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1.0 INTRODUCTION

1.1 PROBLEM DEFINITION

One of the major difficulties in asphalt concrete pavement con-
struction is the control of materials and the subsequent level of pay-
ment to contractors for materials not conforming to specifications.
Quite often, it is found that the material quality does not meet speci-
fication requirements. The effect of this noncompliance on pavement
serviceability is not fully established; however, it frequently results
in reduced payments to contractors which in turn causes much controversy
between the two parties (i.e., client and contractor).

Specific pavement properties outside specification tolerance that
are accepted by a majority of the agencies through reduced payment
include percent compaction, asphalt content, asphalt properties, and mix
gradation [1]. BSome agencies reject construction and materials that do
not meet specifications and pay nothing to contractors. Most agencies
accept construction and materials outside specification tolerance and
apply a pay adjustment that reduces the compensation to penalize the
contractors. The pay factor relies heavily on the experience and judge-
ment of project engineers. Therefore, there is a wide disparity in the
pay adjustment factors currently used.

Several approaches have been used to determine pay factors for each
material's property, but they are not always based on sound engineering
approaches. So, the pay factors do not always measure reduced service-
ability and the agencies do not have a uniform procedure for accepting
noncompliance work. With all these reasons, the contractors object to

the use of pay adjustment systems. This leads to administrative and



legal problems. The agencies lose considerable time and money every
year handling these problems.

Past practices indicate that the extent to which the quality of
work should be accepted or rejected is inconclusive. Also the proper-
ties that can be allowed to be lower than the standard are poorly de-
fined, and the compensation that should be paid for substandard quality
is not well established. This study aims at finding a relationship
between asphalt concrete quality and pavement serviceability, which
would indicate whether the work should be accepted or rejected and how

much compensation should be paid.
1.2 PURPOSE

The purpose of this study is to develop rational pay adjustment
factors for asphalt concrete mixtures. Specifically, the objectives are
to:

1. assess the most important factors that affect properties

of asphalt concrete mixtures;

2. evaluate the effect of these variations on pavement

life;

3. develop rational pay factors consistent with engineering

principles; and

4, compare traditionally used prescription quality control

techniques to that of the newly accepted statistical

quality control techniques.



1.3 SCOPE OF REPORT

The approach used in the conduct of this study is shown in Figure
1-1. The conventional pay factors and the approaches used in the past
are discussed as the state-of-the-art in Chapter 2.0. Questionnaire
results and local pay adjustment factors are also included. In Chapter
3.0, the fatigue and permanent deformation characteristics of asphalt
concrete mixtures are reviewed and the results of the Oregon DOT study
are sunmarized. Regression analyses of the data from North Oakland-
Sutherlin, Castle Rock-Cedar Creek, and Warren-Scappoose projects were
performed using the Statistical Interactive Programming System (SIPS) of
Oregon State University. 1In Chapter 4.0, the approaches considered for
pay adjustment factors are discussed. The rational pay adjustment
factors were developed based on mix fatigue performance for each mix
property and the results compared with those used by other agencies.
Conclusions and recommendations based on the results of the analysis for
developing pay adjustment factors for asphalt concrete mixtures in

pavement construction are in Chapter 5.0.
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2.0 PAY ADJUSTMENT FACTORS STATE-OF-THE-ART

2.1 INTRODUCTION

The proper performance of highway structures is necessary to insure
economical and safe transportation facilities for the public. The
performance of any highway structure is linked closely to the system
utilized during construction to assure quality. Poorly controlled
construction and poor quality materials can nullify any of the benefits
derived from detailed and superior roadway design. Conventional methods
of controlling material and construction quality used are: (1) Recipe
(Method) and (2) Performance or End-Result Type. The typical procedures
for quality assurance systems for highway construction are presented in
Figure 2-1. Under these systems (except the Acceptance by Statistical
Probabilities), the control testing of quality is primarily the re-
sponsibility of the engineer. Even though the work is checked with
appropriate tests whenever the inspector or engineer requires it, the
quality of the construction based on these tests is determined by the
judgement of the engineer. Completed projects are either accepted or
rejected on engineering judgement only.

There are several inherent disadvantages associated with these
methods of quality control, as follows:

1. With the method specifications, an agency buying the
construction product is quite often put into a difficult
position when a product they have "controlled" does not
meet the specifications they set forth.

2, With the method specifications, the contractor does not

get a chance to use his technical expertise in control-
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ling the project because the buying agency controls the
specifications,

3. For both methods, the contractor has to deal with both
different production tolerances and with the different
engineering personnel of various agencies. It is highly
unlikely that all engineers will make the same deci-
sion. This puts the contractor in the position of
knowing that his work, which may be acceptable to one
specification or engineer, is not acceptable in a simi-
lar situation to another.

4, The inherent variability of all material and construc-
tion processes may not be properly evaluated by the
method specification., Although the quality control
method itself does not affect the variability of the
construction process or material, a statistical type of
quality control procedure can better define the limits
of this variability.

5. In utilizing the two conventional quality control pro-
cesses, the contractor may not know what is achievable
in highway construction. The results produced by the
AASHO Road Test in 1959-60 have shown that even with
well-equipped laboratories, well-trained inspectors, and
competent contractors, in some cases specifications
cannot be met.

The AASHO Road Test also suggests that reasonably acceptable work

which does not meet specifications should be accepted at a reduced rate.



2.2 APPROACHES USED

In the recent past, a system based on mathematical justifications
has filtered its way from other engineering disciplines into highway
construction, Statistical methods utilize end-result specifications
which are based on engineering judgement, experience and intensive
research, along with the incorporation of statistical concepts [4].
Design target values are essentially the same as for the old methods for
any particular highway structure, but the limits of the control specifi-
cations utilize statistical concepts that recognize the existence of
natural variability. Incorporated into this new quality control pro-
cedure are the concepts of random sampling, probability theory, and

known forms of data distributions.

