical specific gravity is dependent
upon the specific gravities and the relative proportions of the aggregate

and asphclt in the mix. On a number of the projects investigated, the 4

maximum theoretical specific gravity was always based on the job mix

formula (JMF) asphalt content. As will be seen when the asphalt extraction

results are presented in Chapter 5, the asphalt content may vary from day to

oy 4

day. In the researchers' view, the asphalt content used for calculating z
maximum theoretical specific gravity should be based as nearly as possible é

3
on the actual asphalt content of the Marshall specimens being tested and not é
upon the .JMF asphalt content. i

An examination of the asphalt content test results indicates that the

production asphalt content may vary by as much as 0.9 pcercent from the JIMF
design value. An example from one of the projects will help to illustrate
how the asphalt content can influence the determination of air voids content.
On the Linden project the JMF design asphalt content was 6.1 percent. This
asphalt content yields a maximum theoretical specific gravity of 2.538. This

value was used to calculate air voids content for each Marshall test through-

vttt o o e

out the project. The results of the extraction tests conducted on the project

§

indicate values of asphalt content ranging from 6.99 to 5.72 percent. As an

example (Figure 4.1), on November 24, 1978, two extraction tests vielded

results of 6.14 and 6.99 for asphalt content. In the calculations for air
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voids content, even though the asphalt content was shown as 6.99 percent on
the computation sheet, the value of 2.538, which corresponds to an asphalt
content of 6.1 percent, was used as the maximum theoretical specific gravity.
These calculations are shown in Figure 4.1. For this project, the value of
maximum theoretical specific gravity that corresponds to an asphalt content
of 6.99 percent is 2.503. If this value had been used in the calculation

of air voids content, then values of 3.0, 2.0, and 3.3 percent would have
been obtained rather than the values of 4.3, 3.3, and 4.6 shown in Figure
4.1.

It is true that the example cited is an extreme case and that the asphalt
content will rarely vary this much from the JMF asphalt content. But even a
variation of 0.2 or 0.3 percent from the JMF can cause significant changes
in the calculated air veoids content. For the example, in Figure 4.1, if the
asphalt content had been 6.4 percent (0.3 percent from the JMF value of 6.1),
then the maximum theoretical specific gravity would have been 2.527, and
values of 3.9, 2.9, and 4.2 percent would have been obtained. These values
are 0.4 percent lower than the values obtained in Figure 4.1. When one
considers that the specification range, 2.7 to 4.7. spans only 2.0 percent,

a difference of 0.4 percent can be significant.

It has been shown that the value for air voids cuntent can be changed
rather dramatically if variations in asphalt content are not taken into
account by modifying the maximum theoretical specific gravity. Tt is
therefore recommended that the maximum theoretical specific gravity used in the
determination of air voids content be adjusted to reflect the asphalt content

of the material being produced. On plants with automatic recordation, an




estimate of the asphalt content for the batch from which the Marshall specimens
are taken can be obtained from the values on the printed batch tickets. In
other cases, the asphalt content from the most recent extraction test could

be used to determine maximum theoretical specific gravity., Ideally, an
extraction test could be run on one of the tested Marshall specimens, and

this value could then be used for calculating air volds content.

DEVELOPMENT OF ACCEPTANCE PLAN

The results of the data analysis phase for Marshall properties were used
to develop acceptance plans for these properties. For Marshall stability
the analysis is similar to that for density since there is only a lower limit
specified. For Marshall flow and for air voids, which have both upper and
lower specification limits, a purely theoretical approach becomes difficult.
For these properties a computer simulation program was developed to determine
the operating characteristics of the proposed acceptance plans. This was
done because it is possible for material to be outside both specification
limits at the same time.

The approach used to obtain these proposed plans is based on the develop-
ment of the OC curves and expected payment curves for each of the properties
on the basis of the payment schedule for density originally developed by FAA.
The final determination of the reasonableness or appropriateness of any of the

plans presented can only be made by the FAA.

Continuous Versus Discrete Price Adjustments

In Chapter ) it was argued that a continuous price adjustment schedule
is preferable to a discrete schedule, and therefore a continuous schedule was
developed and recommended for the case of density. Discrete price adjustment

schedules are proposed for the Marshall properties hecause the calculations
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are considerably simplified in this way. In Chapter 3, it was shown that
the expected payment curve for the continuous schedule is verv similar to the
discrete schedule on which it was based. It is likely that the cxpected
payment curves for the Marshall properties would be very close to those for
the proposed discrete schedules.

It is recommended that, at this time, the discrete schedules presented
in this chapter be maintained for the Marshall properties. Dealing with
multiple price adjustments for the Mafshall properties will make the initial
field applications much more complicated than was the case for density, where
only one property was involved. It is therefore recommended that the discrete
schedules be employed for the first construction season, since the parties
involved-~contractors, consultants, and testing laboratories--are already
familiar with this type of schedule from the density specification used during
the last construction season. If the continuous price adjustment schedule for
density were used during the next construction season, then all parties
involved would have an opportunity to become familiar with this approach,
and it could then be adopted for Marshall properties during later construction

seasons.

Computer Simulation Program

The operating characteristics for properties with both upper and lower
specification limits were determined by means of a computer simulation
program. This is necessary since there are many ways in which a particular
value for PWL could be obtained from a population having a given standard
deviation. For example, a population with a given standard deviation could
have a PWL value of 80 by having a mean value for which 10 percent was below
the lower limit and 10 percent was above the upper limit, or for which

20 percent was below the lower limit and nothing above the upper limit.
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This example is oversimplified, but it helps to illustrate some of the
potential difficulties with the analysis for two specification limits.

The simulation program is similar to that used by Willenbrock and
Kopac (9), but it was modified to use the standard deviation method rather
than the range method for estimating PWL. The program was originally written
by Charles E. Antle of the Department of Statistics of The Pennsylvania State
University.

The program determines the operating characteristics of the proposed
acceptance plan by simulating the random sampling of 10,000 lots of material.
The mean and standard deviation for the population being considered are
entered into the program. The number of samples per lot is a variable
which can be enteced Into the program.  For the OC curve development for
the Marshall properties, a sample size of four was used since this is the
value required by the Eastern Region specifications. A copy of the program,
together with a more thorough discussion, is presented in Appendix A.

In order to test the simulation program, it was used to determine the
0C cuxrves for the density acceptance plan. Since the program is set up for
both an upper and lower specification limit, and density has only a lower
specification limit, a very high value that was certain never to be exceeded
was entered as the upper limit. The OC curves derived from this simulation
are presented in Figure 4.2. The operating characteristics derived from the
simulation were compared with those obtained from the theoretical solution
using the non-central t-distribution presented in Figure 3.11. As can be

scen from Table 4.4, the results agree quite closely, thus verifying the

applicability of the program.
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Marshall Stability

The case of Marshall stability is similar to that of density since there
{s only a lower specificatfon Hmit fnvolved.  For this cane, the opevat ing

characteristics can be determined theoretically by use of the non-central

t-distribution. As a starting point for a Marshall stability acceptance
plan, the FAA price adjustment schedule for density was used. This schedule
was used because a subjective analysis is necessary for the OC curve method

which was being employed for the development of the acceptance plan, and

because FAA considered this schedule reasonable when they adopted it.

Since the same price adjustment schedule was used, the OC curves for
Marshall stability are identical to those presented in Figure 3.2 for the
FAA density acceptance plan. The OC curves for the proposed Marshall stability
acceptance plan are presented in Figure 4.3. The OC curves for Marshall
stability also were determined by use of the computer simulation program
discussed above. As indicated in Chapter 3, the simulation allows the OC
curves to be presented in terms of means and standard deviation values which

the contractor can relate to his construction process capabilities. Since

stability has only a lower specification 1limit (1800), an upper specification
limit of 9000 was used in the program. The OC curves for the stability
acceptance plan are presented in Figures 4.4 through 4.6. These figures are
for standard deviation values of 175, 279, and 425, respectively. The value
of 279 corresponds to the pooled standard deviation for all of the projects

studied; 175 and 425 correspond to above average and below average control

respectively, as indicated by the individual project results in Table 4.1.
In order to evaluate the acceptance plan, the expected pavment curves
for the OC curves shown in Figures 4.4 through 4.6 were determined. These

expected payment curves are presented in Figurc 4.7, and sample caleulations
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necessary to develop the curve for a standard deviation of 279 are shown in
Table 4.5. The curve associated with a standard deviation of 279 is probably
the most representative of the value attainable in the field since it corre-
sponds to the pooled standard deviation obtained from all of the projects
studied. As can be seen from the curve, a contractor producing material

at a mean stability value of 2410, which was obtained in the study, will
have an expected payment of 100 percent. This curve seems to indicate that
the proposed stability acceptance plan and price adjustment schedule are
reasonable. The price adjustment schedule is presented in Table 4.6. It
should be noted that in arriving at the expected payﬁent curves shown in
Figure 4.7, it was assumed that all material with an estimated PWL below

65 would be accepted at 50 percent payment. This was believed to be
reasonable since it seems unlikely that removal would be ordered if only

one of the three Marshall properties were below 65 PWL.

Marshall Flow

The case of an acceptance plan for Marshall flow is somewhat different
from that for density or stability since there are both upper and lower
specification limits involved. The FAA density price adjustment schedule,
which had been used for the proposed stability acceptance plan, was also

used for flow. This schedule was deemed appropriate because it is based on

PWL, and PWL can be determined for either an upper or a lower specification
limitc.
The procedure for determining the estimated PWL for the case of a two-

sided specification limit is similar to the method described earlier

(Chapter 3) for the case of only a lower limit. For the two-sided case,
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TABLE 4.5 CALCULATIONS FOR THE EXPECTED PAYMENT CURVE

FOR THE PROPOSED MARSRALL STABILITY

PRICE

ADJUSTMENT SCHEDULE FOR A STANDARD DEVIA-
TION OF 279 AND SPECIFICATION LIMIT OF 1800 POUNDS

£ DR IR T PPN g s 1w

Probability of Receiving Indicated Payment
Mean p—-- - Expected
Value 100 98 95 90 80 70 50 Value
1800 048 014 .022 .031 .039 061 . 184 “W.!
2000 .288 .070 .082 .093 .100 .091 .276 80.0
2200 .700 .077 .066 .058 . 044 .029 .026 95.9
2400 .933 .031 .022 .009 .003 .001 .001 99.6
2600 .993 .005 .001 .001 - -— - 100.0
2800 .999 .001 - - - - - 100.0
88
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TABLE 4.6 PRICE ADJUSTMENT SCHEDULE FOR THE
PROPOSED MARSHALL STABILITY AND
FLOW ACCEPTANCE PLANS

-t 4

Percent of

Estimated Contract Price
PWL to be Paid
90 and above : 100 !
85 to 90 98 '
80 to 85 95
75 to 80 90
70 to 75 80
65 to 70 70
Below 65 *

*The lot shall be removed and replaced to meet
specification requirements as ordered by the
engineer. In lieu thereof, the contractor and
the engineer may agree in writing that, for
practical purposes, the deficient lot shall
be removed and will be paid for at 50 percent
of the contract unit price.

I
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two Quality Index values, QU and QL' must be determined from the following:

U-X
Q=3
and
X-L
Q=75
where: X = mean of the measurements on the lot
U = specification upper tolerance limit
L = specification lower tolerance limit
S = gtandard deviation of the measurements on the lot.

Once the calculations have been completed, the value of QU can be used
together with Table 3.5 to determine the estimated percentage of material
below the upper limlt (PWLU). Similarly, the value of QL can be ased o
estimate the percentage of the material above the lower limit (PWLL). The

PWL estimate for the lot can then be determined from the following relation-

ship:

PWL = PWLU + PWLL - 100.

For the case of Marshall flow, the upper specification limit is 16 and the
lower specification limit is 8. The OC curves for the proposed price
adjustment schedule were determined by use of the computer simulation program
discussed above and in Appendix A.

