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1. INTRODUCTION

In 1978, for the first time, the Federal Aviation Administration (FAA)

Eastern Region incorporated statistically based concepts into its bituminous

surface course specification (Item P-401). This specification included

price adjustment factors for mat density. In order to expand the scope

of its statistical specification to include additional acceptance

characteristics and price adjustment factors, the FAA contracted with The

Pennsylvania 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 consLrUcLion of

bituminous airport pavements (see Chapter 2). During the second Phase

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



operation of the proposed acceptance plan was simulated by applying it to

the test results of three prolects from the study. 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

their 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 FAA 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. Each 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

development of the acceptance plans. This factor is addressed later In

this chapter.

The data collected from the projects included test results for mat

densIty, joint density, Marshall stability and flow, air voids, asphalt

t'ontent, and aggregate gradations. Results were available for mat density,

Narshall. stability and flow, and air voids from all projects. Not all of

.. . .. ... -_ . I



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 Manassas, 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

3
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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



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

cn the same project, each having its own jpb mix formula, were as distinct

as asphalt plants on different projects. Three of the projects,

Charlottc.:'-le, 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 development 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

5



i  quality of future projects is at least as high as that on current accept-

able projects. The two latter projects were eliminated because their test

rtesults were conistently outside of the established spcification 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 high as 25 were recorded

(the specification limits 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 11; 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.

6
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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

between 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 agencies 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. In 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 accentance plan. In nearly 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

8
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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 r

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

ture re"' - 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.

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

limits. It is then assumed that this estimated value remains relatively

constant. This assumption may not be valid since it is possible 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).
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Several state highway agencies* (6) have developed acceptance plans which

consider the variability of the material 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 is within specifica-

tion tolerance limits. Range is used instead of Lhe tandard devl :It 1,I1-

by most states because it is 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):

1L 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 in

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 generally 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 (11), and this is also the approach used by FAA. However, 19

states have tried the use of a control strip to establish a target

density (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

1000 to 1099 80

Below 1000 50 or Remove

12



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 minLmum 1000 pounds In-pl.'e sLabi I ty be ,t1'hia nd.

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 the 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.
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CORRELATIONS

Th'l, second oh cct.Ivc , ti ' lt , r i Lu t', iOvI w wASI I0 l&'tilt ,f ' 'r'olM Iti' s

that might have been Identified between accteptace charactcr1st its aind 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 life can be compared with the

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

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 V

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 fat Lgue .i1 te of aspha It I,' ionc ret o. 11 has i-eii
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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 cautious 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. DENS ITY

I NrROI)ucT ON

This chapter presents the findings of the data analysts 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

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

density values are 98.45 percent and 1.1.9 percent, respectively.

The values for population mean and standard deviation shown in

Table 3.1 can be compared with the values which were assumed by FAA

Eastern Region in the development of their densitv specification for the

1978 construction season. The FAA vailues were :i mean of 98 percent and a

standlard devilatton of 1. 1. 'rhe;e colilm'Zrt, quirt, well with the values of

ad 1.1n ) obtaint,d from the de sitv data. It ,ippoars that the con-

struction projects studied achieved vltes that were superior to those

assumed by FAA.
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TABLE 3.1 RESULTS OF MAT DgNSITY TESTS FOR
PROJECTS IN THE FTUDY

Number S tandard
Project of Tests Mean Deviati~on

Adirondack 60 98.83 1.14

Charlottesville - AN.1 80 97.58 2.14

Charlottesville - SLW 73 97.74 1.67

Chautauqua 45 99.35 0.71

Chenung - Chemung 38 98.76 0.77

Cheinung - Fisherville 80 99.23 0.92

DuI~ois 40 98.i1 1.01

Dutphess 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* 8z 98.36 1.05

TOTALS 733 98.45 1.19

*0On these projects, density for gccepte11pe purposes was deterpined by nuclear
depsity device.
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,'.* -,I-YSIIY ACCEPTANCE PLAN

A 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 bsIs, with a lot defined as one day's production. When cores wrv 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 associated

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

ptrcent 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.

18



A) LIMIT FOR CORES AREA =84.13 %

AREA 1 59/

L 96.7 X 98

B) LIMIT FOR NUCLEAR DEVICES

AREA =77.90/

AREA - 2 2.1 %~

L =970 X 98

C) LIMIT BASED ON 90 PWL

AREA =90.0%/

AREA =10.0%/

L 96.3 x 98

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 3.1a. If this same material were produced under the

nuclear density 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 3.1c 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 06.3 percent to he conslstitt with the orI i l. I FAA a ;stmipt los. 1h

topic of a lower specification limit for density 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. For material that is less

than 90 PWL, the material is accepted but at a reduced payment. The

incremental payment reductions increase as the level of quality, as

measured 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 thilan to produce inferior material at

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

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 *

*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 Operating 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 lot 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
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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 ia Table 3.2, when the material has less than 65 PW,

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:

I) When the actual PWL is between 50 and 80, the material is

accepted at 50 percent payment 75 percent of the time.

2) When the actual PWL is equal to 80, the material is accepted

at 50 percent payment 90 percent of the time.

3) When the actual PWL is 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

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

seems 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
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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 subjectivo

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 thc I!AA JE.i ,.trn
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Reg ion. Before the acceptance plan and price adjustment factors were

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 that 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 cass presented in Figutr, 3.4

should he used by FAA to dietormine its specification limit . Accordinig to

the FAA Eastern Region Engineering Bulletin No. II (18), the st ndard devi a-

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 he

preferred to Figure 3.4b. The remaining question is which mean value should

be used.
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A) XAND O7FROM DATA ANALYSIS RESULTS

AREA =1 %C0/

L 96.9 X98.4

B) FAA TARGET XAND ASSUMED 0

AREA 10%oe

L 96.3 x 98

0) FAA TARGET XAND ~'FROM DATA ANALYSIS RESULTS

AREA =100/

L 96.5 =98

FIGURE 3.4 THREE CASES CONSIDERED IN ESTABLISHING
DENSITY SPECIFICATION LIMIT
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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. On 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). In other words, 98 percent compaction is necessary
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 arc 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.

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 advantage 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.