2.2.1 Statistical Concepts

The control of construction of highway structures involves checking
the values of certain properties of the finished products. Since large
quantities of materials are involved, it is impractical to measure the
value of a particular property at every location or to measure a par-
ticular property of each object used in construction. Therefore, a
"sample" is usually measured to determine the characteristics of the
entire mass of material called the "population." To ensure unbiased
sampling, random samples should be taken with the aid of a random number
table or other random methods. Stratified random sampling (random sam-
pling of sublots) may be used to avoid clustered samples [3,4,5,6,7].
Any set of data obtained in a random fashion possesses several proper-
ties important to the understanding of applied statistics; two of these

are the central tendency and the dispersion.



The central tendency of a set of data is the property that reflects
the bunching of a set of data around a particular value. The most
commonly used property in highway construction is the arithmetic mean

which is defined as:

sum of the measurements (2-1)

Arithmefie MHEn = the number of measurements

The dispersion of a data set describes the degree of scatter of indi-
vidual data points. Three means of defining the dispersion of a data
set are commonly used. They are the range, the variance, and the stan-
dard deviation. The range is the difference between the largest and the
smallest value in the data set. The range is quite easy to determine,
yet it tells nothing of the distribution of the data points between the
largest and the smallest value. The variance is defined as the average
of the squares of the numerical difference of each observation from the
arithmetic mean. The standard deviation is defined as the square root
of the variance [5,8].

In order to understand the relation that distributions of data has
to quality control methods, it is essential to understand fully at least
one type of data distribution. When an understanding of the distribu-
tion is gained, it is then possible to see how statistical concepts can
be used to define construction specifications. Although there are many
types of specifications which can be developed utilizing statistical
concepts, the one discussed herein is of the "percentage within limits”
variety [6].

The distribution function of the population is considered to be a
normal distribution (see Fig. 2-2). Actual field data on pavement
quality control generally fit a normal distribution curve (bell-shaped

distribution function).
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Figure 2-~2. Standard normal distribution curve and the percentage
of the area under the normal distribution which are
within certain sigma limits [6].
The area under the normal distribution represents the frequency within
which a value can occur. The normal distribution in theory, extends to
infinity along the horizontal axis in both directions. It includes all
the possible values of the property in question that can occur. There-
fore, the area under the curve is equal to 100 percent or one. A normal
distribution curve for a population is described by two variables - the
mean and the standard deviation. The population mean (u) indicates the
location of the peak of the curve; the population standard deviation (o)
indicates the width of the bell-shaped curve. A low value for o indi-
cates a narrow curve and a well-controlled product (see Fig. 2-2).
Given ¥ and o, the percentage of a population falling within any given

range can be computed. For instance, # * ¢, U + 20, and u * 30

~10-



contain approximately 68, 95.5 and 99.73 percent of the total
population, respectively.

Where a finite number of random samples are obtained, the mean is
an unbiased estimator of the population mean and is represented by X.
Similarly, the random sample standard deviation represented by s is an
unbiased estimator of the population standard deviation [5,7,8]. The

sample mean (;), which is simply the arithmetic mean, is defined by:

%l
0
N o~—13

xi/n (2-2)

i=1

where X5 is an individual test value (the test result of the i-th sam-

ple) and n is the total number of t~st=s. The sample variance is defined

n

s2 = ! (x., - §)2 for small sampling (n < 30) (2-3)
(n=1) i=1 i

Coghlan [9] suggests that the total sample variance also includes the
variation from testing, sampling, and production. Standard deviation,
an indication of the bell width, is defined as the square root of the

total sample variance.

(2-4)

or

(]
El
11—
—
ne~-13
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B
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This parameter is the tool used by engineers to define the acceptable

limits of the samples about the sample mean.
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2,2,2 Acceptance Plans

The engineer must develop an acceptance plan that can be thoroughly

understood by the contractor for this approach to be effective. Basi-

cally, it must specify the following requirements:

1.

The Size of a Lot to be Sampled. The lot is the basic

unit of the construction that is controlled under the
plan. The size of the lot varies from job to job de-
pending on the type of construction. The common sizes
of lots are often chosen by the approximated amount of
daily production by a contractor or the number of tests
that would usually be conducted per day.

The Number of Samples Collected from Each Lot. Gener-

ally, each lot is divided into a number of equal sub-
lots, and one sample is collected from each sublot.
White et al. [10] recommend that the four samples selec-
ted at random from four equal sublots could minimize the
expense of testing and give a satisfactory level of
confidence.

The Point Where the Sampling is to be Conducted. For

the purpose of good representative samples, the sampling
is usually done at random from in-place material, The
hot mix samples should be taken from behind the spreader
[10] . The purpose of this is that if additional samples
need to be obtained, it will still be possible to obtain
random samples.

The Sampling Method. Simple random sampling by using a

random table is typically used to ensure equal chance of

-12=



selection. Another method of random sampling is strati-
fied random sampling which is done by dividing the lot
into equal sublots and taking random samples from each
sublot.

The Size of the Samples. Size is dependent upon the

test method used. Generally, each test method requires
an appropriate sample size., For example, a diametral
test to investigate mix behavior requires a four-inch
diameter by 2.5-inch high core sample of asphalt con-
crete mixture,

The Target or Desired Value of the Property Being Con-

trolled. The properties that are commonly emphasized

for asphalt concrete mixture in most agencies include
asphalt content, density, and gradation.

The Test Method Used to Evaluate the Specified Property

(AASHTO, ASTM, etc.) Should be Clearly Stated. For

example, the test for bitumen content is carried out
according to the AASHTO T-164, Method B (reflux method) .

The Realistic Tolerance for the Target Value. Toler-

ances above and below the target value should be de-
fined. These tolerances can be set by experience from
previous projects, acceptable design value or other
factors affecting the required performance of the struc-
ture. Tolerances should take into account the normal
material and testing variations since they vary from

sample to sample in a lot.