The OC curves corresponding to standard deviation values of 0.90, 1.25,
1.81, and 2.50 are shown in Figures 4.8 through 4.11. These values correspond

to the lowest value, a lower than average value, the pooled value for all

projects, and a higher than average value for standard deviation shown in

80




Table 4.2. As can be seen in Figure 4.8, a process that maintains a
standard deviation of 0.90 has little or no chance of having material
rejected when its mean value is between 10 and 1l4.

To evaluate the acceptance plan, the expected payment curves were
determined for the OC curves shown in Figures 4.8 through 4.11, and are
presented in Figure 4.12. Sample calculations necessary to develop the
curve for a standard deviation of 1.81 are shown in Table 4.7. To arrive
at these curves, it was again assumed that the material with an estimated
PWL of less than 65 would be accepted at 50 percent payment 100 percent of
the time. The curve associated with a standard deviation of 1.81 is probably
the most representative of the value attainable in the field, since it cor-

responds to the pooled standard deviation obtained from all the projects

studied.

Air Voids

The case of an acceptance plan for air voids content is similar to that
for Marshall flow since there are both upper and lower specification limits.
The calculations necessary to estimate PWL for the case of alr volds are
similar to those described for Marshall flow except that the lower specifi-
cation limit is 2.7 percent and the upper specification limit is 4.7 percent.
The high value obtained for the pooled standard deviation for air voids on
the projects studied presented some problems in developing an acceptance
plan and a price adjustment schedule. The same price adjustment schedule
used for Marshall stability and flow was used for air voids. The OC curves
corresponding to this schedule and the pooled standard deviation value for
alr voids of 0.75 are presented in Figure 4,13, As can be seen from this

figure, the prubabilities of acceptance, even for values in the center of
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NOTE:

Since this is a two-limit specification, the OC curves are symmetrical
about the mean value in the center of the specification range (12 in
this case). That 1is, the values obtained for a mean flow value of 13
are the same as for a value of 11, etc.
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NOTE:

$ince this is a two-limit specification, the OC curves are symmetrical
about the mean value in the center of the specification range (12 in
this case). That is, the values obtained for a mean flow value of 13
are the same as for a value of 11, etc.
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NOTE: Since this is a two-limit specification, the OC curves are symmetrical
about the mean value in the center of the specification range (12 in
this case). That is, the values obtained for a mean flow value of 13
are the same as for a value of 11, etc.
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NOTE:

Since this is a two-limit specification, the OC curves are symmetrical
about the mean value in the center of the specification range (12 in
this case). That 1is, the values obtained for a mean flow value of 13
are the samec as for a value of 11, etc.
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TABLE

4.7 CALCULATIONS FOR THE EXPECTED PAYMENT CURVE
FOR THE PROPOSED PRICE ADJUSTMENT SCHEDULE
FOR MARSHALL FLOW FOR A STANDARD DEVIATION
OF 1.81 AND SPECIFICATION LIMITS OF 8 TO 16

Probability of Receiving Indicated Payment

Mean Expected

Value 100 98 95 90 80 70 50 Payment
12 .882 .048 .035 .017 .011 .005 .002 99.1
13 (11) .782 .065 .054 .044 .028 .017 .010 97.6
14 (10) .504 .087 .087 .081 .076 .067 .098 90.2
15 (9 .210 .053 .063 .078 .089 .105 .402 73.8
16 (8) .047 .014 .019 .030 .041 .064 .785 57.6
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NOTE:

e —

Since this is a twe-limit specification, the OC curves are symmetrical
about the mean value in the center of the specification range (3.7 in
this case). That is, the values obtained for a mean air voids content
of 3.9 are the same as for 3.5, etc.
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the specification range, are not very high. These curves werce considered
unacceptable, and it was decided that the acceptance plan required mod{fi-
cation.

In all, five different price adjustment schedules were attempted.

These schedules are presented in Table 4.8. The FAA schedule was used as

a starting point, and modifications were made to this schedule in an attempt
to provide expected payment curves which appeared reasonable. Expected
payment curves were determined using the same assumptions as were made for
the cases of stability and flow. The expected payment curves for Schedule I,
I1I, and V are shown in Figure 4.14. None of these curves is ideal, but
Schedule V seems to be the most reasonable; it was therefore selected for
further use. The calculations for the curves in Figure 4,14 are shown in
Table 4.9. ‘

The OC curves price adjustment Schedule V are shown in Figures 4.15
through 4.17 for standard deviation values of 0.535, 0.75, and 0.95,
respectively. The value of 0.75 corresponds to the pooled standard
deviation values of 0.535, 0.75, and 0.95, respectively. The value of
0.75 corresponds to the pooled standard deviation of all the projects
studied; 0.535 is the pooled standard deviation for the seven projects
with the lowest standard deviations; and 0.95 indicates a project with.
below average control of air voids.

In order to consider the possibility that the pooled standard deviation
value of 0.75 was too high, the expected payment curve was determined by
using the FAA density price adjustment schedule (Table 4.6) for Marshall
stability and flow and a standard deviation value of 0.535. This curve Iu
presented in Figure 4.18, and the corresponding calculatfons arc presented

in Table 4.10. This curve appears to be even more appropriate than the one

90




TABLE 4.8

S 3 4 P F AW U S L ARBEE AU RE AR < T IS A AL T At 0 X . &L AT T

POSSIBLE PRICE ADJUSTMEMT SCHEDULES FOR
AIR VOIDS CONTENT

Schedule I

Estimated PWL

—_— ]

Percent Payment

30 and above
85 to 90
80 to 85
75 to 80
70 ¢0 75
65 to 70
Below 65

100
98
95
90
80
70
50

Schedule 1I

Estimated PWL

Percent Payment

90 and above
85 to 90
80 to 85
75 to 80
70 to 75
65 to 70
60 to 65
Below 60

100
99
97.5
95
90
80
70
50

Schedule III

Estimated PWL

Parcent Payment

85 and above
80 to 85
75 to 80
70 to 75
65 to 70
60 to 65
Below 60

100
98
95
90
80
70
50

e A

ppie—

100




TABLE 4.8 (CONTINUED)

Schedule 1V

Estimated PWL

Percent Payment

85 and above

80 to
75 to
70 to
65 to
60 to
Below

85
80
75
70
65
60

100

Schedule V
Estimated PWL Percent Payment
80 and above 100
75 to 80 99
70 to 75 97.5
65 to 70 95
60 to 65 90
55 to 60 80
Below 55 50
101
- e rrerveyswrnr i AN S iaeitiaia e,
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NOTE: Since this is a two-limit specification, the OC curves are symmetrical
about the mean value in the center of the specification range (3.7 in
this case). That 1is, the values obtained for a mean alr voids content
of 3.9 are the same as for 3.5, etc.
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FIGURE 4.14 EXPECTED PAYMENT CURVES FOR THE PROPOSED PRICE ADJUST-
MENT SCHEDULES FOR AIR VOIDS CONTENT FOR A STANDARD
DEVIATION OF 0.75
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TABLE 4.9 CALCULATIONS FOR THE EXPECTED PAYMENT CURVES
FOR THE PROPOSED PRICE ADJUSTMENT SCHEDULES FOR
AIR VOIDS CONTENT FOR A STANDARD DEVIATION OF
0.75 AND SPECIFICATION LIMITS 2.7 TO 4.7.

B it LR e s oEm X I SRS T LT NIELIUSE T L4 T nEacg

Proposed Price Adjustment Schedule I

I Probability of Receiving Indicated Payment

Mean Expected

Value 100 98 95 90 80 70 50 Payment
] 3.7 .399 .079 .088 .084 .088 .078 .184 85.3
] 3.9 (3.5) .363 .079 .083 .087 .086 .086 .216 83.5
4.1 (3.3) . 283 . 060 .071 .091 .092 .093 .310 78.5
4.3 (3.1) .182 .048 .060 .069 .080 .100 .461 71.3
4.5 (2.9) .096 .028 .037 .054 .068 .077 .638 63.4
4.7 (2.7) .046 .013 .019 .029 .039 .059 .795 57.3

Proposed Price Adjustment Schedule III

Probability of Receiving Indicated Payment

AR et

Mean Expected
Value 100 98 95 90 80 70 50 Payment :
§
_ 3.7 .478 .088 .084 .088 .078 .069 .115 89.1 3
~ 3.9 (3.5) L4642 .083 .087 .086 .086 .077 .139 87.6 %
i 4.1 (3.3) . 343 .071 .091 .092 .093 .092 .218 83.0 y
4.3 (3.1) .230 .060 .069 .080 .100 .104 .357 75.8 3
4.5 (2.9) .126 .037 .054 .068 .077 .097 .541 67.5 b
4.7 (2.7) .059 .019 .029 .039 .059 .072 .723 59.9 ]
I
%
13
Proposed Price Adjustment Schedule V !

!
| Probability of Receiving Indicated Payment -

Mean Expected

Value 100 99 97.5 95 90 80 50 Payment
3.7 .566  .084  .088  .078  .069  .050  .065 94.4 ¢
3.9 (3.5) .525 .087 .086 .086 .077 .059 .080 93.3 g
j 4.1 (3.3) 414 .091 .092 .093 .092 .080 .138 89.8 :
4.3 (3.1) .290 .069 .080 .100 .104 .102 <255 81.4 '
4.5 (2.9) .163 .054 .068 .077 .097 114 L427 74 .8 :

4.7 (2.7 .078 .029 .039 .059 .072 .096 .627 65.6
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NOTE:,

Since this 18 a two-limit specification, the OC curves are symmetrical
about the mean value in the center of the specification range (3.7 in

this case).

Tnat 1s, the values obtained for a mean air voids content

of 3.9 are the same as for 3.5, etc.
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NOTE: Since this is a two-limit specification, the OC curves are symmetrical
about the mean value in the center of the specification range (3.7 in
this case). That is, the values obtained for a mean air voids content
of 3.9 are the same as for 3.5, etc.
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NOTE: Since this is a two-limit specification, the OC curves are symmetrical
about the mean value in the center of the specification range (3.7 in
this case). That 1s, the values obtained for a mean air voids content
or 3.9 are the same as for 3.5, etc.
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NOTE:

Since this is a two-limit specification, the Expected Pavment are
symmetrical about the mean value in the center of the specification
range (3.7 in this case). That is, the values obtained for a mean
air voids content of 3.9 are the same as for 3.5, etc.
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FIGURE 4.18 FEXPECTED PAYMENT CURVE FOR AIR VOIDS CONTENT USING FAA
PRICE ADJUSTMENT SCHEDULE FOR A STANDARD DEVIATION OF
0.535
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TABLE 4.10 CALCULATIONS FOR THE EXPECTED PAYMENT CURVE
FOR AIR VOIDS CONTENT USING THE FAA PRICE
ADJUSTMENT SCHEDULE FOR A STANDARD DEVIA-
TION OF 0.535 AND SPECIFICATION LIMITS OF

2.7 TO 4.7

C T Probability of Receiving Indicated Payment ]

Mean Expected

Value 100 98 95 90 80 70 50 Payment
3.7 . 745 .071 .065 .049 .033 .018 .019 96.9
3.9 (3.5) .676 .080 .074 .058 .048 .031 .033 95.4
4.1 (3.3 .506 .084 .088 .079 .076 .065 .102 90.0
4.3 (3.1) . 304 .0h5 074 .092 .096 .098 2N 80.2
4.5 (2.9) .136 .037 .054 .065 .078 091 .519 6.8
4.7 (2.7) .047 .014 .019.  .030 .040 .064 .786 57.6
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for price adjustment Schedule V, shown in Figure 4.14. If the FAA is willing
to accept 0.535 as the standard deviation value for air voids, then the same
price adjustment schedule proposed for Marshall stability and flow would

seem reasonable. It is recommended that more data be collected before a
decision to use 0.535 or 0.75 is made. If the problem of the effect of
asphalt content variations on air voids calculations is resolved, and data
are collected on future projects, then a decision can be made as tuv the
appropriate standard deviation value and price adjustment schedule for air

voids.

APPLYING PRICE ADJUSTMENTS

Until now, the price adjustment schedules for the Marshall properties
have been considered individually. A question which must now be addressed
is how the price adjustments will be assessed when more than one of the

Marshall properties require price adjustments.