30
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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. In

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

QL = nR
n

where: QL = Quality Index for lower specification limit

X = Mean value of n samples in the lotn

n = Number of samples in each lot

R = Range (difference between largest and smallest) of the n
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).

't has been pointed out (8) that the range method, which is used In

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

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

method for estimating percent within limits since:

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.

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

Percent Above Positive Values of QU or QL
Tolerance Limit n3 n-4 n 6 n7

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 .5I30 .5110
93 .5797 .5771 .5431 .5143 .4916
92 .5762 .5638 .5267 .4968 .4735
91 .5719 .5504 .5108 .4800 .4564
90 .5677 .5370 .4955 .4640 .4402

89 .5621 .5236 .4808 .4485 .4249
88 .5564 .5101 .4657 .4337 .4099
87 .5499 .4967 .4514 .4191 .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 .4297 .3829 .3517 .3300
81 .5001 .4162 .3697 .3391 .3177
80 .4889 .4028 .3567 .3266 .3058

79 .4791 .3894 .3438 .3144 .2941
78 .4679 .3760 .3311 .3023 .2825
77 .4560 .3626 .3184 .2902 .2712
76 .4439 .3492 .3059 .2786 .2599
75 .4311 .3358 .2935 .2669 .2489

74 .4179 .3223 .2811 .2554 .2380
73 .4041 .3088 .2689 .2440 .2273
72 .3901 .2954 .2567 .2327 .2166
71 .3754 .2820 .2446 .2215 .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 .1549
65 .2798 .2015 .1732 .1562 .1450
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TABLE 3.4 (CONTINUED)

Percent Above Positive Values of Q of QL
Tolerance Limit n n-6

64 .2625 .1881 .1614 .1455 .1351
63 .2451 .1747 .1497 .1349 .1252
62 .2274 .1611 .1382 .1243 .1152
61 .2093 .1477 .1265 .1139 .1055
60 .1911 .1343 .1149 .1034 .0957

55 .0970 .0672 .0573 .0515 .0477
50 .0000 .0000 .0000 .0000 .0000

I
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TABLE 3.4 (CONTINUED)

, --. - a l. l=l --

Percent Above Negative Values of Q or QL
To leranceL Limit S1in=I n-4 n=5 n=6

o~o .. . .. . .. . . .. . .. . . . .. . . . . . . .... .... . . . . . . . ° . . . . . . . .

10 .0000 .0000 .000 .0000 . 0000
45 .0970 .0672 .0573 .0515 .0477

40 .1911 .1343 .1149 .1034 .0957
39 .2093 .1477 .1265 .1139 .1055
38 .2274 .1611 .1382 .1243 .1152
37 .2451 .1747 .1497 .1349 .1252
36 .2625 .1881 .1614 .1455 .1351

35 .2798 .2015 .1732 .1562 .1450
34 .2965 .2149 .1835 .1668 .1549
33 .3131 .2283 .1968 .1777 .1649
32 .3293 .2417 .2086 .1884 .1752
31 .3450 .2551 .2206 .1995 .1854

30 .3604 .2685 .2325 .2104 .1957
29 .3754 .2820 .2446 .2215 .2061
28 .3901 .2954 .2567 .2327 .2166
27 .4041 .3088 .2689 .2440 .2273
26 .4179 .3223 .2811 .2554 .2380

25 .4311 .3358 .2935 .2669 .2489
24 .4439 .3492 .3059 .2785 .2599
23 .4560 .3626 .3184 .2902 .2712
22 .4679 .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 .4431 .3962 .1647 .3424
16 .5275 .4565 .4097 .3778 .3552

15 .5355 .4699 .4234 .3913 .3683
14 .5432 .4833 .4373 .4050 .3817
13 .5499 .4967 .4514 .4191 .3957
12 .5564 .5101 .4657 .4337 .4099
11 .5621 .5236 .4808 .4485 .4249

10 .5677 .5370 .4955 .4640 .4402
9 .5719 .5504 .5108 .4800 .4564
8 .5762 .5638 .5267 .4968 .4735
7 .5797 .5771 .5431 .5143 .4916S6 .5814 .5905 .5600 .5330 .5110

S5 .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 .6611 .6'34
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range is a more easily understood concept. With the advent of inexpensive

pocket calculators that provide the capability of quickly determining mean

mid 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

X- L
QL ff ni

n

where: QL' Xn, n, and L are defined as before

S = Standard deviation of n samples in the lot,n
and S can be calculated from

n

Z (X i ')

Sn " n-l

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 Q. 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

'able 4.2, and is shown graphically in Figure 3.5. This type of schedule

35
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works quite well in the long run, as was shown by the expected payment

curve in 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 PWIL is near the h,,iundiry

between price adjustment levels. Willenbrock and Kopac (8) have recommvnded

that a specifying agency:
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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.

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 second, as far as the researchers could determine,

t hc sc htdii | e h;ad gone t hrough one construc t ion seasoit w ih iio m 1 or coimp I l t o t

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, 111, 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.

40
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It has been shown by Resnikoff and Lieberman (19, 20) that non--centrl

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 its bounds a curve

corresponding to the probabi lity of rucvlvIng 100 p.r ent pa;vll'wl .t111

another curve corresponding to the probability of receiving at ]cast hi,

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

46
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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 region within these curves corresponds to the probability of receiving

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 sawe 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

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

region. It is difficult to compare the five schedules from OC curves similar

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

schedules, their expected payment curves must be determined.

For the discrete FAA price adjustment schedule the expected payment

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

Expected Payment T X.i P(X
all i
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where: Xi  - payment level i.

P(Xi) - probability of receiving payment level i.

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 = G(X) P(X) dX

where: X = the estimated P14L value (PWL)

G(X) - a payoff function relating the estimated PWL value (PWL)

to the payment level

P(X) - the probability density function of the estimated PWL

values (PWL)

This integral is not easy to evaluate by analytical methods. As a convenient

approximation to this integral, the potential PWL values were partitioned

into small intervals, leading to the following:

65G 65+6
Expected Payment =-- X P(X) dX + G(X) P(X) dX +

I-CO 65

+ J90_G(X) F(X) dX + J G(X) P(X) dX

where: 6 - 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



605  f 65+
Expected Payment = 50 P(X) dX + JG 1 P(X) dX +

90 GI

+ f G n P(X) dX + 100 P(X) dX
S90-An 90

where: Gil i=1,2,.. .n = the average payment associated with each of the n

intervals.