-13~



9. The Action to be Taken in Case of Non-Compliance with

Specifications. The usual procedure is to use reduced

payment plans. In the "percent within limits" type of
specification, this takes the form of reduced payments
when certain percentages do not meet the requirements.
In situations where the construction is far from satis-
factory, the material must be removed and replaced.

There are two generally accepted approaches to establishing the
acceptance limits. The first approach is assigned numerical values
based solely on engineering judgement. The permissible range for speci-
fied properties is determined by means of a theoretical or experimental
procedure. It may be possible in some cases to derive this value, but
this is not generally done. Thus, this assignment often leads to mis-
placement of acceptance limits and economic hardships for contractors.

A more practical approach uses limits taken from field samples on satis-
factorily performing construction.

The probability of accepting an inferior product or of rejecting an
adequate product is always a finite amount, as shown in Figure 2-3.
However, as the mean of an unacceptable material varies from the mean of
the acceptable material the probability of accepting this poor material

through 1limited sampling becomes very small.

2,2,3 Quality Control

Control charts are graphical devices used in the quality control
process to indicate trends of deviation of the sample mean from the
specified mean under field conditions. The target value of a control
chart represents the theoretical population average (u) of normal

curve, Upper and lower control limits are obtained from the standard

-14-
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Pp Probability of accepting poor material (purchaser risk).
LL Lower specification limit.

UL Upper specification limit.

Figure 2-3 Relationship Between Limits, Risks and the Normal
Distribution of Population of Materials [9]  —  —
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deviation of the population (o) and the degree of confidence desired. A
process is considered out of control when one test value on any chart is
not in between the upper and lower limit. An example control chart
typical of those used where a target design value is specified, along

with tolerance limits, is shown in Figure 2-4.

N I i T I [} I r 1] T ) T T T T T
6.5 J
6.4
6.3
6.2
s 6.1
14
-g_ 6.0
< 5.9
b
5.8
5.7 L Lower Control Limit .
5.6 i
5.5 = B
1 1 ! ! 1 !

it 4 ¢ ¢ 1 9y |
O I 2 3 4 56 7 8 9101 12131415 18

Subgroup Number
Figure 2-4. Control chart for asphalt content.

2.2.4 Payment Reduction

Sample data are not always acceptable or rejectable. Quite often
they are somewhere between acceptable and unacceptable limits. For this
situation a reduced payment system is used in accepting an unsatisfac-
tory job, although most agencies utilize different percentage and rate
schedules developed according to what they feel is equitable or repre-
sentative of reduced service life of inferior quality construction.
Kopac [11] states that price adjustment factors can be broken down into

three categories: (1) those that are based on sample mean, (2) those

-16-



that are based on sample mean and an estimate of variability, and (3)
those that are based on other bases. Typical examples of these three
categories of price adjustment factors are shown in Table 2-1.

Three approaches have been used to develop pay adjustment fac-
tors: (1) the serviceability approach, (2) the cost of production
approach, and (3) the operating characteristic curve approach. The
serviceability approach relates pavement reductions to expected losses
in pavement performance to reduced quality of construction. Several
agencies have used a serviceability approach for one or more of their
price adjustment factors [1]. Two examples are the thickness pay fac-
tors for asphalt concrete pavements of the Illinois and New Jersey
Department of Transportation and the smoothness pay factors of Florida
DOT. Willenbrock et al. [12] stated that pay adjustment factors based
on serviceability is highly desirable, but it is not always possible to
develop these factors due to the lack of desired correlation between the
quality characteristic and pavement performance, or between performance
data relating the quality characteristic and maintenance-free pavement
life. The cost of production approach is only used for acceptance
characteristics that lower acceptance limits [12]. 1In this approach,
the payment reduction is usually greater than the reduction in cost that
results when a lower quality job is being produced, It concludes that
the penalty should be greater than what the contractor saves in the
material costs in producing low-quality work. The operating character-
istic curves approach uses a set of curves which show probabilities of
applying price adjustments to various lots having different levels of
quality. The sample of operating characteristic curve for asphalt

concrete pavement density is shown in Figure 2-5. An agency can use an

-17-
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operating characteristic curve and curve of the contractor's expected
payment (see Fig. 2-6) to ensure that the proposed schedule is realistic
and meets the desires of the specifying agency. If the agency is satis-
fied with the contractor's prepared curve, then the schedule can be
incorporated into the specification. If not, then either the price
adjustment schedule or the acceptance plan must be modified by means of
changing the sample size, loosening or tightening the acceptance or
specification limits, increasing or decreasing payment for a given
quality level, and increasing or decreasing the number of payments.
Appropriate modifications are made until both contractual parties are
satisfied. Therefore, this approach is based upon the agreement of both
parties and the experience and judgement of the agency's engineer. This
approach seems to be very flexible, but it is doubtful that pay factor

indicates serviceability and pavement performance.

2.3 QUESTIONNAIRE RESULTS

In the Fall of 1979, the Oregon State Highway Division and Oregon
State University initiated a research project to study the impact of
variations in material properties on asphalt life. The questionnaire
was developed and distributed to all state agencies, the District of
Columbia, and the Federal Highway Administration. Each agency was asked
to respond to seven questions with reference to their current method for
acceptance or rejection of asphalt concrete paving materials. The items
of emphasis on the questionnaire included:

1. Acceptance of noncompliance construction and materials

with or without pay adjustment factors.

-19-
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2, Identification of properties tested for acceptance and
the method of test used.

3. Pay adjustment factors used in relation to each tested
property.

4, Rationale used in establishing pay adjustment factors.

5. Relationship of pay adjustment factors to pavement
serviceability or other criteria.

6. Effectiveness of pay adjustment factors in encouraging
compliance with specifications.

7. Summary opinions regarding the use of pay adjustments.

The data from the questionnaire were summarized and the analysis of

the results indicate that [1]:

1. Most state agencies accept one or more properties in the
construction and materials of asphalt concrete pavement
that are outside specification tolerances.