Multiple Price Adjustments

Since it is possible that the estimated PWL values for a particular
lot of material may indicate price adjustments for more than one property,
it is necessary to have a procedure to dedl with this event. Two methods
are most commonly used in dealing with multiple price adjustments. The
first method uses the maximum price adjustment indicated as the price
adjustment for the lot and ignores the other price adjustments. For example,
if Marshall stability indicated a pay factor of 95 percent, Marshall flow a
pay factor of 90 percent, and air voids a pay factor of 80 percent, then
this method would allocate a pay factor of 80 percent to the lot of material.
The second method is to multiply the pay factors together to determine

the payv factor for the lot of material. For the example above, this would
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yield a pav factor for the lot of material of 0,95 x 0.90 x 0.80, or 68.4

percent. As can be seen from this example, the second method results in

more severec price adjustments.

A third method that might be considered would be to determine the pay
factor for the lot by summing the percentage reductions for each of the

properties involved. For the example used before, this would provide a

total price reduction for the lot of (1.0-0.95) + (1.0-0.90) + (1.0-0.80),

or 35 percent. The pay factor for this lot would therefore be 65 percent,
This method will yield the most severe price reductions.

The methods that attempt to apply more than one price adjustment to

-y —— ——

the lot, rather than using the largest one, assume that the properties

i

are independent of one another. That is, if one of the properties measured
is outside of the specification limits, then this does not necessarily mean
that another property is outside of its specification limits. To see if
this was the case for the properties used by FAA for acceptance, correlation

tests were conducted on the Marshall test results for the projects in the

study.

The results of these correlation tests are presented in Table 4.11.
The correlation coefficients shown in this table can range from -1 for
perfect negative correlation to +1 for perfect positive correlation. It
was thought that {f a high positive or negative correlatlon between any
of the Marshall properties could be consistently identitied, it might be
possible to eliminate the need to measure all of these properties. However,
there were no consistently high correlations between auy of the test properties
Some general trends did emerge. TIn most cases, stability and flow were

positively correlated. And, 1in nearly every case, air voids correlated
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TABLE 4.11 SUMMARY OF CORRELATION TESTS ON MARSHALL
PROPERTIES FOR THE PROJECTS STUDIED

I R L R e A

L WEE L4 MIEE .S L SIS RS S

SREBEL T RS i MBI ST

Correlation Coefficients

Number Stability Stability and Flow and

Project of Tests and Flow Alr Voids Air Voids
Adiroandack - Type A 9 0.342 -0.773 -0.741
Adirondack - Type B 29 0.589 -0.609 -0.630
Charlottesville - ANJ 54 -0.241 -0.022 ~0.029
Charlottesville - SLW 53 -0.548 0.335 -0.408
Chaut.uqua 27 0.324 -0.507 -0.354
Chemung - Chemung 24 0.441 0.014 -0.481
Chemung - Fisherville 56 0.458 -0.389 -0.381
DuBois 32 0.330 -0.271 -0.811
Dutchess 12 0.047 -0.431 -0.143
Linden 52 -0.062 -0.102 0.044
Westchester - Colprovia 99 0.243 -0.498 -0.287
Westchester -~ Peckham 85 0.132 -0.685 -0.587
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negatively with stability and flow. It was considered, however, that the

correlations were not strong enough to preclude measuring all three properties.

Recommendation for Applying Price Adjustments

The recommended method for applying multiple price adjustments is to
multiply each of the pay factors together to determine the pay factor for
the lot. It may be assumed that if all three properties are considered
sufficiently important to measure, then the pavement should be less acceptable
when two of these properties are outside acceptable limits than when only
one of the properties is. If the price paid when the price adjustment
calculations indicate pay factors of 100 percent for stability and flow
and 80 percent for air voids is the same as the price paid when the

calculations indicate pay factors of 80 percent for all three properties,

this implies that the two cases are equally acceptable. If this is true,

then all three properties should not be considered for price adjustments.
For the reason indicated above, it is recommended that some method of

multiplying price adjustments together should be used. It should be noted,

however, that the price adjustment schedules proposed for each of the

Marshall properties may not necessarily work correctly for the case when

multiple price adjustments are indicated. If this method is adopted, it
may be necessary to increase the pay factors for a given estimated PWL value.
It is difficult to determine how well a multiple property acceptance plan

t
l

will perform until it is actually tried in the field. A simulation of the t
- 1

proposed price adjustment schedules was performed by applying them to the

test results from three of the projects from the study. The results of this I
.
[

simulation are presented in Chapter 6. In addition, it is recommended that

the FAA simulate the proposed price adjustments on selected projects in the

upcoming construction scason to evaluate their performance in the field.
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After this field simulation, the performance of the price adjustment schedules
could be analyzed and decisions about pay factors could be made by FAA prior
to using the schedules for payment purposes on projects,

Even though it is intuitively appealing to multiply the price adjustment
factors together, this approach is suggested with some reservations since no
field experience has been obtained with this type of plan on FAA projects and
the data obtained did not conclusively indicate that the Marshall properties
were statistically independent. Further research is needed before a plan
which multiplies payment factors 1s adopted by FAA. A field simulation of the
use of such a plan on actual projects would allow FAA to compare the different
methods for dealing with multiple price adjustments and, as a result, there

would be more justification for the approach adopted.




5. ASPHALT CONTENT AND GRADATION

INTRODUCTION

In addition to density and Marshall properties, data were also collected
on many of the projects for asphalt content and aggregate gradation. These
properties are not currently used for acceptance purposes in the FAA Eastern
Region P-401 specification, but it is required they be tested as a part of
the contractor's quality control program. This chapter presents the
findings of the analysis of the extraction test and theoretical hot bins
results, which were supplied to the researchers by FAA. These results are
compared with the quality control tolerance requirements stipulated fa the
Eastern Region P-401 specification. Finally, a discussion is presented of
an attempt to correlate the results for asphalt content and gradation with
those for the Marshall test results, and a more formal correlation program

for these properties is recommended.

RESULTS OF THE ANALYSIS

Test results for asphalt content, extracted aggregate gradation, and
theoretical hot bins gradation were provided to the researchers by FAA.
The job mix formula (JMF) target values, mean production values, mean
offsets from the JMF target values, and standard deviations for asphalt
content for each of the projects that had results available are presented
fn Table 5.1. This table also presents the pooled values for mean and
standard deviation for all of the projecis combined.

The results of the analysis of the extracted aggregate gradations on
a project-by-project basis are presented in Tables 5.2 through 5.10. The

results of the theoretical mix gradation as calculated from hot bins
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TABLE 5.1 RESULTS OF ASPHALT CONTENT TESTS
FOR THE PROJECTS IN THE STUDY

) Number JMF Mean Mean Offsetr‘:=:;;;:::;1

Project of Tests Value Value from JMF Value* Deviation
Adirondack - Type A 10 5.4 5.67 +0.27 0.222
Adirondack - Type B 29 5.4 5.67 +0.27 0.178
Charlottesville - ANJ | 45 4.9 4.88 -0.02 0.250 ;
Charlottesville -~ SLW 40 6.4 6.41 +0.01 0.230
DuBois 18 6.3 6.28 -0.02 0.115
Dutchess 6 5.6 5.49 -0.11 0.211
Linden 26 6.1 6.04 ~0.06 0.253
Richmond 38 6.0 5.50 -0.50 0.204
Westchester - Colprovia 40 6.3 6.01 -0.29 0.261
TOTAL 252
POOLED VALUES 5.84 5.75 -0.09 0.235

*Specification tolerance limits are given in Table 5.17.

e s
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TABIE * - =5 . F 'XTRACTL> AGGREGATE GRADATIOv TEals
*nOCHE T CONMACK - TYPE A PROJECT

B a2 T R R B R o xS R T M

Number of Tests = 10

e . o an e o e mmeea o e -—

JMF Mean Offset of Mean Standard

Sieve Size Value Value from JMF Valuex Deviation
e e e . |
1" 190 - -~ - ;
3/4" 92 87.6 -4.4 4.72 ]
1/2" 78 76.6 -1.4 3.24
1/4" 65 62.5 -2.5 2,23
1/8" 48 47.4 -0.6 2.00
#20 38 36.6 -1.4 2,26
#40 28 27.9 -0.1 1.91
#80 14 13.6 -0.4 1.55
#200 5 5.3 +0.3 1.03

it B w swe

*Specification tolerance limits are given in Table 5.17.
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TABLE 5.3 RESULTS OF EXTRACTED AGGREGATE GRADATION TESTS
FOR THE ADIRONDACK - TYPE B PROJECT

Number of Tests =29

é JMF Mean Offset of Mean Standard
é Sieve Size Value Value from JMF Value* Deviation
” 3/4" 100 -- - - _
% 1/2" 88 89.5 +1.5 2.71 k
1/4" 70 70.7 +0.7 2.45 ;
j 1/8" 51 51.6 +0.6 1.65
#20 40 39.0 -1.0 1.83 ]
#40 30 30.0 0.0 1.57
#80 14 15.3 +1.3 1.32
#200 6 6.3 +0.3 0.82

EXNE

*Specification tolerance limits are given in Table 5.17.

117

i S 44 O SV LY WP




.

TABLE 5.4 RESULTS OF EXTRACTED AGGREGATE GRADATION TESTS
FOR THE CHARLOTTESVILLE - ANJ PROJECT

Number of Teats = 45

JMF Mean Offset of Mean Standard
Sieve Size Value Value from JMF Value#* Deviation
3/4" 100 - - -
1/2" 89.0 87.4 -1.6 3.33
3/8" 79.9 79.0 -0.9 3.87
a4 61.6 63.4 +1.8 4.02
8 51.5 52.0 +0.5 3.Nn1
#16 37.4 36.3 -1.1 3.45
#30 24.4 24.0 -0.4 2.54
#50 14.9 15.4 +0.5 1.57
#100 9.5 10.7 +1.2 1.09
#200 5.3 7.6 +2.3 1.69

Ty

*Specification tolerance limits are given in Table 5.17.
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TABLE 5.5 RESULTS OF EXTRACTED AGGREGATE GRADATION TESTS

FOR THE CHARLOTTESVILLE - SLW PROJECT

Number of Tests = 40
JMF Mean Offset of Mean Standard
Sieve Size Value Value from JMF Valuet Deviation
3/4" 100 - - - E
1/2" 95.0 93.8 -1.2 2.03 ‘
3/8" 85.9 85.1 -0.8 3.19
#4 68,2 72.7 +4.5 3.42
8 54.0 5.4 -0.6 3.86
#16 39.8 38.1 -1.7 3.17
#30 30.6 28.3 -2.3 2.48
#50 17.6 17.5 -0.1 3.12
#100 8.9 9.5 . +0.6 1.21
#200 5.7 6.3 +0.6 1.12

*Specification tolerance limits are given in Table 5.17.
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TABLE 5.6 RESULTS OF EXTRACTED AGGREGATE GRADATION TESTS
FOR THE DUBOIS PROJECT

Number of Tests = 18

JMF Mean Offset of Mean Standard
Sieve Size Value Value from JMF Value* Deviation
1/2" 100 - — - W
3/8" 93 97.4 +4.4 0.84
4 73 75.3 +2.3 2.48 ‘
#8 53 52.3 -0.7 2.77
‘ 16 36 36.0 0.0 2.14
é *30 26 25.2 -0.8 1.62
” #50 15 16.5 +1.5 0.98
#100 8 10.1 +2.1 0.60
#200 5 5.8 +0.8 0.45

*Specification tolerance limits are given in Table 5.17.
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TABLE 5.7 RESULTS OF EXTRACTED AGGREGATE GRADATION TESTS
FOR THE DUTCHESS PROJECT

Number of Tests = 6

j JMF Mean Offset of Mean Standard
i Sieve Size Value Value from JMF Valuek Deviation
L
3/4" 100 - - — ,
| :
% 1/2" 93.5 92.5 -1.0 1.12 [
1/4" 70.7 70 .2 -0.5 1.87 f
1/8" 57.6 564.3 -3.3 1.45 !
I
» #20 36.9 29.6 -7.3 1.28 ‘iﬂ
i
#40 29.2 23.3 -5.9 1.49 §
#80 15.9 13.8 -2.1 1.36 ]
#200 4.2 4.0 -0.2 0.98