This equation can be rewritten as:

Expected Payment = 50!+ 5 dX +

[90px)I

+ G j P(X) dX + 100 P(X) dX.
nj90-A 90

The abov. i,,Lzgrals can then be evaluated by using subroutine MDTN 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 PWL values into small intervals. Then sub-

routine MDTN was used to calculate the probability of PWL falling within

each interval. This probability was multiplied by the average payment

;ssoc tated with tLIt interval, and the product % were summed for a I I of tlhe

intervals to achieve a good estimate of the expected payment. 1his 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 PWL greater than 65 but less than 90 is the

probability of receiving some reduced payment; the area falling above a

PWL of 90 is the probability of receiving 100 percent payment; that falling

below a PWL 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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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 PWL equal to 65 and PWL 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 FA-A 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)11 2 ) is

somewhat more complicated than the straight-line equations for Schedule II.

For this reason, it was decided to adopt Price Adjustment Schedule II for

the proposed new density acceptance plan. The recommended price adjustment

schedule is shown in Table 3.7.

Additional OC Curves

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

c'ntrator must know the price adjustment schedule. Figures 3.17 through

1. 10 pir. snt oC curves for j sample of size four and a specification limit

of Oo.7 for standard deviation values of 0.95, 1.19, and 2.00. The value

of 1.19 is the pooled standard deviation for all the projects in the study,
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TABLE 3.7 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

*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.

0
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whereas 0.95 and 2.00 were chosen as indicative 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 the 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 discussions

with contractors, consultants, and testing laboratories, the researchers

detected some skepticism concerning the use of nuclear devices for acceptance

purposes. There seemed to be much greater sentiment In favor of eores th.m

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

mwore acepted 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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SUVLARY AND RECOMNENDATIONS

A number of different topics relating to the FAA density acceptance plan

have been presented and discussed in this chapter. Some of the recommendations

which were made with regard to this plan are:

1) Use of the standard deviation method rather than the range method

since the former provides a better estimate of PWL.

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.
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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

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 pre~sented

for dealing with the case when more than one of these properties require

price adjustments. Finally, the results of correlation tests among these

three pL-r,-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

based on the average of four specimens per test rather than three, as was

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

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 (JMF) 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
FOR THE PROJECTS IN THE STUDY

Number JMF Mean Offset from Standard
Project of Tests Value* Value JMF 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

POOLED VALUES 2410 2642 + 232 279

*Specification Range--Minimum of 1800 (pounds)
**Dryer Drum Plant

*1-
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TABLE 4.2 RESULTS OF MARSHALL FLOW TESTS FOR THE
PROJECTS IN THE STUDY

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 13.0 152 +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 0.902

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 Standard

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 - ANJ**** 54 2.7*** 2.68 -0.02 0.577

Charlottesville - SLW 53 4.1-** 3.62 -0.48 0.964

Chautauqua 27 4.0 3.08 -0.92 0.310

Chemung - Chemung 24 4.I** 3.46 -0.64 0.293

Chemung - Fisherville 56 4.20 3.68 -0.52 0.473

DuBo is 32 3.9 3.58 -0.32 0.672

Lutchess 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

W"thester - Peckham 85 3.65 3.64 -0.01 1.179

rorAl.S 532 3.72 3.55 -0.17 0. 75

*Specification Range--2.7 to 4.7 (percent)
**The specification ranae on these project& was 3 to 5 (percent).
***The specification range on this project was 2 to 4 (percent).

'***I)rver Drum Plant
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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 project

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

projects 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 JNF

value, if the Charlottesville-SLW project is omitted, was +125. The pooled

standard deviation value for all the projects is 279. When this value is

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

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

vill') or 2.7 to 4.7 percent, which is the range specified in the FAA Eastern

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. It 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 asplxalL in the mix. On a number of the projects investigated, the

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

day. In the researchers' view, the asphalt content used for calculating

maximum theoretical specific gravity should be based as nearly as possible

on the actual asphalt content of the Marshall specimens being tested and not

upon the JMF asphalt content.

An examination of the asphalt content test results indicates that the

production asphalt content may vary by as much as 0.9 percent from the JNF

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-

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 yielded

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 voids 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 rercent 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 pdrcv.nt,

a difference of 0.4 percent can be significant.

It has been shown that the value for air voids curtent ('an 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
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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. !u

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 voids 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 thp 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 3 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 because 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 very siit lar to theL

discrete schedule on which it was based. It is likely that the expected

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 Marshall 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 imit and nothing above I Ih. tpper I Init.
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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 q>, 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

wh'ich cani he entered Into the program. For the (X. i'inrve deve lowl'i- fni or

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

OC curves 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

seen from Table 4.4. the results agree quite closely, thus verifying the

applicaba l Ity of the program.
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Marshall Stability

The ease of Marshall stability is similar to that of densityv sinve there

Is only a lower specific;ition limit livolvwd. Ior Il h ' C t lie. opI; It IiI.

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 limit (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 payment curves

for the OC curves shown in Figures 4.4 through 4.6 were determined. These

expected payment curves are presented in Figure 4.7, and sample cacua tion',
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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 payment 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 PIlL can be determined for either an upper or a lower specification

limit.

The procedure for determining the estimated PNL for the case of a two-

sided spc1"ification limit is similar to the method described earlier

(Chapter 3) for the case of only a lower limit. For the two-sided case,p
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TABLE 4.5 CALCULATIONS FOR THE EXPECTED PAYMENT CURVE
FOR THE PROPOSED MARSHALL STABILITY PRICE
ADJUSTMENT SCHEDULE FOR A STANDARD DEVIA-
TION OF 279 AND SPECIFICATION LIMIT OF 1800 POUNDS

Probability of Receiving Indicated Payment
Me.an Expected

V.1 I tit- 100 Q8 95 90 80 70 50 Value

1800 .048 .014 .022 .031 .039 .061 .1') '1.1

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
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TABLE 4.6 PRICE ADJUSTMENT SCHEDULE FOR THE
PROPOSED MARSHALL STABILITY AND
FLOW ACCEPTANCE PLANS

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

U-X
QU "S

and

X-L
L -S

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 material

below thc upper limit (PWI.u). Similarly, the valut, of ) . can he i14

estimate the percentage of the material above the lower limit (PWL L). The

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

ship:

PWL - PWL + 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

aidjustment 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
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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 14.