2, The specific properties accepted outside of specifica-
tion tolerances with pay adjustment factors are mix
gradation, asphalt properties, and compaction and as-
phalt content for most state agencies. The aggregate
quality, smoothness and pavement thickness are addition-
al properties accepted outside of specification toler-
ances.

3. Most state agencies accept non-compliance work by re-
duced payment to contractor. It is significant that the
current philosophy is to penalize the contractor for
unsatisfactory properties. A few agencies are consider-

ing the provision of a bonus for high quality and uni-

form work.
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4, The predominate criterion relied on for establishing pay
factors is experience.

5 Only 26 percent of the agencies consider their pay
factors are proportional to pavement serviceability.
Other widely used rationale for pay factors are: (1) to
discourage noncompliance by application of the penalty,
and (2) to comply with recommendations of the FHWA,

6. Half of the state agencies consider the use of pay
factor plans as effective in encouraging compliance with
specifications. The remaining agencies either do not
use specified pay factors or they do not believe the
plans currently available are sufficient.

7. There is still a wide disparity in the pay adjustment
factors currently used by the different state agen-
cies. Several approaches are used to determine pay
factors for each material property evaluated. Even
though the agencies used the same approach, they arrived
at widely varying values for the pay factors applied to

a common level of material quality.

2.4 LOCAL PAY ADJUSTMENT FACTORS

Pay adjustment factors have been included in specifications for a
long time, but the criteria used in accepting finished work and in
making payment vary from agency to agency. Each agency has its own
standard based on different approaches about the need to apply pay

adjustment factors.
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Table 2-2, Pay Adjustment Factors for Bituminous
Plant-Mix Surfacing [14].
SINGLE
MIXTURE PERCENT DEVIATION OF THE MEAN FROM THE VALUE
CHARACTER- PAY TARGET VALUE DEVIA-
*
ISTIC FACTIOR 1 TEST 2 TESTS 3 TESTS 4 TESTS 5 TESTS TI0N
1.00 0-0.7  0-.54  0-.46  0-.41  0-.38 0.50
ggggggg 0.95 0.8  .55-.61 .47-.52 .42-.46 .39-.43 0.50
0.85 0.9 .62-.68 .53-.58 .47-.51 .4d4-.47 0.50
1.00 0-10 0-7.1  0-6.1  0-5.4  0-5.0 6
3/4" SIEVE  0.95 11-12  7.2-8.1 6.2-6.9 5.5-6.1 5.1-5.6 6
0.85 13 8.2-9.1 7.0-7.7 6.2-6.8 5.7-6.2 6
1.00 0-9 0-6.7  0-5.7  0-5.2  0-4.8 6
Ngﬁi§2:4 0.95 10  6.8-7.6 5.8~6.3 5.3-5.8 4.9-5.4 6
0.85 11 7.7-8.5 6.4-6.9 5.9-6.4 5.5-5.9 6
1.00 0-7 0-5.6  0-4.8  0-4.3  0-4.0 5
Niﬂiﬁ;:s 0.95 8 5.7-6.3 4.9-5.4 4.4-4.8 4.1-4.5 5
0.85 9 6.4-7.0 5.5-6.0 4.9-5.3 4.6-4.9 5
1.00 0-6 0-4.5  0-4.1  0-3.7  0-3.5 3
NU2?§§E4° 0.95 7 4.6-5.1 4.2-4.5 3.8-4.1 3.6-3.8 3
0.85 7 5.2-5.6 4.6-4.9 4.2-4.4 3.9-4.1 3
1.00 0-3.0  0-2.4  2-2.0  0-1.8  0-1.7 2.5
Nuﬂgﬁ§nf°° 0.95 3.1-4.0 2.5-2.7 2.1-2.2 1.9-2.0 1.8-1.9 2.5
0.85 3.1-4.0 2.8-3.0 2.3-2.4 2.1-2.2 2.0-2.1 2.5
SAND 1.00 When no single test value is less than 35 NOT
EQUIVALENT APPLI-
CABLE

0.95

When the mean of the test values is 35 or
above and one or more individual test
value is less than 35

* Maximum plus or minus percent deviation of single test value from the mean
of the lot results.
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2.4,1 Federal Highway Administration (FHWA), Region 17 [14]

The mix characteristics involved in the acceptance of finished
asphaltic concrete pavement are bitumen content, density (relative
compaction) , aggregate gradation and sand equivalent. The random sam-
Ples are taken from each lot and tested to investigate the required
characteristics, If any test indicates that the lot contains deficient
properties, the pay adjustment factor will be applied.

The acceptance schedule for required characteristics is based on
sample mean and deviation of the lot results. The pay adjustment fac-
tors for bitumen content, aggregate gradation and sand equivalent are
presented in Table 2~2. If the pay factor for the lot is less than
0.85, it will be rejected or paid at a lower pay factor (0.70), subject
to the engineer's judgement.

The mean and range in density of the materials are calculated from
the results of random samples to determine acceptable mix density. The
pay adjustment factor for density for each lot is evaluated as shown in
Table 2-3.

FHWA still follows the method specification in controlling pavement
construction. Therefore, not only is the finished work controlled, but
the construction process is also checked closely. Although FHWA has
been using statistical techniques in the acceptance schedule of finished
work, the contractor is still limited in selecting his own techniques in
the construction process. The benefit of using statistical concepts is

that it gives the contractor a chance to get his work approved.
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Table 2-3. Pay Factors for Density or Relative Compaction
(Mean of All Acceptance Test Results) [14].

Pay Factors 1.00 0.95
Number of
Acceptance
Samples
5 to 10 96% + 0.22R or higher Less than 96% + 0,22R

R (Range): The difference between the highest and lowest values of the
test results from a given lot.