¢ *Specification tolerance timits are glven In Table 5.17.
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TABLE 5.8 RESULTS OF EXTRACTED AGGREGATE GRADATION TESTS
FOR THE LINDEN PROJECT

Number of Tests = 26

JMF Mean Offset of Mean Standard

Sieve Size Value Value from JMF Value* Deviation
172" 100 -- ‘ - -
3/8" 97.0 96.6 -0.4 1.58
#a4 66.0 64.6 -1.4 2.72
#8 47.6 47.8 +0.2 1.69
#16 41.8 40.6 -1.2 1.61
#30 33.8 32.4 -1.4 1.95
#50 21.1 19.8 -1.3 1.77
#100 12.0 12.5 +0.5 1.55
#200 6.5 64 -0.5 0.68

S, P

*Specification tolerance limits are given in Table 5.17.
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TABLE 5.9 RESULTS OF EXTRACTED AGGREGATE GRADATION TESTS
FOR THE RICHMOND PROJECT

s et ————

Number of Tests = 38

JMF Mean Offset of Mean Standard

Sieve Size Value Value from JMF Value* Deviation
3/4" 100 97.4 -2.6 1.83 ,
1/2" 89 82.2 -6.8 3.16 ]
3/8" 82 73.9 -8.1 3.10 &
# 66 62.6 -3.4 2.71 ’
#8 50 47.1 -2.9 2.23 f
#16 38 36.1 -1.9 1.93 ‘
#30 28 25.5 -2.5 1.57 )
#50 19 17.2 -1.8 1.28
#100 11 10.5 ~0.5 1.27 £
#200 4.5 6.5 +2.0 1.22

g wcoae,

*Specification tolerance limits are given in Table 5.17.
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TABLE 5.10 RESULTS OF EXTRACTED AGGREGATE CRADATION TESTS
FOR THE WESTCHESTER - COLPROVIA PROJECT

T N I R N Xy N e A s L i A I

Number of Teats = 40

[ )

Standard

JMF Mean Offset of Mean
Sieve Size Value Value from JMF Value* Deviation
1" 100 -— -~ _—
3/4" 93 96.3 +3.3 2.08
1/2" 81 82.6 +1.6 3.52
3/8" 75 72.5 -2.5 3.74
4 63 60.0 -3.0 3.15
#10 47 49.4 +2.4 3.05
#20 33 30.9 -2.1 2.97
#40 22 19.2 -2.8 2.47
#80 13 10.4 =2.6 1.81
#200 5 4.4 -0.6 0.66

e LTEY Fam

*Specification tolerance limits are given in Table 5.17.
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gradation are presented in Tables 5.11 through 5.15. A visual inspection

of these tables shows little significant diflerence between them and the
extracted gradations from Tables 5.2 through 5.10. Since only five
projects have data available for theoretical hot bins gradation, and on
one of these projects (Richmond) data are available only for a portion of
the project, it was decided to concentrate only on the extracted aggropate
gradation results.

The results of the extracted aggregate gradation tests for all of the
projects studied are summarized in Table 5.16. This table includes all of
the sieve sizes used in the study, the number of projects for which each
sieve size was used, the total number of gradation tests in which each
sieve size was included, and the pooled values for mean offset from the
JMF value and standard deviation. Table 5.16 summaries the information
presented in Tables 5.2 through 5.10. It can be seen that there is a tendency

for the production mean values for the larger sieve sizes to fall below the

JMF value, whereas for the small sieve sizes, #100 and #200, the reverse is
true. Also, there is a general tendency for the standard deviation values

to decrease as the sieve size, or percent of material passing, decreases.

COMPARISON OF RESULTS WITH QUALITY CONTROL REQUIREMENTS

As mentioned previously, extraction tests are not used for acceptance
purposes, but they are required as part of the contractor's quality control
(QC) program. The FAA Eastern Region specification requires that a minimum
of two extraction tests and a minimum of two gradation tests, either on
extracted aggregate or on hot bin samples, be performed daily. This
specitication also requires that the contractor control aggregate gradations

and percent bitumen to within specified tolerances. These tolerances are




TABLE 5.11 RESULTS OF THEORETICAL HOT BINS AGGREGATE GRADATION
TESTS FOR THE CHARLOTTESVILLE ~ ANJ PROJECT

Number of Tests = 27

JMF Mean Offset of Mean Standard
Sieve Size Value Value from JMF Value Deviation
3/4" 100 -~ -~ -
/2" 89.0 85.0 4.0 3.50
3/8" 79.9 76.9 -3.0 3.74
4 61.6 62.2 +0.6 3.99
8 51.5 51.7 +0.2 4.02
#16 37.4 36.3 -1.1 3.31
#30 24.4 23.6 -0.8 2.30
#50 14.9 14.1 -0.8 1.76
#100 9.5 8.8 -0.7 1.90
#200 5.3 5.8 +0.5 1.85
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TABLE 5.12 RESULTS OF THEORETICAL HOT BINS AGGREGATE GRADATION
TESTS FOR THE CHARLOTTESVILLE ~ SLW PROJECT

Number of Tests = 50

JMF Mean Offset of Mean Standard
Sieve Size Value Value from JMF Value Deviation
3/4" 100 - - -~
/2" 95.0 93.8 ~1.2 1.01
3/8" 85.9 82.6 ~3.3 3.02
#4 68.2 72.4 +4,2 5.43
#8 54.0 53.0 ~1.0 5.08
e 39.8 38.7 -1.1 4.23
#30 30.6 28.8 ~-1.8 3.35
#50 17.6 17.7 +0.1 2.02
#100 8.9 9.1 +0.2 1.43
% #1200 5.7 5.7 0.0 1.10
3
]
( 4
]
b
E B
[ i
i
it
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TABLE 5.13 RESULTS OF THEORETICAL HOT BIMS AGGREGATE GRADATION
TESTS FOR THE DUTCHESS PROJECY

Number of Tests = 12

JMF Mean Offset of Mean Standard
Sieve Size Value Value from JMF Value Deviation
3/a" 100 - — —_— ' :
1/2" 93.5 93.0 ~0.5 0.42
1/4" 70.7 71.7 +1.0 1.37 ;
1/8" 57.6 56.5 -1.1
. 4
i
#20 36.9 36.8 -0.1 ‘
#40 29.2 29.5 +0.3
#80 15.9 16.5 +0.6
#200 4.2 4.1 -0.1
]
y
1
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TABLE 5.14 RESULTS OF THEORETICAL HOT BINS AGGREGATE GRADATION !
TESTS FOR THE RICHMOND PROJECT

Number of Tests = 12

JMF Mean Offset of Mean Standard
Sieve Size Value Value from JMF Value Deviation |
3/4" 100 99.4 -0.6 0.34 &
1/2" 89 89.6 +0.6 0.93 p
3/8" 82 81.9 -0.1 1.26
#4 66 69.4 +3.4 1.61
18 50 52.8 +2.8 2.14
#16 38 39.0 +1.0 3.37
#30 28 26.4 -1.6 3.46
#50 19 17.7 -1.3 3.17
#100 11 11.0 0.0 3.15
#200 4.5 7.3 +2.8 2.91
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TABLE 5.15 RESULTS OF THEORETICAL HOT BINS AGGREGATE GRADATION
TESTS FOR THE WESTCHESTER - COLPROVIA PROJECT

Number of Tests = 95

ikt ae. .

JIMF Mean Offset of Mean Standard
Sieve Size Value Value from JMF Value Deviation
£
1" 100 - - - 5
r 3/4" 93 95.9 +2.9 0.71
g 1/2" 81 82.1 +1.1 1.29
. 3/8" 75 72.1 -2.9 1.79
g #4 63 60.2 ~-2.8 0.48
f #10 47 50.6 +3.6 1.83
#20 33 33.2 +0.2 3.40
#40 22 20.6 -1.4 2.89
#80 13 10.2 -2.8 1.63

#200 5 4.0 -1.0 1.22

ot e ——— e
w. e
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TABLE 5.16 SUMMARY OF THE RESULTS FOR EXTRACTED AGGREGATE
GRADATIONS FOR THE PROJECTS IN THE STUDY
’ Pooled Pooled
Number of Number Offset of Mean Standard
Sieve Size Projects of Tests from JMF Value* Deviation
3/4" 3 88 -0.1 2.4
/2" 7 208 ~l.4 3.0
3/8" 6 207 -2.0 3.2
1/4" 3 45 -0.2 2.3 i
#4 7 207 +0.1 3.2
Combined - 755 -0.9 3.0 &
‘ e~ 3/4" )
E fig** 8 212 -0.6 2.9
E #10 1 40 +2.4 3.0
f #16 5 167 -1.3 2.7
E #20 4 85 -2.0 2.5
3 #30 5 167 -1.5 2.2
#40 4 85 -1.7 2.1
#50 5 167 -0.3 2.0
#80 4 85 -1.0 1.6
Combined -— 1008 -1.0 2.4
#80 » #8
#100 5 167 +0.7 1.2
#200 9 252 +0.8 1.1
Comb {ned - 419 +0.7 1.1

1200 » 100

Ste T E T XMW L ISR ITIT IR T ATy TITTNE

*Specification tolerance limits are given in Table 5.17.
**Includes those projects which indicated the use of 1/8" sieve size.




listed in Table 5.17, together with the pooled standard deviations from the

projects studied. These tolerances and standard deviations can be compared

in order to estimate how difficult it will be for these tolerances to be met.

Table 5.17 also includes values for the approximate percentage of a
normal distribution centered at the target value and having a standard
deviation, as shown in the table, that would fall within the tolerance
limits. These values indicate that the tolerance limits may be too low
in some cases. For material which pagsses sieves no. 8 through no. 80,
nearly one test in ten can be expected to exceed the tolerance limits.

T+ must also be remembered that the values shown in Table 5.17 are based

on a process which is centered at the target value. The results in

Table 5.16 indicate the actual production mean value is nearly always

offset from the target value. This would lead to even more tests falling
outslde of the tolerance limits. Tt is recommended that these JMF tolerance
limits be reevaluated in light of the results obtained from the projects
studied. The FAA may wish to consider an approach which establishes the
tolerance limits at plus or minus two or three standard deviations from the
target value. As can be seen from Table 5.17, for sieve sizes no. 8 through
no. 80, current tolerance limits correspond to only plus or minus 1.67

standard deviations.

CORRELATION WITH MARSHALL PROPERTIES

Since, at the present time, both Marshall properties and extraction
tests must be conducted on a daily basis, an attempt to correlate the
test results for these two areas was made. It was hoped that if
A strong correlation could be identified, then it might be possible to

forego some of the tests. Since a contractor needs information concerning
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the asphalt content and aggregate gradations for his process in any event,
it was hoped that these tests could be used in place of the Marshall
properties for acceptance purposes. This seemed reasonable since changes
in Marshall properties are determined to a great extent by the asphalt

content and aggregate gradations of the mix.

Problems Encountered l

Because the available test results were not obtained from an experiment
which was designed in advance, attempting to establish correlations was very
difficulet. Ideally, an extraction test should have been performed on one of
the Marshall test gpecimens after the Marshall test was performed. In this
way, the asphalt content and aggregate gradation for the Marshall specimen
actually tested would be known. These results could then have been
evaluated to determine if any of the Marshall properties were highly
correlated with asphalt content or any particular sieve size.

A correlation between the Marshall test results and extraction test
results was difficult to obtain because the tests were made on different
samples and not on the same specimens. In an attempt to identify potential
correlations, the Marshall test results and the extraction test results werc
each averaged on a daily basis for each project. The correlation coefficients
for these daily Marshall and extraction values were then determined for each
of the projects (Tables 5.18 through 5.20). As can be seen from the tables,
no consistently high correlations were identified. These results should be
considered highly unreliable, however, in light of the manner in which the
data were collected and the make-shift method used in developing the
correlation coefficients. It is quite possible that a properly designed
correlation program could identify relationships between the results of

Marshall tests and extraction tests.
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Price Adjustments

Because unreliable results were obtained from the attempted correlation
study, development of price adjustments for asphalt content and aggregate
gradations was not attempted. If price adjustments are applied for Marshall
properties, then it would be unfair to apply price adjustments for asphalt
contents and gradations since changes in these latter properties will probably
be reflected in the Marshall properties. It is recommended that as long as

the Marshall properties are used for acceptance purposes, asphalt content

and gradations should remain as quality control tests and should not be

considered for price adjustments.