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 air voids 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

air voids of 0.75 are presented in Figure 4.13. As can be seen from this

figure, the pLubabilities 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
t hi~s 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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FIGURE 4.8 OPERATING CHARACTERISTICS FOR THE PROPOSED MARSHALL
FLOW ACCEPTANCE PLAN FOR A STANDARD DEVIATION OF
0.90
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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 isthe 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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FUIlIRE 4.11 OPFRA'rING CIARACTERISTICS FOR THE PROPOSED MARSHALL
FLOW ACCEPTANCE PLAN FOR A STANDARD DEVIATION OF
2.50
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Figure 4.12 EXPECTED PAYNENT CURVES FOR THE PROPOSED MARSHALL
FLOW ACCEPTANCE PLAN FOR STANDARD DEVIATIONS OF
0.90, 1.25, 1.81, AND 2.50
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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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TABLE 4.7 CALCULATIONS FOR THlE 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: Since this is a two-limit specification, the OC curves are symmetrical
about the nean 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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FIGUTRE 4.13 OPERATING CHARACTERISTICS FOR AIR VOIDS CONTENT USING
FAA PRICE ADJUSTMENT SCHEDULE FOR A STANDARD DEVIATION
OF 0.75
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the specification range, are not very high. These curves were cosuiderod

unacceptable, and it was decided that the acceptance plan required modifi-

cat ion.

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,

III, 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 0.05 indicates a project with.

below average control of air voids.

In order to consider the possibility that the pooled standard deviation

valut 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. ThI'. viirvv kb

presented in Figure 4.18, and the corresponding calculations arc presunted

in Table 4.10. This curve appears to be even more appropriate than the one
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TABLE 4.8 POSSIBLE PRICE ADJUSTMENT SCHEDULES FOR
AIR VOIDS CONTENT

Schedule I

Estimated PWL Percent Payment

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 50

Schedule II

Estimated PWL Percent Payment

90 and above 100
P5 to 90 99
80 to 85 97.5
75 to 80 95
70 to 75 90
65 to 70 80
60 to 65 70
Below 60 50

Schedule III

Estimated PWL Percent Payment

85 and above 100
80 to 85 98
75 to 80 95
70 to 75 90
65 to 70 so
60 to 65 70
Below 60 50
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TABLE 4.8 (CONTINUED)

Schedule IV

Estimated PWL Percent Payment

85 and above 100
80 to 85 99
75 to 80 97.5
70 to 75 95
65 to 70 90
60 to 65 80
Below 60 50

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
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NOTE: Since this is a two-limit specification, the OC curves are symumetrical
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 4.14 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.

Proposed Price Adjustment Schedule 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
Mean Expected
Value 100 98 95 90 80 70 50 Payment

3.7 .478 .088 .084 .088 .078 .069 .115 89.1
3.9 (3.5) .442 .083 .087 .086 .086 .077 .139 87.6
4.1 (3.3) .343 .071 .091 .092 .093 .092 .218 83.0
4.3 (3.1) .230 .060 .069 .080 .100 .104 .357 75.8
4.5 (2.9) .126 .037 .054 .068 .077 .097 .541 67.5
4.7 (2.7) .059 .019 .029 .039 .059 .072 .723 59.9

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
4.1 (3.3) .414 .091 .092 .093 .092 .080 .138 89.8
4.3 (3.1) .290 .069 .080 .100 .104 .102 .255 83.4
4.5 (2.9) .163 .054 .068 .077 .097 .114 .427 74.8
4.7 (2.7) .078 .029 .039 .059 .072 .096 .627 65.6
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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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FIGURE 4.15 OPERATING CHARACTERISTICS FOR PROPOSED AIR VOIDS CONTENT
PRICE ADJUSTMENT SCHEDULE V FOR A STANDARD DEVIATION OF
0.535
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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 symmnetrical
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
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 Payment 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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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

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.(1.) .04 .065 .074 .092 .096 .098 .271 80.2

4.) (2.9) .136 .037 .054 .065 ,078 .09L .519 01.8

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 to 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 deAl 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 pay factor for the lot of material. For the example above, this would
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yield a pay factor for the lot of material of 0.95 x .O0 x 0.80, or 68.4

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

more severe 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

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

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

sqtutdy.

The results of these correlation tests are presented in 'able 4.11.

The correlation coefficients shown In this table can range from -1 for

perftect negative correlation to +1 for perfect positive correlation. It

was thought that if a high positive or negative correlation between nny

of the Marshall properties could be consistently identified, it might he

possiblt. to eliminate the need to neasure all of these properties. However,

there were no consistently high correlations between any of the test properties

Some general trends did emerge. In most cases, stability and flow were

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

Correlation Coefficients

Number Stability Stability and Flow and
Project of Tests and Flow Air Voids Air Voids

Adiroadack - 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

Chautauqua 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

correlat.ons were not strmg 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

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

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

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

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

t|p(,tcming construction season 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 prtce adtustmcnt

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 is 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.
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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

resiults, which were supplied to the researchers by FAA. These results are

compared with the quality control tolerance rcquirements stipulated 1I1 11c

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

in Table 5.1. This table also presents the pooled values for mean and

standard deviation for all of the projects 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

±14



TABLE 5.1 RESULTS OF ASPHALT CONTENT TESTS
FOR THE PROJECTS IN THE STUDY

Number JMF Mean Mean Offset Standard
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.
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ThBI E ., 'RACTLJ AGGREGATE GP.AIA'bl), rEI.-
T ' , - TYPE A PROJECT

Number of Tests - 10

,TMF Mean Offset of Mean Standard

Sieve Size Value Value from JMF Value* Deviation

1" 10 -- -- --

3/4" 92 87.6 -4.4 4.72

1/2" 78 76.6 -1.4 3.24

1/41" 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

*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

JMF Mean Offset of Mean Standard
Sieve Size ValuE Value from JMF Value* Deviation

3/4" 100 -- -- --

1/2" 88 89.5 +1.5 2.71
1/41 70 70.7 +0.7 2.45

1/8" 51 51.6 +0.6 .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

*Specification tolerance limits are given in Table 5.17.
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TABLE 5.4 RESULTS OF EXTRACTED AGGREGATE GRADATION TESTS
FOR THE CHARLOTTESVILLE - ANJ PROJECT

Number of Testsa 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

#4 61.6 63.4 +1.8 4.02

#8 51.5 52.0 +0.5 3.71

#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

*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 Valuek Deviation

3/4" 100 -- -- --

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 53.4 -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 -- -- --

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

!f16 36 36.0 0.0 2.14

-!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 (.45

*Specification tolerance limits are given in Table 5.17.