Mean : Arithmetic mean or average of individual test results for a
lot.
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2.,4,2 U.S. Forest Service [15]

The U.S. Forest Service uses the end result specification as the
criteria for accepting asphalt concrete pavement. Thus, the responsi-
bility of controlling quality of mixture lies with the contractor. The
engineer may spot-check from time to time, but the results of these
tests are not used for accepting the work. Generally, in the acceptance
process, five random samples are taken from a lot which is defined as
the number of materials approximately 2,000 tons, or one day's produc-
tion. The acceptance of the final product is based upon the mean of the
test results and on a lot basis. The mix properties required for ac-
ceptance are bitumen content, gradation, and compaction. Materials
which do not meet the requirements, but which are in substantial com-
pliance, are accepted at an adjusted unit price. The acceptance sched-
ule for bitumen content and gradation are presented in Table 2-4 and for
compaction in Table 2-5.

The payment for materials in the lot is the product of the minimum
pay factor from Table 2-4, Table 2-5, and the contract unit price. The
final product is rejected if the product of the pay factor is less than
0.6 for compaction and 0.7 for other properties, and the engineer may

require that lot to be removed from the job at the contractor's expense.
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Table 2-4, Acceptance Schedule - Bituminous Plant - Mix
Bitumen Content and Gradation [15].

MAXIMUM PERCENTAGE

POINTS OF THE MAXIMUM PERCENTAGE
MIXTURE PAY MEAN FROM THE POINT DEVIATION FROM

CHARACTERISTIC FACTOR TARGET VALUE THE TARGET VALUE
1.00 0 - 0.28 0.30
\ 0.95 0.29 - 0.34 0.50
Bitumen Content 0.90 0.35 - 0.41 0.70
0.70 0.42 - 0.50 1.00
1.00 0 - 5.0 5.0
3/8" & Larger 0.95 5.1 — 5.5 5.5
Sieves 0.90 5.6 - 6.2 6.5
0.70 6.3 - 7.5 8.0
1.00 0 - 4.8 5.0
1/4"™ or No, 4 0.95 4,9 - 5.4 5.5
Sieve 0.90 5.5 - 5.9 6.5
0.70 6.0 - 7.0 8.0
1.00 0 -4.0 5.0
No. 8 or No. 10 0.95 4.1 - 4.5 5.5
Sieve 0.90 4.6 - 4.9 6.5
0.70 5.0 - 5.8 8.0
1.00 0 - 3.5 5.0
No. 16 - 50 0.95 3.6 - 3.8 5.5
Sieves 0.90 3.9 - 4.1 6.0
0.70 4.2 - 4.7 7.0
1.00 0 -1.7 2.0
\ 0.95 1.8 - 1.9 2.7
Na. 200 Sieve 0.90 2.0 - 2.1 3.3
0.70 2.2 - 2.5 4.0

=27~



Table 2-5.
Acceptance Schedule - Bituminous Plant — Mix Compaction [15].

Percent of Relative Maximum

Compaction of the Mean From Minimum Percent
Pay Factor Job Mix - Formula Relative Compaction
1.00 95.0 92
0.87 92.5 - 94.9 90
0.61 90.0 - 92,4 88

2.4.3 Washington State Department of Transportation (WDOT) [16]

WDOT does not fully use pay adjustment factors in highway pavement
construction. The only pay adjustment factor used is for percent of
maximum theoretical density (AASHTO T-209) as a penalty schedule [16].
Thus, the only mix property of concern with the WDOT approach is den-
sity. The other penalties for other mix properties are still based on
either rules-of-thumb or the Colorado penalty [16]. The completed work
is accepted on a lot-to-lot basis. A lot consists of five approximately
equal sublots that are 1,000 linear feet of paving lane long or not to
exceed one day's production. One random sample is taken from each
sublot. The average of the sample densities from a lot is used in an
acceptance schedule and payment is in accordance with Table 2-6.

Table 2-6. WDOT's Pay Adjustment Schedule for Percent of Maximum
Theoretical Density (AASHTO - T-209) [16].

$ Rice $ Pay
92,0 and above 100
21.0 - 91.9 95
90.0 ~- 90.0 90
89.0 - 89.9 80
Below 89.0 50 (maybe)
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2.,4.4 City of Portland [17]

The properties of asphaltic concrete mix considered in establishing
pay adjustment factors for the City of Portland are mix gradation,
asphalt content, thickness, and class of asphalt concrete. The
deficiency in thickness of asphalt concrete appears to be considered
most in the acceptance plan. The payment concerning thickness is on a
square yard basis. The payment is made at an adjusted price as speci-
fied in the following table.

Table 2-7. City of Portland Price Adjustment for Deficiency in
Thickness of Asphalt Concrete Pavement [17].

Deficiency Proportional Part
in Thickness of Contract Unit
Inches Price Allowed
0.00 to 0.20 100 percent
0.21 to 0.30 80 percent
0.31 to 0.40 72 percent
0.41 to 0.50 68 percent
0.51 to 0.75 57 percent
0.76 to 1.00 50 percent

The pay adjustment factor for other properties is made by deducting one
percent of the in-place price for each one percent cumulative deviation
from the allowable tolerance of each component of the job mix formula
required by the specification. The deviation in asphalt content is
weighted for eight times, and two times for the deviation in percent
passing No. 200 sieve, of the other specified properties. The payment
schedule is based on a ton of mixture and no payment for the cumulative

deviation equal to exceeding 12 percent.
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2.4.5 Oregon State Department of Transportation (ODOT) [18]

The main criteria used in this specification in accepting asphaltic
concrete pavement construction are compaction, asphalt content, and mix
gradation. According to the procedure specification used in this state
not only the final product is controlled, but also the process and
materials have to be proved. The acceptance plan for asphalt content
and mix gradation is based on target values from the mix formula. The
specification requirements in accepting asphalt content and mix grada-
tion are shown in Table 2-8.