Recommended Correlation Program

Tt is recommended that a program be considered which would attempt
to correlate the results of Marshall tests with extraction tests. Such
a program could also include the effects of these properties on the mat
densfitv achieved. Such a program might involve taking replicate samples

from the same truck and conducting Marshall tests on the samples, The

Marshall specimens (probably one specimen from each sample) could then be
used for extraction tests. In this way, it would be possible to obtain {
some estimate of the sampling variability as well as to identify possible
correlations between the Marshall properties and the extraction test results.
This program could be extended by marking the trucks from which the

Marshall specimens were drawn, and subscequently marking the location in the

pavement at which this material was placed. If the same rolling pattern
were used in all cases, then it might be possible to estimate the effect
of varving asphalt contents and aggregate gradation on the field density

vbtained.
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A correlation between the results obtained from nuclear density
measurements and cores could also be investigated. When the field density
is determined in accordance with the above correlation program, nuclear
density measurements could first be taken at each location, and then cores
could be drilled at the same spot. This would allow a determination of the
relationship between the demsity obtained by nuclear devices and by cores.
It might also resolve the question whether varying asphalt contents and

aggregate gradations affect these density measurements in the same fashion.
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6. SIMULATION OF ACCEPTANCE PLAN

INTRODUCT ION

To evaluate the appropriateness of the proposed acceptance plans, they
were applied to the test results from three of the projects. This chapter
first presents a summary of each of the proposed acceptance plans and a
description of their application in the field. Then the simulation of the

acceptance plans is presented and discussed.

DENSITY ACCEPTANCE PLAN
The proposed density acceptance plan 1s very similar to the one which

was used during the 1978 construction season. The primary difference lies

in the manner in which price adjustments are determined. The FAA price

adjustment schedule (Table 6.1) was taken from the FAA Eastern Region P-401

-

specification. The price adjustment schedule for the proposed acceptance

plan Ls presented In Table 6.2, The proposed plan has a continuous, rather

than discrete, price adjustment schedule, in which the payment level is
determined by entering the estimated PWL into the appropriate formula. The
major points concerning the application of the proposed acceptance plan are
the following:
1. Acceptance is to be on a lot-by-lot basis, with a lot defined
as one day's production. The definition of lots that appears in
EA AS 5370.2A, Appendix 1, section 401-4.14 (Fastern Region P-401
Specification) should still be appropriate for the proposed new
acceptance plan.
2. Density acceptance is to be based on the estimated percentage of
the material which is above the specification lower tolerance limit

(PWL). The specification lower tolerance is set at 96.7 percent.
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TABLE 6.1 PRICE ADJUSTMENT SCHEDULE FROM
FAA DENSITY ACCEPTANCE PLAN

Percent Above Lower
Tolerance Limit

Percent of Contract
Price to be Paid

90-100

85-89
80-84
75-79
70-74
65-69

Less than 65

100
98
95
90
80

70

*

*The lot shall be removed and replaced to meet
specification requirements as ordered by the

engineer.

In lieu thereof, the contractor

and the engineer may agree in writing that,
for practical purposes, the deficient lot
shall not be removed and will be paid for at
50 percent of the contract unit price.
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e N

e e A ke T L




TABLE 6.2 PRICE ADJUSTMENT SCHEDULE FOR THE PROPOSED
DENSITY ACCEPTANCE PLAN

Estimated Percentage of

Material Above the Specifi- Percent of Contract Price

cation Limit (PWL) to be Paid
90-100 100
80~-90 0.5 PWL + 55.0
65-80 2.0 PWL - 65.0
Below 65 *

SETR LTI ~ 2 T o. T L TRRE A

R e K S g e St

*The lot shall be removed and replaced to meet specification
requirements as ordered by the engineer. In lieu thereof,
the contractor and the engineer may agree in writing that,
for practical purposes, the deficient lot shall not be
removed and will be paid for at 50 percent of the contract

price.
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The method for estimating PWL is similar to the method described

in section 401-4.17(e) of the Eastern Region specification, except
that the standard deviation method rather than the range method is
to be used to calculate the Quality Index, QL. The Quality Index

is determined from the following tformuta:

X-L
o =75

o]
[]

where: mean of the measurements on the lot

[
(]

specification lower tolerance limit (96.7%)

S§ = standard deviation of the measurements on the lot.
Once the value of QL has been determined, the estimated PWL value
can then be found from Table 3.5.
The price adjustment for the lot, if needed, is determined by
substituting the estimated PWL value into the appropriate equation
in Table 6.2, It is recommended that some guidelines be developed
to guarantee that the price adjustments are determined in the same
way on all projects. These guidelines might consist of determining
the estimated PWL value to the nearest 0.1 by linear interpolation
in Table 3.5 and then using this value in the equations in Table
6.2 to determine the price adjustment to the nearest 0.1 percent.
The content of the guidelines is not as important as the fact that
gsome guidelines are used. Guidelines will ensure that the price
adjustments are being applied uniformly on all projects.
The option of using nuclear density devices for determining density
for acceptance purposes can be maintained in the proposed acceptance
plan. However, the specification lower tolerance limit should be
96.7 percent rather than the value of 97.0 percent which was used

in the Eastern Region P-401 specification,
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s e price adiustment scheduie for stap.liev acd flow {s the same

one used tor density in the Eastern Region specification. This schedule was
presented in Table 4.6. The FAA price adjustment schedule for air voids had
to be modified as a consequence of the high vaiue for standard deviation
obtained from the projects studied. The price adjustment schedule for air
voids was presented as Schedule V in Table 4.8. The major points concerning

the application of the proposed acceptance plans are the following:

1. Acceptance is to be on a lot-by-lot basis, with a lot

defined as one day's production. Since Marshall samples, unlike

density samples, are taken during production rather than after
production is completed, problems concerning lot size and the
number of samples required per lot can arise when production

is terminated early. The requirements for the number of samples
per lot (401-14{a}) and for partial lots (401-17[c]) for the case

of Marshall properties are stated in the Eastern Region P-401

specification. In the specification, acceptance is based on
four samples per lot, with the following provisions for handling
partial lots when production is terminated before four samples

have been taken (22):

For stabilicty, flow and air voids determinations, if
less than three tests have been made on the partially
completed lot, the material and the number of tests from ;
the partially completed lot will be combined with the

most recently completed lot. If three tests have been
made on the partially completed lot, the amount of material
will be defined as a lot and the threc tests which have
been made will be used as the number of tests for that (ot.
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These guidelines seem reasonable. Their use allows for a range

of possible sample sizes of from three to six. All of these
sample sizes are included in Table 3.5 for estimating PWL.
Acceptance for Marshall properties is to be based on the

estimated percentage of the material which is within the
specification tolerance limits (PWL) listed in the Eastern

Region P-401 specification. For stability, a lower specification
tolerance limit of 1800 pounds is required. For flow and air
voids, both lower and upper specification tolerances are indicated:
8 and 16 for flow, and 2.7 percent and 4.7 percent for air voids.
The method for estimating PWL for the case of stability is identical
to the case of density, since only a lower tolerance limit is
required. The procedure is somewhat different for the case of
flow or air voids since both upper and lower limits are required.
In the latter instance, two Quality Indexes, QU and QL’ are

determined from the following:

U-X
QU and Q

where: X = mean of the measurements on the lot

U = specification upper tolerance limit

L = specification lower tolerance limit

S = standard deviation of the measurements on the lot.
Once the calculations have been completed, the value of QU can be
used together with Table 3.5 to determine the estimated percentage
of the material below the upper limit (PWLU). Similarly, the

value of QL can be used to determine the estimated percentage
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of the material above the lower limit (PWLL). The PWL estimate

for the lot can then be determined from the following relationship:

PWL = PWLU + PWLL - 100.

4. The price adjustment for each of the properties, if needed, is
determined from Table 4.6 for the case of stability and flow,
and from Table 4.8 for the case of air voids. The price adjust- -
ment for Marshall properties for the lot of material is then the
product of the three individual pay factors (in decimal form) for

stability, flow, and air voids.

TOTAL PAY FACTOR

On some lots of material, price adjustments may be indicated for both
density and the Marshall properties. Some procedure must, therefore, be
developed for dealing with multiple price adjustments. The same methods
may be used in this case as were used to determine the total price adjust-
ment for the Marshall properties. The larger price reduction, either that
for density or the Marshall properties, can be taken as the price adjustment
for the lot, or the product of the individual price adjustments for density
and the Marshall properties can be used. If it is assumed that the pavement

is less acceptable when both density and the Marshall properties are outside

tolerance limits than when only one of these is outside the 1imits, then
the latter method seems preferable and is the one thar was used when the
acceptance plans were simulated.

However, even though this approach is the most intuitively appealing,
potential problems with this approach could result because the Marshall

properties are related to the batch plant and density is related to the field
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construction. If the materials supplier and field contractor are not the
same party, assessing multiplicative price adjustments could be difficult
and could have potertial legal implications. This topic, which has not
been addressed to a great extent in the literature, requires additional
research. In the simulation of the acceptance plans on the projects, this
approach was used to illustrate what can happen when the price adjustment
factors are multiplied together. The multiplicative approach used here
should be employed in a field simulation by the FAA during the upcoming
construction season in order to evaluate its performance. The multiplicative
approach could be evaluated by comparing it with other methods, such as the
use of the largest price reduction (Marshall properties or density) or the
application of price adjustments for Marshall properties and density as

separate bid items.

SIMULATION OF THE ACCEPTANCE PLANS

The application of the proposed acceptance plans was simulated on the
test results of three projects from the study. The projects were chosen
for the simulation because the information available for these projects
was most appropriate. Many projects were not performed under the Eastern
Region specifications, and several of these required only two Marshall tests
per day. Since the proposed acceptance plans call for four samples per day,
it was desirable for the simulation to find projects on which four Marshall
tests had been conducted per day. It was also considered preferable to
simulate the acceptance plans on projects which had daily production tonnage
available.

The three projects which were identified as being most appropriate for

the simulation were Adirondack ~ Type B, Charlottesville ~ ANJ, and L{nden.
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The various conditions on these projects are typical of the projects that

may be encountered in the field. An examination of the results of the

density analysis shown in Table 3.1 indicates that the Linden project

exhibited the best density control (mean of 98.53, standard deviation of

0.45) and the Charlottesville - ANJ project exhibited the poorest density

control (mean of 97.58, standard deviation of 2.14) of all the projects
studied. The Adirondack project exhibited a level of density control
(mean of 98.83, standard deviation of 1.14) which was the closest of any
project to the pooled standard deviation of 1.19.

Concerning the Marshall properties results in Tables 4.1 through

4.3, the Linden project exhibited excellent control for stability (offset

e —y
Py

e+ L e by

of -53.1, standard deviation of 127.45), whereas the Adirondack - Type B

profect (offset -43.4, standard deviation of 256.46) and the
Charlottesville - ANJ project (offset +402.6, standard deviation of 271.32)
exhibited a level of control that was very near the pooled standard

deviation of 279. All three of the projects had standard deviations for

flow values which were helow the pooled value for all the projects. The
mean flow value (11.90) for the Linden project was nearly In the center
of the specification range (8-16), whereas the value for Adirondack - Type B
(10.02) was closer to the lower limit. The mean flow value for Charlottes-~
ville - ANJ (15.91) was nearly equal to the upper tolerance limit, thus

indicating that a great deal of the material will be found to be outside

the specification limits.
All three of the projects had standard deviation values for air voids
(0.623, 0.577, 0.684) that were lower than the pooled value (0.75). The

mean values for Adirondack - Type B (3,58) and for Linden (3.86) were near
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the center of the allowable range (2.7-4.7). One factor to be considered
regarding the Charlottesville - ANJ project is that the specification range

for air voids was different than for the other projects. The lower and

upper limits for the air voids on this project were 2.0 and 4.0, respectively. i
These values were used for L and U when calculating the QL and QU values

used for estimating PWL.