120



TABLE 5.7 RESULTS OF EXTRACTED AGGREGATE GRADATION TESTS
FOR THE DUTCHESS PROJECT

Number of Tests - 6

JMF Mean Offset of Mean Standard
Sieve Size Value Value from JMF Value* Deviation

3/4" 100 -- -- --

1/2" 93.5 92.5 -1.0 1.12

1/4" 70.7 70 .2 -0.5 1.87

1/8" 57.6 54.3 -3.3 1.45

#20 36.9 29.6 -7.3 1.28 K

#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

*Specit f fication tolcr-ane: 1 Inlts are 1Iv(n In Tahiv .').17.

1
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TABLE 5.8 RESULTS OF EXTRACTED AGGREGATE GRADATION TESTS
FOR THE LINDEN PROJECT

Number of Tests -26

J Mean Offset of Mean Standard
Sieve Size Value Value from JMF Value* Deviation

1/211 100 -- -- --

3/8" 97.0 96.6 -0.4 1.58

#4 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 6. -0.5 0.68

*Specification tolerance limits arb given in Table 5.17.
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TABLE 5.9 RESULTS OF EXTRACTED AGGREGATE GRADATION TESTS

FOR THE RICHMOND PROJECT

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

#4 66 62.6 -3.4 2.71

#8 50 47.1 -2.9 2.23

#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

*Specification tolerance limits are given in Table 5.17.
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r.II.E 5.10 RESULTS OF EXTRACTED AGGREGATE GRADATION TESTS
FOR THE AISTCHESTER - COLPROVIA PROJECT

Number of Tests - 40

JMF Mean Offset of Mean Standard
Sieve Size Value Value from JMF Value* Deviation

" 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

*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 difference 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 aggregat.e

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

spectfication also requires that the contractor control aggregate gradations

and percent bitumen to within specified tolerances. These tolerances are
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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 JHF Value Deviation

3/4" 100 -- -- --

1/2" 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

imp Mean Offset of Mean Standard
Sieve Size Value Value from JMF Value Deviation

3/4" 100 -- -- --

1/2" 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

#16 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

#200 5.7 5.7 0.0 1.10
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TABLE 5.13 RESULTS OF THEORETICAL HiOT 31-US AGGREGATE GRADATION
TESTS FOR THE DUTCHESS PROJECT

Number of Tests -12

JIQ Mean Offset of Mean Standard
Sieve Size value Value from JMF Value Deviation

3/41" 100 -- --

1/2" 93.5 93.0 -0.5 0.42

1/4"' 70.7 71.7 +1.0 1.37

1/8tr 57.6 56.5 -1.1 1.07

#20 36.9 36.8 -.0.1 2.82

1140 29.2 29.5 +0.3 2.72

#80 15.9 16.5 +0.6 1.76

#200 4.2 4.1 -0.1 0.97
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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

3/8" 82 81.9 -0.1 1.26

#4 66 69.4 +3.4 1.61

#8 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

JMF Mean Offset of Mean Standard
Sieve Size Value Value from JMF Value Deviation

1" 100 -- -- --

3/4" 93 95.9 +2.9 0.71

1/2" 81 82.1 +1.1 1.29

3/8" 75 72.1 -2.9 1.79

#4 63 60.2 -2.8 0.48

#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
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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

1/2" 7 208 -1.4 3.0

3/8" 6 207 -2.0 3.2

1/4" 3 45 -0.2 2.3

#4 7 207 +0.1 3.2

Combined -- 755 -0.9 3.0
#4 - 3/4"

#8"* 8 212 -0.6 2.9

#10 1 40 +2.4 3.0

#16 5 167 -1.3 2.7

#20 4 85 -2.0 2.5

#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

-111n,-- 419 +0.7 1.1
!!200 ";lO0

*•Specification tolerance limits are given in Table 5.17.
*rn,'ludes those projects which indicated the use of 1/8" sieve size.
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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 passes 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

,oitsid. of the tolerane limits. It is recommended that these JMF tolerance

limits be reevaluated in light of the results obtained from tile prolocts'

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 r,,lilts for these two areas was made. It was hoped that if

:i strong correlation rould 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

Because the available test results were not obtained from an experiment

which was designed in advance, attempting to establish correlations was very

difficult. Ideally, an extraction test should have been performed on one of

the Marshall test specimens 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 asphatt content or any particular sieve size.

A correlation between the Marshall test results and extrattion 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

vorrelation program could identify relationships between the results of

Marshall tvsts 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 recomnended 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

It is recommended that a program he ,onsidertd which would attemapt

to correlate the results of Marshall tests with extraction tests. Such

a program could also include the effects of these properties on the mat

dils It ahieved. Such a program might involve taking replicate samples

ftom the same truck and tconductiny Marshall tests on1v h a smp les.,11v

Marshall specimens (probably one specimen from each sample) could then b,

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

Marsh.all specimens were drawn, and subsequently marking the location in the

pIvement 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 varying asphalt contents and aggregate gradation on the field density

obtained.
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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 density 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

I NTRODUCT 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 is very similar to the one which

was used during the 1978 construction season. The primary difference l es

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 ts prostanted In Table. 6.2. The proposed plan has a citontitiotts, r.ither

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 (Eastern Region P-401

Specification) should still be appropriate for the proposed new

ac'eptance 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 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 *

*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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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

*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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3. 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 fornittll:

X-LQL S-

where: X mean of the measurements on the lot

L = 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.

4. 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

some guidelines are used. Guidelines will ensure that the price

adjustments are being applied uniformly on all projects.