Table 2-8. ODOT Specification Limits for Asphalt
Content and Mixture Gradation [18].

Bonus Pay
Constituent of Mixture Tolerance Tolerance
(Plus or minus (Plus or minus
to mix formula) (to mix formul a)
Aggregate 2erqent passing 6.0% 4.0%
1/4" sieve
Aggregate percgnt passing 4.0% 3.0%
No. 10 sieve
Aggregate percent passing
No. 200 sieve 2.0% 1.4%
Asphalt Cement 0.5% 0.3%

The target value for density is determined from a 500-foot long
control strip as controlled and specified by the engineer. The results
of five density tests of random samples from the control strip are used
as the target density. The specification requirements in accepting mix

density is presented in Table 2-9.
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Table 2-9., ODOT Specification Requirement for Mix
Moisture and Density Content [18].

Bonus Pay

Constituent of Mixture Requirement Requirement
Moisture Content 1.0% (max) 0.8% (max)
Compaction (density) 98.0% (min) 99.0% (min)

Price adjustment is applied to material or work when any of the
test results of the lot do not meet the specification limits according
to Tables 2-7 and 2-8. The price adjustment of asphalt content and mix

gradation for the lot is determined from the following formula.

(a) Maximum Limit Specified
P=(x +aR-T)F (2-5)
n u
(b) Minimum Limit Specified

= -z 2-6)
P (T1 + ar xn)F (

P = percent of adjustment in the contract price
X = the arithmetic means of n random samples from a lot

a = variable factor according to sample size
(n =3, a=0.45; n =4, a = 0.38;
n=25, a= 0.33; n 6, a = 0.30;

n 7, a 0.28)

R = the difference between the highest and lowest values of test
results in the lot

T . = the upper or maximum specification tolerance limit

T1 = the lower or minimum specification tolerance limit

F = the price reduction factor as given in Table 2-10.
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Table 2-10. Price Reduction Factors (f) for
Mix Properties [18].

Constituent Factor "F"
All ?ggregate passing 1", 3/4", 1/2" and 1/4" 2
sieves
All aggregate passing No. 10 and 40 sieves 3
Aggregate passing No. 200 sieve 6
Asphalt cement 22
Moisture content 11
Compaction (density) 4

The material is accepted as being in reasonably close conformity if
P is negative or less than 2. If the total P value is between 2 and 15,
the material is accepted at the reduced price., If the P value is great-
er than 15, the engineer may call to remove unsatisfactory material or
replace it with acceptable material at the contractor's expense, or an
adjustment in a payment at 15 percent reduction to no payment at all., A

bonus payment is made for quality work as described in Table 2-8,

2.5 SUMMARY

The interaction among material, construction, and environmental
factors contributes to the problem in the performance of pavements.
Traditional methods of quality control for highway construction have
many short~comings that have led to the search for better methods.
Statistically oriented end-result specifications are becoming widely
accepted. By application of statistics, a relatively small number of
randomly collected samples can be used to evaluate the quality of mater-

ials and construction. Statistically oriented end-result specifications
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shift the quality control responsibility to the contractor, leaving the
engineer free to evaluate the contractor's performance. When test
results indicate that material or construction meets the desired quali-
ty, it is accepted at 100 percent payment; when it fails to meet the
minimum requirements, it is rejected. When material or construction is
found to be below the desired quality but above the minimum require-
ments, the job is paid for at a reduced cost. Many approaches are
proposed for the development of a pay adjustment factor. Most have been
developed primarily through judgement and further adjustments that have
been made have been dictated by experience under actual conditions. The
results from pay factor questionnaires have indicated that most state
agencies apply a pay adjustment to accept noncompliance jobs, but still
rely on experience and judgement. Pay adjustment factors, in effect,
are a device to penalize a contractor for properties which do not meet
specification. Actually, rather than treating the pay adjustment fac-
tors as a punitive measure, they should be looked upon as devices that

reflect reduced pavement serviceability.
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3.0 PAY ADJUSTMENT FACTORS--LAB TESTS

3.1 INTRODUCTION

This chapter presents the results of a search of literature related
to an asphalt concrete mix performance characteristic., The results of
the Oregon DOT study are discussed. The regression analysis techniques
are used to analyze data from North Oakland-Sutherlin, Castle Rock-Cedar
Creek and Warren-Scappoose projects. The effect of each mix property on
pavement performance is studied to provide better understanding for

developing pay adjustment factors.
3.2 APPROACHES

The expected serviceability or performance of the finished product
is of great concern for all those involved in pavement construction.
The serviceability of asphalt pavements is controlled by many factors,
such as expected loads, and mixture and environmental variables. Fail-
ure of asphalt concrete pavement is the result of (1) rutting or wash-
boarding due to stability problems, (2) progressive cracking due to
fatigue problems, and (3) fracture due to strength failure. Fatigue
cracking is probably the most important mode of distress for highway
engineers and researchers [19]. Fatigue is the phenomenon of cracking
due to a repeated stress or strain level having a maximum value less
than the tensile strength of the material when subjected to a single
load application [20]. The fatique life of asphalt concrete is governed
by many factors, namely, loading, base and sub-base support, climatic
and environmental factors, and the asphalt concrete mixture variables.

Of these factors, the asphalt mix plays an important role in the ulti-
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mate life of bituminous concrete. The asphalt content, aggregate grada-
tion and type, air void content (density), and asphalt viscosity are all
mix variables that are important when correlated to high fatigue resis-
tance, Many of these variables are interrelated and the effect of
changing one is comparable to change in another.

In this chapter, changes in mix variables are correlated to appro-
priate changes in fatique resistance. From this, it is possible to
determine which of the mix variables are most effective in prolonging
the fatigue failures. Then the best set of mix variables are obtained
as the predictive model to estimate the expected serviceability of a
pavement. And, finally, pay adjustment factors are established based on

the expected losses in pavement performance.