Results of Simulation

The results of the simulation of the acceptance plans for density are
shown in Tables 6.3 through 6.5. These tables show the calculations
necessary for arriving at the estimated PWL value by means of the recommended
standard deviation method. Also shown are the value of percent payment which
would be made for each lot under the proposed acceptance plan. These
percent payments can be compared with the payments that would have been
made under the FAA price adjustment schedule, using the range method for

estimating PWL. In most cases there is close agreement between the payment
factors for the two methods. There are, however, some major differences

on the Charlottesville - ANJ project. For example, on October 31, 1978,

the proposed plan indicates a payment of 77.4 percent, while the FAA plan
yields a payment of only 70 percent; on November 2, 1978, the proposed plan

indicates a payment of 95.5 percent as compared with 90 percent for the !

FOMOTI

FAA plan. These differences arise from the different values obtained for i

the estimated PWL by using the standard deviation method versus the range I

method. f
The results of the simulation for the Marshall properties acceptance

plan are presented in Tables 6.6 through 6.8. As cxpected, there were very '1

few problems in meeting the stability and flow requirements, with the major
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TABLE 6.9 SUMMARY OF PRICE ADJUSTMENTS FOR THE
SIMULATION ON THE ADIRONDACK - TYPE B PROJECT
_—;4;~‘"M_F-5;11y Density Marshall Total Payment &%

Date Tonnage Pay Factor* Pay Factor*% (Percent) j

9/29 398 1.0 1.0 100 '1

9/30 425 1.0 1.0 100

10/2 480 .988 0.70 69.2 ’ %

10/3 957 1.0 1.0 100 p

10/4 481 1.0 1.0 100 %

10/5 698 1.0 1.0 100

10/11 822 1.0 0.95 95.0 E

10,12 1040 1.0 1.0 100 {

10/16 185 .906 0.975 88.0 ¢

10/17 204 1.0 0.97¢ 97.5 §
|

*Values obtained from Table 6.3

**Values are the product of the pay factors for stability, flow, and air .
voids from Table 6.6 (e.g. for 10/2 Marshall Pay Factor = 1.0 x 0.70 x &
1.0 = 0.70)

***Total Payment = Density Pay Factor x Marshall Pay Factor. This method
is used for the purpose of fllustration. An ultimate decision concern-
ing the appropriateness of this method must be made by the FAA after
further research.
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™BLE~ 1 MMan, oF PReCe M0 oS SOk b
- MULATION ON THE CHARLCVT-SVILLT - A4 2ROJECT
Daily Deasity Marshaii - Togal Paymént***

Date Tonnage Pay Faator* Pay Factor# (Po-cent)
10/17 627 1.0 | .975 97.5
10/18 822 1.0 . 400 40
10/19 476 1.0 .400 40
10/20 829 1.0 .500 50
10/21 610 1.0 .800 ' 80
10/23 1430 .958 475 45.5
10/24 1226 1.0 .980 98
10/25 1120 1.0 .488 48.8
10/26 784 1.0 .800 80
10/27 311 .5 .500 25
10/28 336 .5 . 700 35
10/31 159 .T174 .500 38.7
11/1 785 .5 . 500 25
11/2 ? .955 .500 47.8
11/3 ? .5 .800 40
11/4 1081 .5 475 23.8
11/6 1324 .5 .500 25

¢

*\Values obtained from Table 6.4
**Values are the product of the pay factors for stability, flow, and air

voids from Table 6.7

#2*Total Pay Factor = Density Pay Facter x Marshall Pay Factor. Thisg
method is used for the purpose of illustration. An ultimate decision
concerning the appropriateness of this method must be made by the FAA
after further research.
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TABLE 6.11 SUMMARY OF PRICE ADJUSTMENTS FOR THE
SIMULATION ON THE LINDEN PROJECT

Daily Density Marshall Total Payment **%

Date Tonnage Pay Factor#* Pay Factor*k (Percent)

11/10 828 1.0 1.0 100

11213 866 1.0 0.95 95

11/14 690 1.0 1.0 100 A
11/15 549 1.0 1.0 100 i
11/16 699 1.0 1.0 100

11/17 219 1.0 1.0 100

11/20 698 1.0 0.60 60

/21 725 1.0 0.90 90

122 516 1.0 1.0 100

11/24 637 1.0 1.0 100

11/29 . 694 1.0 1.0 100

11/30 587 1.0 1.0 100

12/1 565 1.0 1.0 100

*Values obtained from Table 6.5
**Values are the product of the pay factors for stabilicy, flow, and air
voids from Table 6.8
***Total Pay Factor = Density Pay Factor x Marshall Pay Factor. This
method is used for the purpose of filustration. An ultimate decision
concerning the appropriateness of this method must be made by the FAA
after further research.
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exception of flow for the Charlottesville - ANJ project. In fact, there

were no price adjustments assessed for stability. The flow results for

the Charlottesville - ANJ project indicated numerous, severe price reductions.
This was expected since many of the daily production means exceed the
allowable upper limit of 16. The significance of these numerous price
adjustments will be addressed below.

The simulation results for air voids indicated a few minor price
reductions on each of the projects, but with one exception no payment
level was below 80 percent. It was anticipated that air voids would not
present a major problem on these projects since the projects all had above
average contrel, as cvidenced by their standard deviation values.

The total payment factors for each lot for each of the three projects
are presented in Tables 6.9 through 6.11. The tables list the daily
production tonnage, density price adjustment factors, Marshall price
adjustment factors, and total pay factors for each day's production. The
Marshall pay factor is the product of the three pay factors (stability,
flow, air voids) from Tables 6.6 through 6.8. The total pay factor for
each lot is the product of the density and Marshall pay factors. This
method for determining the total pay factor is used only to illustrate its
application. The ultimate decision regarding the applicability and use of
this method can only be made by the FAA after further study.

The results of the simulation indicate that for the Adirondack -

Tvpe B and Linden projects the majority of the material would have been
aveepted at 100 percent payment. On the Linden project, 100 percent payment
would have been made for 5984 tons out of a total tonnage of 8273, with at

least 90 percent payment for 7575 tons. For the Charlottesville - ANJ
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project, on the other hand, not a single lot cf material would have been
accepted at full price. In fact, most of the material would have been
rejected and ordered replaced, or else accepted at 50 percent payment or
less.

The results of such a simulation can be misleading. The results that
indicate few price adjustments are probably appropriate, but the results
obtained on the Charlottesville ~ ANJ project should be considered suspect.
It can be assumed that if this project had been conducted under the proposed
acceptance plan, the price adjustments early in the project would have
provided an incentive for the contractor to control his process within the
specification limits. Under the specifications used on the project, as
long as the engineer were willing to accept material that did not meet the
specifications, there would be no incentive for the contractor to conform
to the specification limits. This project, which had a drier-drum asphalt
plant, was included in the simulation primarily to indicate what could
happen on a project which exhibited very poor control. On the basis of
conversations with the FAA, it has been determined that the drier-drum
process in general is under review by the FAA, and that the Charlottesville -

ANJ project may not necessarily be representative of FAA projects.

Field Simulation Program

Because it is difficult to determine how a proposed acceptance plan will
perform before it is tested in the field, it is recommended that the plans

be simulated on construction projects in progress during the next construction

season, before the plans are adopted on a full-scale basis. The simulation
shceuld be conducted on a few projects which could be monitored closelv. It

is important that all parties involved in the projects--FAA, owner, engineer,
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and contractor--be aware of the purpose of the simulation and that they be
willing to cooperate. Such a field simulation would provide the only real
means for evaluating the potential operation and reasonableness of the
proposed plans. It would also allow time for modifications, such as changes
in acceptance or payment levels or in tolerance limits, before the plan were

used for acceptance and price adjustment purposes.

POTENTIAL MODIFICATIONS

In light of the results of the simulation presented in this chapter, the
FAA may wish to consider two modifications to the proposed acceptance plans.
The first modification deals with the appropriateness of multiplying together
the price aujustments for density and the Marshall properties. Whereas
density is primarily field related, the Marshall properties are primarily
batch-plant related. Because potential legal problems could result in the
assessment of price adjustments when there are separate material suppliers
and field contractors involved on a project, the FAA may wish to consider an
approach which sceparates the price adjustments, for example, by dividing the
production of material at the batch plant and the field placement of the
material into separate bid items. This approach could be evaluated in the
previously recommended field simulation during the upcoming construction
season.

The other possible modification relates to the results of the simulation
on the Charlotcesville - ANJ project (Table 6.10). It is anticipated that
the results on this project would have been different had price adjustments
actually been applied early In the project. The modification which may be

considered is to put some sort of minimum value on the total payment

163




PR oge

determined for a particular lot of material. The multiplicative approach

used In the simulation resulted in numerous pavment factors ranging from
2.8 percent to 5 percent.  The FAA might consider placing on the total
payment a lower limit similar to the one on the individual properties. The
lower limit on all of the properties is stated as heing 50 percent payment,
or the removal and replacement of the materia. at the contractor's expense.
This option could also be placed on the total payment for the lot, with the

decision being made by the project engineer.
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7. SUMMARY AND RECOMMENDATIONS

this chapter summarizes the findings of a research effort to develop
recommendations for the use of statistically based specifications, including
price adjustments, for bituminous airport construction. For the study, data
were collected on 13 airport construction projects during the 1978 construction
season by the FAA Eastern Region. These data were provided to the researchers
for the purpose of making an analyvsis and recommendations concerning proposed
acceptance plans and price adjustments. 1t was noted that the data were not
collected in accordance with a previously designed experiment; as a result,
it would not be possible to determine the relative importance of the
componen:.. ‘ variability associated with the process.

On the basis of a literature review, several decisions and recommenda-
tions concerning the FAA acceptance plan were made. It was decided to use
the percentage within limits (PWL) approach to determine the acceptability
wt— the material, because this approach takes both the mean and vartability
of the material into account. Since no direcz correlations were identified
between the acceptance characteristics used by FAA and pavement life or
serviceability, it was decided to base the acceptance plan on the reasvonable-
ness of its Operating Characteristics (0C) curves and Expected Pavment curves.

An acceptance plan was developed for mat density. Iv is recommended
that the acceptance plan be based on estimated PWL values, as determined by
rhe mean and standard deviation of the sample results rather than by the
rany. method previously used by FAA. The acceptance plan includes a con~
tinuous price adjustment schedule based upen several straight line equations
that relate the estimated PWL value to the percent pavment. A computer

cropram for determining the area beneat!: the non-central t-distribution was
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used as a convenient approximation for developing the expected payment curve
for the continuous price adjustment schedule.

Acceptance plans for the Marshall properties of stability, flow and
air voids were developed. For the case of Marshall stability and flow, the
proposed acceptance plans used the price adjustment schedule developed by
the FAA Eastern region for density. For the case of air voids, a number of
different price adjustment schedules were considered. OC curves and Expected
Payment curves were presented for the proposed acceptance plans for each of
the Marshall properties. Discrete price adjustment schedules were used in
order to simplify the calculations and facilitate application in the field
since all parties involved were already familiar with the discrete density
price~adjustment schedule employed during the past construction season.
These plans can easily be converted into continuous price-adjustment schedules
by using straight line equations in the manner employed for the proposed
density acceptance plan. The operating characteristics for the case of
flow and air voids were obtained by computer simulation since these properties
have both upper and lower specification tolerance limits. The correlation
coefficients for these properties were determined for each of the projects
studied in an effort to eliminate the need for measuring all three properties
for acceptance. However, no consistently high correlations were identified.
Various procedures were identified for dealing with the case when the test
results for more than one property indicate that a price adjustment is
necessary.,

Because of difficulties with the method for determining the air voids
content, it was recommended that the FAA consider revising the current

procedure, which may have contributed to the high standard deviation value
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obtained for air voids content on the projects studied. In light of the
possible change in the procedure for air voids calculation, it is recommended
that air voids not be considered for price adjustments at this time.
Additional data should be collected while using the procedure ultimately
adopted, whether it be a continuation of the existing procedure or a new
method, and a price adjustment schedule should be developed upon analysis

of this additional data.