5. 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 he

96.7 percent rather than the value of 97.0 percent which was used

in the Eastern Region P-401 specification.

143



'""-.1; ACCEPTANCE PLY'.-'

,,. -ep, ance plant- -. -r ' rt ivs of st.ibi :t

. i . are based as .1i ei a -,s.ib'e on features already

.te -,tern Region P-401 - .e: .. ."- ,r the 1978 construction

-t pri,' adhi .stmtnt schedii! for -'at, I at'd f low 4s the ,same

one used tor densLty 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 va.ue 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 stability, 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 ;imoint of material
will be defined as a lot and the three te~st s whilch hI.,v,.

been made will be used as the number of tests for that (o(.
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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.

2. 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.

3. The method for estimating PWL for the case of stability is identlcal

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 X-L
QU S - and QL = 'S L

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 Q 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 (PULL). 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 limits, then

the latter method seems preferable and is the one that wos 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 poteptial 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

simutate 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 Linden.
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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

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

proect (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 Va li es which were helow the pooled value for all th1e projects. The

mean flow value (11.90) for the Linden project was leariv In tlt" cetilter

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.

These values were used for L and U when calculating the QL and Q 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 whi'h

would be made for each lot under the proposed acceptance plan. Thest V

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

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

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

method.

The results of the simulation for the Marshall properties acceptance

plan are presented in Tables 6.6 through 6.8. As expect ed, tHire w(.r- Vwry

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

Daily Density Marshall Total Payment***

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

9/29 398 1.0 1.0 100

9/30 425 1.0 1.0 100

10/2 480 .988 0.70 69.2

10/3 957 1.0 1.0 100

10/4 481 1.0 1.0 100

10/5 698 1.0 1.0 100

0/11 822 1.0 0.95 95.0

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 illustration. An ultimate decision concern-

ing the appropriateness of this method must be made by the FAA after

further research.
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Dai I nensity Mar .h, i hTotal Pavment***
Date Tonnage Pay Vactor* 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 .774 .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

*Va lues obtained from Table 6.4
**Values are the product of the pay factors for stability, flow, and air
voids from Table 6.7

***Total Pay Factor - Density Pay Factor x Marshall Pay Factor. This
method is used for the purpose of illustration. Ali iltimatte d,4- . Il
concerning the appropriateness of this method must be made Isy tht I.'AA
after further research.
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TABLE 6.11 SUMM4ARY OF PRICE ADJUSTMENTS FOR THE
SIMULATION ON THE LINDEN PROJECT

Daily Density Marshall Total Payment***
Date TQn"Se Pay Factor* Pay Factor** (Percent)

11/10 828 1.0 1.0 100

11/13 86 1.0 0.95 95

11/14 690 1.0 1.0 100

11/15 549 1.0 1.0 100

11/16 699 1.0 1.0 100

11/17 219 1.0 1.0 100

11/20 698 1.0 0.60 60

11/21 725 1.0 0.90 90

11/22 516 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 stability, 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 illustration. 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 control, as evidenced 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 (stahility,

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 inid lUnden projects the majority of the material would have been

at-,cepted 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 i!
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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 tile

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

he simulated on construction projects in progress during the next construction

season. before the plans are adopted on a full-scale basis. The simulation

shculd be conducted on a few projects which could be monitored closely. 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

a3ppro;aclh which separates the price -tlidustment s. for I.xaimpl,., bv ,liv Illg t1he

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

Lhe results on this project would have been different had price idjustments

ictuiallv been applied early In the project. The modification which may be

considered Is to put some sort of minimum value on the total payment
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determined for a particular lot of material. The multiplicative approach

tis -d in the simulation resulted in numerous payment factors ranging from

23 1.8 i)re'.tnL to 5( plrcent. The FAA might cons ider 1I0vitng, on the t otalI

payment a lower limit similar to the one on the individual properties. The

lover limit on all of the properties is stated as being 50 percent payment,

or the removal and replacement of the material 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 tile researchers

for the purpose of making an analvsis and reconmiendat ions concerning proposed

acceptance plans and price adjustments. It was noted that tile 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

component.. ' variability associated with the process.

On the basis of a literature review, several decisions and reconimenda-

tions concerning the FAA acceptance plan were made. It was decided to use

the percentage within limits (PWL) approach to determine the acceptability

t't the material , bectaise thIs approach takes both the mean ald valr I .i I I It V

of the material Into account. Sine no direrz correl;itions were identified

between the acceptance characteristica used by FAA and pavement life or

serviceability, It was decided to base the acceptance plan on the reasonable-

ness of its Operating Characteristic.; (0C) curves and Expected Payment curves.

An acceptance plan was developed for mat density. IL is recommended

that the acceptance plan be based on estimated PWL values, as determined by V
the mean and standard deviation of the sample results rather than by the

ran'-, method previously used by FAA. The acceptance plan includes a con-

t inuous price adjustment schedule based upon several straight liie equations

th.it relate the estimated PWL value to the percent payment. A t-ompi.ter

,',sr.m for determining the area beneath, the non-central t-distribution was

,6S
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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 correlat ons were ld nt iI it-d.

Various procedures were identified for dealing with the case when the t';t

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 presented. 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
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modifications concerning acceptance levels, price adjustments, tolerance

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

before the acceptance plan is used for determining the acceptibility and

price adjustments 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

;ibondant data avallable from the statistically based specific.a-

tions which have been employed for years by various state highway

agencies.

2. A field simulation should be conducted in the upcoming construction

season 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.

3. 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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4. Statistical specifications should be extended to other FAA con-

struction items, such as Dortland 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.

5. A formal correlation program should be implemented to [dentify

correlations between the results of 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.

6. 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.

7. 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, standird dcvl.ithm,

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

NM = Number of populations studied

AN(I), 1=1, ... NM = Mean of each of the NM populations studied

NIT = Number of repetitions used in the simulation

BL = Lower tolerance limit

UL = Upper tolerance limit

SIc, = Standard deviation of the M1 populations studied.
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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-i.

Sample Program

To help illustrate the use of the simulation program for the devtop-

ment of OC curves, a sample program is included in Exhibit A-i 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 presented In

Exhibit A-i, it may be helpful to go through the program from start to

finish.