3.3 TYPICAL FATIGUE PREDICTION MODEL

The fatigue response of asphalt paving mixtures has been investi-
gated for a number of years throughout the world [21,22,23,24,25,26].
The mix variables that most influence the fatigue of asphalt concrete
pavement include binder type and binder content, aggregate gradation and
type, air void content, asphalt viscosity, temperature, and the compac-
tive effort.

Numerous studies [21,22,23,24] have indicated that there is a
relationship between fatigue performance of asphalt mixes and initial
tensile strain which could be considered linear when plotted on a log-

arithmic basis. This relationship can be expressed as:

1..C
N = K (E—t) (3-1)
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where:

Nf = number of load repetitions to failure
€ = horizontal elastic tensile strain
K,C = regression constants

The factors K and C depend on the composition and properties of the mix
and are also affected by the testing method and temperature [25]. The
mix variables that affect fatigue life are aggregate type and gradation,
filler, binder type, viscosity and content, degree of mix compaction and
resulting air void content. Pell [21] stated that the most primary
important variables are binder content and void content.

The results of reseéarch investigations [21,22,26] indicate that
mixes containing high void contents exhibit comparatively short fatigue

lives. A typical result is shown in Figure 3-1,

T 1 Il
STRESS = 400 1Y/ ]
TEMP =0%

SPFEED =300rpm

%
N @® @

Voids content
(2]

= N W >~

Cycles to fadure

Figure 3-1. Effect of void content on fatigue life [21].

Increasing the asphalt content of a mix results in increases in fatigue
life (see Fig. 3-2) up to an optimum. Further increases result in a

decrease in life.
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Figure 3-2. Effect of asphalt content on fatigue life
California medium grading, basalt aggregate,
60-70 penetration asphalt [26].
Other variables, such as aggregate type and gradation, also affect the
fatigue performance of asphaltic mixes in terms of stiffness, binder
content and voids content. Pell and Cooper [22] suggested that the use

of a more rounded irregular gravel generally leads to longer fatigue

lives than crushed rock, as exhibited in Figure 3-3.

)l | I

=5

Stmin 0 mix £x1G7
=1

Cycles to failure N

Figure 3-3. Effect of aggregate type on fatigue life
of dense bitumen macadams [22].

This was due to the higher density of these mixes and smaller amount of
aggregate crushing as the particles slid together more readily during

the static compaction process. It is believed that mixture stiffness
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explains much of the variation in the fatigue relationships more than
any other variables. Monismith and McLean [27] studied California type
mix at five percent air voids and six percent asphalt content and empha-

sized the influence of stiffness on stress-strain relationship as shown

in Figure 3-4.
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Figure 3-4. The influence of stiffness on stress-
strain relationship [27].

In general, increased stiffness results in longer lives at a given
stress level and shorter fatigue lives at a given tensile strain

level., It appears that stiffness pays a predominant role in determining
the fatigue behavior of bituminous mixes. A summary of factors affect-

ing the stiffness and fatigue life of asphalt concrete mix is presented

in Table 3-1.

3.4 OREGON DOT STUDY RESULTS

Oregon State Highway Department and Oregon State University initi-
ated a laboratory study to establish the relationship between asphalt
concrete pavement performance and mix level of compaction asphalt con-

tent, percent passing No. 200 sieve, and aggregate quality. Samples of
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asphalt concrete mix from the North Oakland-Sutherlin (NO-S), Castle
Rock-Cedar Creek (CRCC) and Warren-Scappoose (WS) projects were prepared
and tested at Oregon State University's laboratory [29,30,31]. The main
types of pavement failure considered during the test program included
fatigue cracking and rutting. Conventional tests and improved dynamic
tests were performed to determine mix stiffness, fatigue life and per-
manent deformation characteristics. The percent reduction in pavement
life is based on fatigue and permanent deformation characteristics from
the standard mix and used as a criterion in developing pay adjustment
factors.

The North Oakland-Sutherlin results were reported by Walter et al.
[29]. It was found that the mix level of compaction was the controlling
factor for all mix dynamic properties. Increasing the mix density
increased the fatigue life and resistance to permanent deformation.
Fatigue life improved when increasing asphalt content and the amount of
fines were increased. Aggregate used in this project was a submarine
basalt as a low~quality aggregate which may have caused the reduction in
pavement life. The pay factors computed for the effects of variations
in mix properties are presented in Tables 1 - 10 in Appendix A.

The Castle Rock-Cedar Creek projects, as reported by Walter et al.
[30], indicated that the mix level of compaction was the most dominant
factor in controlling mix characteristics. Increasing the mix density
or decreasing voids content increased the mix stiffness, fatigue life,
and the mix resistance to permanent deformation. An increase in the
percent of fines decreased the fatigue life and resistance to permanent
deformation. A maximum fatique life was obtained at six percent asphalt

content, such that a one percent change from the design optimum content
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decreased the fatigue life of the mix. A summary of pay adjustment
factors for this project is given in Tables 11 - 18 in Appendix A.

In the Warren-Scappoose Project, Walter et al. [31] indicated that
performance of a mix is primarily affected by the mix level of compac-
tion. Fatigue data corroborated the design optimum asphalt content
(5.5%) and showed a strong interaction between the asphalt content and
the amount of fines. Mix susceptibility to permanent deformation was
always decreased when increasing the amount of fines for the limits
tested. A similar trend was observed in the fatigue data when the
asphalt content was increased. A summary of the most critical pay
adjustment factors between the fatigue and the permanent deformation

criteria is given in Tables 19 - 26 in Appendix A.

3.5 STATISTICAL COMPUTER ANALYSIS OF DATA

The samples of asphalt concrete mix from North Oakland-Sutherlin,
Castle Rock-Cedar Creek, and Warren-Scappoose projects were prepared and
tested at Oregon State University's laboratory. The main types of
pavement failure considered during the test program include fatigue
cracking and rutting. All samples were tested in the diametral mode for
fatigue life and permanent deformation at 50, 100 and 125 microstrains
level. The number of repetitions to failure for both failure criteria
was recorded as shown in Table 1 - 26 in Appendix A and used in statis-
tical computer analyses to develop predictive models of pavement perfor-
mance.