The results of the analysis of the extraction test results and the
results of the theoretical hot bins gradation were presentcd. The pooled
standard deviations for asphalt content and the various sieve sizes were
compared with the quality control tolerance limits specified in the FAA
Eastern Region P-401 specification. A correlation was attempted between
the extraction test results and the results of the Marshall tests for each
project that had results for both tests. If a strong correlation could be
identified, then extraction test results might be a replacement for Marshall
tests for acceptance purposes. No correlations were identified, but the
results are unreliable as a consequence of the way in which the data were
collected and the fact that they did not result from a designed experiment.
Recommendations were made for a formal correlation program, which could be
conducted on future construction projects.

The operation of the proposed acceptance plans was simulated on the
test results of three of the projects from the study. The results of this
simulation were presented. In order to determine how well the acceptance
plans will perform, it is strongly recommended that their application be
simulated on several closely monitored projects in the upcoming construction

season. The results from these projects could then be evaluated, and




modifications concerning acceptance levels, price adjustments, tolerance

iimits, and the application of multiple price adjustments could be made

before the acceptance plan is used for determining the acceptibility and

price adjustmeénts for material.

Future Research Needs

During the course of this research effort, a number of areas requiring

future research were identified:

1.

A research effort is needed to correlate acceptance test results
with their effects on the actual field performance or life of the
in-place pavement systems. Such a program would involve both
laboratory testing programs and field evaluation of existing
pavements. The field evaluation program could utilize the
abundant data avallable from the statistically based specifica-
tions which have been employed for years by various state highway
agencies,

A field simulation should be conducted in the upcoming construction
scason by FAA'to evaluate the proposed acceptance plans. Such a
simulation would help to determine the appropriateness of the
plans and to identify any potential field application problems
which might be associated with them.

Additional research should be conducted in the application of
price adjustments when more than one acceptance characteristic

is involved. Emphasis should be put on the legal ramifications
of applying price adjustments when there are separate material

producers and field constructors,
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Statistical specifications should be extended to other FAA con~
struction items, such as vortland cement pavements, aggregate base
courses, and embankment construction. Efforts similar to the

one presented in this report could be made for each of the above
items.

A formal correlation program should be Implemented to fdentify
correlations between the results ;f Marshall tests, asphalt
content, gradation, and density in order to avoid testing all of
these properties. Such a program should be a designed experi-
ment rather than an analysis of production test results after the
fact as attempted in this report.

An attempt should be made to correlate the density results obtained
by nuclear density devices with those obtained from cores and to
determine the possible differences between these methods for
determining acceptance. Should a formally designed experiment
determine large differences in the amounts of sampling and testing
variability associated with these two methods, these differences
may have to be reflected in the acceptance plans and specifica-
tions.

Once any differences between density measurement by cores and
nuclear devices have been identified, a sample size for nuclear
density measurements should be adopted on the basis of field con-
siderations. It may then be necessary to develop tables similar

to Table 3.5 for the sample size that is adopted.
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APPENDIX A
COMPUTER SIMULATION PROGRAM FOR DEVELOPING
OPERATING CHARACTERISTICS CURVES
The program presented in this appendix can be used to generate via
simulation the distribution of the estimated 'percent within limits" (PWL)
of a product, and to develop the OC curves for an acceptance plan that has
both upper and lower tolerance limits. By entering a very large (or small)
fictitious upper (or lower) limit that will never be exceeded, the program
can also be used for one-sided specification limits. The program simulates

the drawing of a large number of samples in the field.

For the OC curves developed in this study, the program was used to
simulate the drawing of 10,000 samples of a given sample size. For each
of the 10,000 samples, the program calculates the mean, standard deviation,
and quality index and determines the estimated PWL value for the sample.
The program's tally of the estimated PWL values for all of the samples
drawn can be used to determine the distribution of the estimated PWL values
for the particular specification limits, sample size, and population
parameters used in the simulation.

The following variables are necessary input to the program:

N = Sample size used in estimating PWL
M = Number of populations studied
. AM(T), 1I=1, NM = Mean of each of the NM populations studied
NIT = Number of repetitions used in the simulation
BL = Lower tolerance limit
P UL = Upper tolerance limit
SI1G = Standard deviation of the NM populations studied.

“Was vt e BT afin Cvaiir . e o



1

Additional required input data are the Quality Index values for estimating
PWL, which appear on lines 9600 through 9850 for the program shown in

Exhibit A-1.

Sample Program

To help illustrate the use of the simulation program for the develop-
ment of OC curves, a sample program is included in Exhibit A-1 and a portion
of the output from this program is presented in Exhibit A-2. The program
presented in Exhibit A-1 was used to determine the OC curves shown in
Figure 4.13. For a full understanding of the program presentaed in
Exhibit A-1, it may be helpful to go through the program from start to
finish,

The simulation in Exhibit A-1 is for air voids content, a fact noted
on line 450 of Exhibit A-1 and shown on line 13,000 of the printout in
Exhibit A-2, The necessary information for the simulation is input to the
progran by the READ statements on lines 500 and 600 in Exhibit A~]l. Line
500 causes the values from the first data card (Line 9550) to be read for
N, NM, NIT, AM(I), BL, UL and SIG (defined above). Line 9550 shows that
for this simulation the following are used:

Sample size (N) = 4

Populatione being studied (NM) = 6

Number of repetitions (NIT) = 10,000

Means of populations being studied (AM(I), I=1, ... 6) = 3.7, 3.9, 4.1,

4.3, 4.5, and 4.7
Lower tolerance limit (BL) = 2.7

Upper tolerance 1limit (UL) = 4.7

Standard deviation of the populations being studied (SIG) = 0,75,

dta sivihate 2dna o e
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Line 600 causes the quality index values for a sample size of four to be

read from the next data cards. These values, which appear on lines 9600
through 9850 of Exhibit A-1, correspond to the quality index values (from
Table 3.5) for PWL estimates of 99 percent down to 50 percent.

. Beginning on line 1150 is a DO loop which draws the sample and performs ]

the necessary operations to determine the estimated PWL value for the sample. i

These operations are repeated until the designated number of repetitions
(NIT = 10,000 in this example) have been completed.

The call to subroutine PRAND (line 1200) causes random numbers to be
read from a tape containing one million uniformly distributed random numbers é

with a mean of zero and variance of one. The call to subroutine RNORM then

converts the numbers read from the tape into numbers which are normally
distributed with a mean of zero and a variance of one. After the program
converts these numbers to numbers with a standard deviation equal to that
of the populations being simulated (line 1350), the program converts the
latter numbers to ones having the mean of the populatton belng simulated
and calculates the upper and lower quality index values (QU
sample (lines 2050 and 2100). The final step is the determination of the

and Ql) tor the

estimated PWL value for the sample and the recording of this value in the
appropriate category, to be printed at the completion of the simulation
(lines 2150 through 3750).

An example of a portion of the output from the program is shown in
Exhibit A-2. The output provides a tabulation of the number of PWL estimates
from the total number of repetitions that are equal to or lower than a given
PWL value. For example, for the sample output in Exhibit A-2, there are

4344 estimates less than or equal to a PWL of 79.9 percent. Thus, if an
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estimate of at least 80.0 percent is required for 100 percent payment, the
probability of receiving full payment is 10,000 minus 4344, divided by 1

10,000, which equals 0.5656, or 56.56 percent.
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EXHIBIT A.1 COMPUTER SIMULATION PROGRAM

00050 /*TAPE RANDI

00100 // EXLC FGCG

00150 //SOURCE.INPUT DD *

IMPLICIT REAL*8 (A-l1,0~2)
REALX4 U(600)

00200
00250
00300
00350
00400
00450
00500
00550
00600
00650
00700
00750
008G0
00850
00900
00950
01000
01050
01100
01150
01200
01250
01300
01350
01400
01450
01500
01550
01600
01650
01700
01750
01800
01850
01900
N19s0
02000
62080
02100
02150
02200
02250
02300
02350
02400
02450
02500

1111

15

18

19

1122

DIMENSION X(101),MF(6,500),PUL(101),AM(6),XA(6),XA2(10)

DATA MF,XA,XA2/3000*%0,16*0,0D0/

PRI

FORMAT (°OTHIS STMULATION 1S FOR AIR VOIDS

RT 1111

READ 15,N,NM,NIT, (AM(I),I=]1,NM),BL,UL,SIG
FORMAT (212,16,10F7.2)

REA

D 18,(X(1),1=1,51)

FORMAT (10F7.0)

DO

PWL
CAL
PRI

19 1=1,51
(101-1) = X(I)
L BASET(00001)
NT 1122

FresaT (0 THIS PROGRAM IN FILE FAASIM4G

PRI
PR1

NT 16

1T 15,8 ,NM,NIT, (AM(T),I=],Ntl),BRL,UL,SIG

16 FORMAT(’ON KM NIT MEANS

24

26

28

59

51

1ITS
DO

SIG”)
1000 1IT=1,NIT

CALL PRAND(U,5%*N)

CAL
DO
X(1
CON
XB
no
XB
CON
XB
$S
no
SS
CON
SS
S =
no
oL
ne

L RNORM(X,U,N)
24 IP=1,N
P) = X(IP)*SIG
TINUE
= 0.0D0
26 1P=1,N
= XB + X(IP)
TINUE
= XB/N
= 0.0DO
28 IP=1,N
= SS + (X(IP)=XB)*%2
TINUE
= §S/(N-1)
NSORT(SS)
50 J=1,un
= (XD + AM(J) =~ BL)/S
= (UL = XB = AM(J))/S

IF(CL.LT.PWL(100)) GO TO 59

PL
GO
Do
JJ
AZ7Z

= 0,0D0

TO 95

51 I=1,51

= 100~ 1

Z = PUL(JJ)

IF(OL.CT.AZZZ) GO TO Al
CONTINUFE

LIM




02550
02600
02650
02700
02750

02800

02850
02900
02950
03000
03050
03100
03150
03200
03250
03300
03350
03400
03450
03500
03550
03600
03650
063700
03750
03800
03850
03900
03950
04000
04050
04100
04150
04200
04250
04300
04350
04400
04450
04500
04550
04600
N4L6S0
04700
04750
04800
04350
04900
04950
05000
05050

61

95

62

63

64

195

50
1000

75

76

73

74

78
77

72
87

EXHIBIT A.1 (CONT.)

PL = 531.0D0

PU = 0,0DO

GO TO 195

F = (QL = PWL(JJ))/(PWL(JJI+1) = PUL(JJ))
PL = 100.0D0 - JJ =-F

IF(QU.LT.PWL(100)) GO TC 62

PU = 0.0DO

GO TO 195

PO 63 1=1,51

JJ = 100 =1

A2ZZ = PUL(JJ)

IF(QU.CT.AZ2ZZ) CO TO 64

CONTINUE

PU = 51.0DO

GO TO 195

F = (QU =~ PUL(JJ))/(PWL(JJ+1) - PWL(JJ))
PU = 100.0D0 - JJ - F

PD = (100.0D0 - PU = PL) * 10.0D0 -~ 498.0D0
XA(J) = XA(J) + 100.0D0 - PU - PL

XA2(J) = XA2(J) + (100.0D0 = PU = PL)**2
IPD = PD

IF(IPD.LT.1)IPD=1

IF(IPD.GT.500)IPD=500

MF(J,IPD) = MF(J,IPD) + |

CONTINUF

PO 75 I=1,10

Y(1) = (I-1)%*0.1DO

FORMAT (’ *,10F6.1)

DO 72 J=i,NM

DO 73 1I=2,500

MF(J,I) = MF(J,1) + MF(J,I-1)

PRINT 74,AM(J)

FORMAT(//,’ DIST OF VALUES FOR MEAN=’ F8.2)
PRINT 76,(X(1),1=1,10)

DO 77 I=1,50

JI = 1 + 49

JL = (I=1)#*10 + 1

JU = JL + 9

IF(NF(J,IJL).EQ.MF(J,JU)) GO TO 77

PRINT 78,JJ,(MF(J,IT),IT=JL,JU)

FORMAT (1116)

CONTINUE

XXX = XA(J)

XA(J) = XA(J)/NIT

8822 = (XA2(J) =~ XA(J) * XXX)/NIT

$§822 = DSQRT(S5S522)

PRINT 87,XA(J),S8522

CONTINUF

FORMAT (° AVFERAGE VALUE = ° F12.3,”STANDARD DEVIATION =’ ,Fl12.3)

STOP

END

|
!i
!