The simulation in Exhibit A-I is for air voids content, a fact noted

on line 450 of Exhibit A-i and shown on line 13,000 of the printout in

Exhibit A-2. The necessary information for the simulation is input to the

program by the READ statements on lines 500 and 600 in Exhibit A-I. 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

Populations being studied (NM) - 6

Number of repetitions (NIT) - 10,000

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

4.3, 4.5, and 4.7

Lower tolerance limit (BL) - 2.7

Upper tolerance limit (UL) - 4.7

Standard deviation of the populations being studied (SIG) = 0.75.
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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-i, 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.

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

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

I tter numbers to ones having the mean (if t ht, pop)lat Ion livi ng 111111 atd

and calculates the upper and lower qual ity index values (Qt and Q ) I 1htv

sample (lines 2050 and 2100). The final step is the determination of 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
I.

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

A-3



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

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

00050 /*TAPE RANDI

00100 // EXEC FGCG
00150 //SOURCE.INPUT DD *
00200 IMPLICIT REAL*8(A-H,O-Z)
00250 REAL*4 U(600)
00300 DIMENSION X(IOI) ,NF(6,500),PWL(1O1),AM(6),XA(6),XA2(10)
00350 DATA IIF,XA,XA2/3000*0,16*0.ODO/
00400 PRINT 1111
00450 1111 FORNAT ('OTHIS SIMULATION IS FOR AIR VOIDS
00500 READ 15,N,NN,NIT,(AM(I),I-I,NH),BL,UL,SIG
00550 15 FORMAT (212,16,10F7.2)
00600 READ 18,(X(I),1=1,51)
00650 18 FORMAT (10F7.0)
00700 DO 19 1=1,51
00750 19 PWL(101-I) = X(I)
00800 CALL BASET(00001)
00850 PRINT 1122
00900 1122 Fn""AT ('0 THIS PROGRAM IN FILE FAASIM4 ")
00950 PRINT 16
01000 PRINT: 15,N,NM,NIT, (A M(1),I=I, N?1),BL,UL,SIC
01050 16 FORMAT('ON NH NIT MEANS LIN
01100 1ITS SIG')
01150 DO 1000 IIT-1,NIT
01200 CALL PRAND(U,5*N)
01250 CALL RNORM(X,U,N)
01300 DO 24 IP=1,N
01350 X(IP) - X(IP)*SIG
01400 24 CONTINUE
01450 XB - O.ODO
01500 DO 26 IP-1,N
01550 XB - XB + X(IP)
01600 26 CONTINUE
01650 XB - XB/N
01700 SS - O.ODO
01750 DO 28 IP=1,N
01800 SS - SS + (X(IP)-XB)**2
01850 28 CONTINUE
01900 SS = SS/(ti-1)
010)0 S - (SQRT(SS)
02000 DO 50 J=1,NH
U20r. OL - (XE + A11(j) - BL)/S
02100 '19 = (UL - XB - All(J))/S

02150 IF(CL.LT.PWL(100)) GO TO 59
0220) I'L = O.ODO
02250 rO TO 95
02300 59 DO 51 1=1,51
02350 JJ - 100- 1
02400 AZZZ - PUL(JJ)

02450 IF(QL.CT.AZZZ) CO TO 61
02500 51 CONTINUE



EXHIBIT A.1 (CONT.)

02550 PL - 51.00
02600 PU - O.ODO
02650 GO TO 195
02700 61 F - (QL - PWL(JJ))/(PWL(JJ+I) - PWL(JJ))
02750 PL - 100.ODO - JJ -F
02800 95 IF(QU.LT.PWL(100)) GO TO 62
02850 PU - O.0DO
02900 GO TO 195
02950 62 DO 63 1-1,51
03000 JJ - 100 -I
03050 AZZZ - PWL(JJ)
03100 IF(QU.CT.AZZZ) GO TO 64
03150 63 CONTINUE
03200 PU - 51.ODO
03250 GO TO 195
03300 64 F - (QU - P14L(JJ))/(PWL(JJ+1) - PWL(JJ))
03350 PU - 100.ODO - JJ - F
03400 195 PD - (100.ODO - PU - PL) * 10.0D0 - 498.ODO
03450 XA(J) , XA(J) + 100.ODO - PU - PL
03500 XA2(J) - XA2(J) + (100.ODO - PU - PL)**2
03550 IPD - PD
03600 IF(IPD.LT.I)IPD-1
036S0 IF(IPD.CT. 500)IPD-500
03700 50 -F(J,IPl)) - MF(J,IPD) + 1
(3750 1000 CONTINUE
03800 DO 75 1-1,10
03850 75 X(I) - (I-1)*O.D0
03900 76 FORMAT( " ,OF6.1)
03950 DO 72 J-1,NM
04000 DO 73 1-2,500
04050 73 F(J,I) - MF(J,I) + MF(JI-1)
04100 PRINT 74,AM(J)
04150 74 FORMAT(//,' DIST OF VALUES FOR MEAN-',F8.2)
04200 PRINT 76,(X(l),I-1,10)
04250 DO 77 1-1,50
04300 JJ - I + 49
04350 JL - (I-1)*10 + I
04400 JU - JL + 9
04450 tF(1-F(JJL).EQ.tMF(J,JU)) GO TO 77
04500 PRINT 78,JJ,(flF(J,IT) ,IT-JL,JU)
04550 78 FORMAT (1116)
04600 77 CONITINUE
04650 XXX - XA(J)
04700 XA(J) - XA(J)/NIT
04750 SS22 , (XA2(J) - XA(J) * XXX)/NIT
04800 SS22 - DSQRT(SS22)
04S'50 PRINT 87,XA(J),SS22
04900 72 CONTINUE
04950 S7 FORMIAT ( AVERAGE VALUE * ',F12.3,'STANDARD DEVIATION -',F12.3)
05000 STOP
05050 V.ND
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EXHIBIT A.1 (CONT.)

05100 SUBROUTINE PRAND (U,NO)
05150 C 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 PRECISION REAL NUMBERS DERIVED FROM THE RAND TAPE.
05300 C

05350 C TO CONTINUE FROM JOB TO JOB:
05400 C NOTE THAT T11E CALL TO BASAVE RETURNS THE NUMBER OF NUMBERS
05450 C ADVANCED ON 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 SUIBSEQUENT CALLS TO PRAND. BASET SHOULD NOT BE CALLED AFTER A
05650 C CALL TO PRAND IN THE SAME RUN AS THIS CAUSES THE TAPE TO BE
05700 C REWOUND AT THE PROBLEM PROGRAM'S EXPENSE.
05750 C
05800 C H. D. KNOBLE - JANUARY, 1972 - PSU COMPUTATION CENTER.
05850 DIMENSION X(400), U(NO)
05900 DATA K/400/, NREC/-I/, LRECL/400/, IUNIT/92/
05950 C
06000 NUII-NO
06050 '!=0
06100 100 IF (K.EQ.LRECL) GO TO 400
00150 2c' n L.=IN0(LRECL-K,NUH)
06200 ,UM-NUM-L
06250 DO 300 J-1,L
06300 M-M+1
06350 300 U (M) =X (K+J
Oh400 K-K+L
06450 1 F (NUH. EQ. 0) I ETUR! :
0)6500 ('O TO 100
06550 400 READ (IUNIT,END=500) X
06600 NREC=NREC+1
06650 ;_O
06700 GO TO 200
06750 C IF AN END OF FILE IS ENCOUNTERED A STOP IS EIFECTED. THIS
06800 C COULD BE CHANGED TO A REWIND TUNIT TO ENABLE PROCESSING TO
06850 C CONTINUE.
06900 50C RITE (6,600) NREC,K,J
06950 6O0 FORIMAT ('O$$$$PRANI): END OF FILE ENCOUNTERED ON RAND TAPE,',/'
07000 1 NREC,K,J',3111)
07050 C TRACE GIVES A TRACEBACK; IN WATFIV CHANGE TO CALL EXIT.
07100 C CALL TRACE
07150 STOP 8
07200 C ---------------------------------- ENTRY BASAVE
07250 C BASAVE RETURNS THE NUMBER OF NUMBERS ADVANCED ( N THE TAPE.
07300 ENTRY BASAVE (N)
07350 :;"NREC*LRECL+K
07400 W:FITE (6,700) N
07450 70 0 FOPMAT (" $$$SBASAVE: NUM BERS IISED UP TO TillS POINT ,,III,//

o7500 i ITURN

A-7



I AD-A080 430 PENNSYLVANIA TRANSPORTATION INST UNIVERSITY PARK F/6 I/SACCEPTANCE CRITERIA FOR BITUMINOUS SURFACt COURSE ON CIVIL AIRP-ETC(U)
OCT 79 J L BURATI* J H WILLEWROCK OOT-FATOWA-I185

UNCLASSIFIED PTI-7915 FAA-RO-79-89

3 OEfl

I I



EXHIBIT A.1 (CONT.)

07550 C ---------------------------------- ENTRY BASET
07600 C BASET POSITIONS THE TAPE TO THE (I+I)TH NUMBER.
07650 ENTRY BASET (I)
07700 REWIND IUNIT
07750 NREC-I/LR ECL
07800 K-MOD (I ,LR EC L)
07850 IF(I.EQ.O) RETURN
07900 IF (NREC.EQ.O) GO TO 900
07950 DO 800 J-1,NREC
08000 800 READ (IUNITEND-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 ITS-O
08450 DO I t-1,N82
(9o500 20 ITS-ITS+I
08550 IS-2*ITS-1
08600 IS l-IS+l
08650 UI-U(IS)
08700 U2-U(IS1)
08750 VI-2*Ul-l
08800 V2-2*U2-1
08850 ES-VI**2+V2**2
08900 IF(ES.GE.1) GO TO 20
08950 ARG--2*ALOG(ES)/ES
09000 FACT-SQRT(ARG)
09050 ID-2*I-1
09100 IDI-ID+I
09150 X(ID)=VI*FACT
09200 X(IDI)-V2*FACT
09250 1 CONTINUE
09300 RETURN
09350 END
094 0') /DATA.FTQ2FOO DP UNIT-2400,VOL-SER-RANDI,DSN-UNIFORM,
09450 // nCB-(RECFHmVS,lRECI.-1604,BLKSIZE-3212),LAREL-(I.,,.IN)I 09500 //DATA.INPUT DD *

09550 4 6 10000 3.7 3.9 4.1 4.3 4.5 4.7 2.7 4.7 0.75
09600 1.5000 1.4700 1.4400 [.4100 1.3800 1.3500 1.3200 1.2900 1.2600 1.2300
09650 1.2000 1.1700 1.1400 1.1100 1.0800 1.0500 1.0200 0.e5900 0.9600 0.9300
09700 0.9000 0.8700 0.8400 0.8100 0.7800 0.7500 0.7200 0.6900 0.6600 0.6300
09750 0.6000 0.5700 0.5400 0.5100 0.4800 0.4500 0.4200 0.3900 0.3600 0.3300
09800 0.3000 0.2700 0.2400 0.2100 0.1800 0.1500 0.1200 0.0090 0.0060 0.0030
09850 0,0000
09900 /*
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EXHIBIT A.2 (CONT.)

1 4Ii q7 hu1 4 h1l4 ISl8 4) hlIb$ '(4118 h594 "I SgI ' .I SI S 471 6.1 | I

1%4%1) 41 hI h 61 82 62)10 62 10 (2 22 h621 62 4H hi 2 b !,) h2 91
15501) 4 6306 6322 6339 6352 6368 6379 6397 6409 6425 6438

15550 93 6455 6463 6472 6486 6500 6510 6524 6539 6550 6558
15600 94 6569 6586 6597 6609 6628 6648 6654 6667 6683 6697
1s550 95 6710 6717 6726 6741 6757 6771 6780 6800 6811 6823

15700 96 6843 6854 6868 6885 6895 6913 6924 6936 6949 6962
5750 97 6975 6989 7002 7024 7035 7049 7058 7079 7091 7100

9800 8 7114 7128 7138 7146 7156 7164 7170 7178 718q 7200
15850 99 7212 7223 7235 7247 7258 7275 7288 7297 7313 10000
15900 AVERACE VALUE - 81.899STANDARn DEVIATION - 16.283
15950
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