:




EXHIBIT A.1 (CONT.)

05100 SUBROUTINE PRAND (U,NO)
05150 ¢ SUBROUTINE PRAND AS FOLLOWS MAY BE USED IN PLACE OF THE LIBRARY
05200 C SUBROUTINE PRAND TO RETRIEVE UP TO ONE MILLION UNIFORM(O,1)
05250 C RANDOM SINGLE PRECISIONK REAL NUMBERS DERIVED FROM THE RAND TAPE.
05300 ¢

' 05350 C TO CONTINUE FROM JOB TO JOB:
05400 C NOTE THAT THE CALL TO BASAVE RETURNS THE NUMBER OF NUMBERS
05450 C ADVANCED OMN THE TAPE UP TO THE POINT OF INVOKATION. BASET CAN
05500 C THEN BE CALLED IN A SUBSEQUENT RUN WITH THIS NUMBER SO THAT THE
05550 C REMAINING UNUSED NUMBERS ON THE TAPE ARE THEN RETURNED VIA
05600 C SUBSEQUENT CALLS TO PRAND. BASET SHOULD NOT BE CALLED AFTER A
05650 C CALL TO PRAND IN THFE SAML RUN AS THIS CAUSES THE TAPE TO BE
05700 C REVOUND AT THE PROBLEM PROGRAM’S EXPENSE.
05750 C
05800 C 4. D. KNOBLE =~ JANUARY, 1972 - PSU COMPUTATION CENTELR.
05850 DIMENSION X(400), U(NO)
05900 DATA K/400/, NREC/-1/, LRECL/400/, TUNIT/92/
05950 C
06000 MU =NO
06050 =0

o100 16N IF (K.EQ.LRECL) GO TG 400
06150 20N L=MINO(LRECL=-K,RNUM)

66200 NUM=RNUM-L

06250 DO 300 J=1,L

06300 M=M+1

06350 300 U Q) =X(K+J) )
06400 K =K+l

06450 1F (NUM.EQ.O) RETURE

06500 Go To 100 '
06550 400 READ (IURNIT,END=500) X ’
06600 NREC=NREC+1

06650 ¥.=0

06700 GO TO 200

06750 C IF AN END OF FILEL 1S ENCOUNTERED A STOP IS EIFECTED. THIS

06800

(@]

COULD BE CHANGED TO A REWIND IUNIT TO ENABLE PROCESSING TO !
06850 C CONTINUE. (
06900 50C URITE (6,600) NREC,K,J f
06950 €CO FORMAT (“0$S$SSSPRAND: END OF FILE FNCOUNTERED ON RAND TAPE,",/° °,° i
07000 1 NREC,K,J=",3111) ‘

07050 C TRACE GIVES A TRACEDACK; IN WATFIV CHANGE TO CALL EXIT.

07100 ¢ CALL TRACE

07150 STOP 8

07200 Cevmeccccanaa ——m—mcecre e e — e, ——— ENTRY BASAVFE

07250 ¢ BASAVE RETURNS THLE NUMBER OF NUMBERS ADVANCED CN THE TAPFE. :
07300 ENTRY BASAVE (N) \
07350 “=NREC*LRECL+K

07400 WRITE (6,700) N

07450 76 FOPMAT (7 S$SSSBASAVE: NUMBERS USED UP TO THIS POINT =",111,//)

07500 KIETURN




" AD=A0BO 430

UNCLASSIFIED
30 3
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EERERE

PENNSYLVANIA TRANSPORTATION INST UNIVERSITY PARK F/6 1/5
ACCEPTANCE CRITERIA FOR BITUMINOUS SURFACE COURSE ON CIVIL AIRP==ETC(U)

OCT 79 J L BURATI» J M WILLENBROCK DOT=FATAWA=4%185
PTI=7915 FAA=RD=79-89 M
END
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EXHIBIT A.1 (CONT.)

2.7 4.7 0.75

1.2600 1.2300
0.9600 0.9300
0.6600 0.6300
0.3600 0.3300
0.0060 0.0030

07600 C BASET POSITIONS THE TAPE TO THE (I+1)TH NUMBER.
07650 ENTRY BASET (1)
07700 REVIND IUNIT
07750 NREC=I/LRECL
07800 K=MOD (I ,LRECL)
07850 IF(I.EQ.0) RETURN
07900 IF (NREC.EQ.0) GO TO 900
07950 DO 800 Jwl,NREC
08000 800 READ (IUNIT,END«500)
08050 900 READ (IUNIT,END=500) X
08100 RETURN
08150 END
08200 SUBROUTINE RNORM(X,U,N)
08250 DIMENSION U(600)
08300 REAL*8 X(50)
08350 NB2=N/2
08400 1TS=0
08450 DO 1 l=1,%B2
018500 20 ITS=ITS+1
08550 1S=2*ITS-1
08600 I1S1=1S+1
08650 Ul=U(1S)
08700 U2=U(1IS1)
08750 Vi=s24yl-1
08800 V2=24y2-1
08850 ES=V]®R24V24%2
68900 IF(ES.GE.1) GO TO 20
08950 ARG==2%ALOG(ES)/ES
09000 FACT=SQRT (ARG)
09050 ID=2%1~1
09100 ID1=1D+1}
09150 X(ID)=V1*FACT
09200 X(ID1)=V24AFACT
; 09250 1 CONTINUE
: 09300 RETURN
E ; 09350 END
| 09400 //PATA.FT92F001 DD UNIT=2400,VOL=SER=RAND1,DSN=UNIFORM,
| 09450 // NCB=(RECFMaVRS,LRECL=1604,BLKSIZF=3212),LABEL=(1,,,IN)
k- 09500 //DATA.INPUT DD *
; 09550 4 6 10000 3.7 3.9 4.1 4.3 4.5 4.7
09600 1.5000 1.4700 1.4400 1.4100 1.3800 1.3500 1.3200 1.2900
; 09650 1.2000 1.1700 1.1400 1.1100 1.0800 1.0500 1.0200 0.%900
; 09700 0.9000 0.8700 0.8400 0.8100 0.7800 0.7500 0.7200 0.6900
09750 0.6000 0.5700 0.5400 0.5100 0.4800 0.4500 0.4200 0.3900
09800 0.3000 0.2700 0.2400 0.2100 0.1800 0.1500 0.1200 0.0090
09850 0.6000
09900 /#

A-8
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EXHIBIi a.< A TORTICH OTU TUL PROCRAM QUTDUT

: !
13000 TITS STHULATION 1S FOR ATR Volhy !
14050 THIS PHOGRAM I FILE FAASING
13100 N W NIT  MLEANS LINITS s1G H
13150 4 6 121790 3.70 3.90 4.10 4.30 4.50 4,70 2.10 4,70 0,75 i

f 152G y
13250 i
135300 DIST 0F VALUES 'Ok MFEAN= 3.70 5

t13350 0.0 2.1 0.2 N.3 0.4 0.5 0.6 0.7 H.8 I {
13409 30 339 3131 332 339 341 . 347 351 356 361 Ins :
13430 51 3689 372 374 380 347 391 397 401 408 413 z
13500 32 319 426 434 439 441 450 491 457 464 a4l ¥
1350 53 476 457 49% S07 515 529 537 546  55&  S7T2 H
RN 5, 554 591 597  6G3 KLl 620 A28 636 543  £32 $
L3530 55 540 Hhh7 677 686 693 7013 715 722 733 Ih ¢
[ 3 751 762 771 730 794 203 814 E24 533 5472 ¢
137350 57 &S50 850 372 80 gRS 897 906 914 925 43 3
IR 58 THA 943 968 981 985 991 .003 1012 1024 .52 i
13350 33 1651 1056 1064 1071 1084 1097 1418 1128 1140 1:54& :
Lol 30 i1A9 1181 1194 1212 1227 1243 1255 1267 1281 1287 :
T30 1 1285 1% s 1326 1340 1353 1370 1384 13y5 1453 1417
il a2 1437 1447 1459 1463 1480 1496 1507 1525 1539 1533
RS "3 1371 15513 1595 14é12 1631 153 1658 1€66 LAF4 1774
Lalon 44 1724 173% 1751 176} 1771 1786 1801 1812 1825 1&:s2
S 43 17S7 1%#& 18%6 19955 1913 1925 1937 1950 1960 1672
4100 55 1987 20605 2023 2041 2063 2082 2092 2108 2116 21133 .

425 57 2145 2161 2179 2196 2213 2228 2248 2268 2280 2295 L
15327 nt 2306 2321 2332 2367 2379 2360 2413 2427 2445 2469 ‘
14150 69 2489 250% 2516 2536 2548 2549 2581 2595 2607 2620

Lag 2 70 T .33 264w 2663 2450 2699 2713 2726 2743 2760 1771 ;
Paadi 71 2491 2820 2836 2953 2573 2893 2910 2927 2938 2430 :k
BRIy 72 2637 29§&L 3005 3027 3041 3061 3083 30985 311l il

14350 713 “134  314% 3169 3186 3207 3227 3246 3266 3288 33uL4

i4609 743323 3341 3358 3374 3397 3415 3440 3453 3470 RL67 .
14653 75 31522 3527 3545 3559 3574 3592 3AN0 3622 3636 3653 :

. 14700 7 3374 3692 3INR 3728 3742 3762 3772 3784 3IRQL &2 ;
14799 77 1834 3849 3872 3885 3900 3914 3933 3950 3970 3930 ;E
1agan 7 4012 4026 4035 44534 4067 4080 4106 4130 4153 415 e

, v lamsn 79 4178 42001 421A 237 4257 4281 4297 4310 4324 4344 - H
AR S A35A 0 416F K87 L4100 4427 444F 4470 A4R9 4507 4522 )
' (IURY: 14843 4560 4315 4603 4619 4R2R 4B4T 4659 4683 aidlil %
$ Proon : LT 4730 4758 478 4767 4317 4R3S APAN LRGG LSRN
15050 V4201 4990 4917 4933 4953 496G 4990 3011 3932 544 i
tsien " 387 5087 5101 SIl4 3136 5152 5176 518k 3519P oo
L3159 3 5242 5257 5275 3290 5311 5324 5342 5363 534 5395 _ E
152450 34909 5432 5446 54457 $4R3 54492 5507 5520 5535 5544 ‘ ﬁ
F328n <7 3387 3387 5801 5415 5h29 3644 5635 5673 56950 5704 - B
13137 Y3722 5742 5753 37A0  57R4  §PN1 5P21  SR3IT SR3E g 4
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EXHIBIT A.2 (CONT.)

15%%0 RO SM72h  SARKR  SROT 99 6 S91T SO S04 S92 w99 AR
1 YA Y0 4013 w0 B4 HBDRR  GOIR O 6B K09 el il e 6lh
1 54%0 4y 6lhe GLR2 6200 0210 6222 K232 6248 nl2hy 6t lH 629)
15300 92 6304 6322 6338 6352 6368 6379 6397 6409 6425 6418
153540 23 649%5 6463 6472 6486 6500 K510 6524 6539 6550 6558
15600 94 6569 6586 6597 6609 662B 6648 6654 6667 6683 6697
19650 9% 6710 6717 6726 6741 6757 6771 6780 6800 6811 6823
19200 96 6843 6854 6868 6885 6895 6913 6924 6936 6949 6962
19750 97 6975 6989 7002 7024 2035 7049 7058 7079 7091 7100
15800 QR 7114 7128 7138 7146 72156 7164 7170 7178 7189 7200
158%0 99 7212 7223 1235 7247 1258 7275 7288 7297 7313 10000

15900 AVERACE VALUL = 81.899STANDARD DEVIATION = 16.283
15930
16050
;
i
|
!
B
{
-
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