The experimental design of the analyses is depicted in Figure
3~5. The analysis for each project was performed separately and for all

projects together at each microstrain level. Fatigue, the primary
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failure criterion concerned in this analysis, is compared to rutting at
only one strain level (100 microstrain). Mix properties such as grada-
tion, percent void, asphalt content and aggregate type are considered in
the development of a pavement performance model by means of regression
analysis techniques. Search procedures used to find the best set of mix
variables are Forward Selection, Backward Elimination and t-Directed
Search of SIPS at Oregon State University. The best possible sets of
all mix properties at each level of microstrain are listed in Tables 1 -

10 in Appendix C.

3.5.1 Regression Analysis of Data

The statistical analysis and procedures used to develop all best
sets of mix variables can be separated into the following steps:
1. Define all mix properties as independent variables and
number of repetitions to failure as the dependent vari-
able,
where:
Y = number of repetitions to failure (NF)
X1 = percent passing No. 200 sieve
X2 = percent passing No. 10 sieve (this variable is
analyzed separately only for N. Oakland-
Sutherlin Project)
X3 = asphalt content
X4 = percent voids
X5 = 1 for aggregate type used on N. Oakland-
Sutherlin Project (crushed stone)

0 otherwise
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X6

1 for aggregate type used on Castle Rock-

Cedar Creek Project (crushed stone)

0 for aggregate type used on Warren-Scappoose
Project (crushed gravel)

Determine the influence of each mix variable on the
number of repetitions to failure (NF) by

(a) scattering to obtain trend of relationship

(b) coefficient of determination (r2)

Search for "best" set of mix variables by using:

(a) Forward Selection

(b) Backward Elimination

(c) t-Directed Search

Testing hypotheses for existence of all terms in the
model at level of significance of (o) 0.05 and 0.10

() H :B =0

(b) test statistic

k

S (B))

t* =

(c) decision rule
If [t*] € £t (1 - a/2; n-p) conclude Ho
If |[t*] > t (1 - a/2; n-p) conclude Ha
Aptness test of all models to determine the best appli-
cation of the model. Tests include:
(a) linearity of model
(b) constancy of error variance

(c) independence of error terms
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(d) presence of outliers
(e) normality of error terms
(f) omission of important independent variables

6. Determine the best set of mix variables as a predictive
model for each microstrain level of each project and for
all projects together, and

7. Develop the pay adjustment factor for each project and
rational pay adjustment factor. This is described in
detail in Chapter 4. Appendix B summarizes the regres-

sion techniques used.

3.5.2 Influence of Mix Properties on Fatigue Life

The influence of each mix property on fatigue life is determined
separately by scatter of data versus number of repetitions to obtain the
trend of relationship. Then the regression equation of fatigue life as
a function of each property was set at 50, 100 and 125 microstrain
level. The discussion of each mix characteristic on fatigue life is
given in the following sections.

3.5.2.1 Effect of Density

The mix density (or percent air voids) is the most dominant factor
for all mix properties. Fatigue life is primarily affected by the mix
level of compaction; increasing the mix density or decreasing the per-
cent voids increases the fatigue life of the pavement. In mix design,
when considering other variables, the void content should be minimized;
the binder content, the aggregate gradation, density, and the use of
fillers are selected to obtain the smallest void space possible. Re-
gression analysis showing effect of percent voids on fatigue life of

North Oakland-Sutherlin, Castle Rock-Cedar Creek and Warren-Scappoose
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projects are shown in Figures 3-6 through 3-8. The results of the
analysis indicate that the amount of air voids control the number of
repetitions to failure of asphalt concrete pavements. Small increases
in air voids content causes substantial decreases in fatigque life. The
decrease in fatigue life is governed by the traffic load level and
aggregate type when all other factors are fixed. At the low microstrain
level or heavy traffic load level, the fatigue life drops sharply with
increasing voids content of mix.

Figure 3-9 shows the effect of void content on fatigue life when
negligible variation in aggregate type is used. Even though the rela-
tionship of fatigue life and void content seem to be satisfactory in
this case, the large decrease in the coefficient of determination (Rz)
indicates the high variation in the data sets. Therefore, the aggregate
type appears to be one of the controlling factors of pavement perform-—
ance life,

3.5.2.2 Effect of Asphalt Content

Binder content is one of the critical single factors that requlate
all mix properties, Not only is the binder invariably the most expen-
sive constituent of the mix, but it also directly controls the stiffness
and/or flexibility of the asphaltic concrete. As the content of binder
fluctuates within the mix, the amount of void space filled by the binder
in the aggregate gradation is also altered. This modification in void
space filled influences aggregate interparticle friction which, in turn,
affects the stability, durability, strength and fatigue.

The effects of asphalt content on fatigue life are shown in Figures
3-10 through 3-13. As the asphalt content increases, the fatique life

increases up to the optimum level. There exists, though, an optimum
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asphalt content that corresponds to the point where maximum fatigue life
is obtainable. This is a product of the binder filling the aggregate
void space. As the voids become filled, the binder cements aggregate
particles together causing an increase in the strength of bonding. When
the voids are completely filled the bonding and interparticle reactions
are at a maximum and thus a maximum stiffness is realized. As the voids
become overfilled, the aggregate friction decreases and the binder takes
more of the load. 1In this situation the stiffness decreases as more and
more binder is added. Table 3-2 shows the optimum asphalt content
related to fatique life at each traffic load level. These asphalt
percentages are an optimum for the particular aggregate type, the binder
type, the gradation of the aggregate used and level of traffic load.

Table 3-2. The Optimum Asphalt Content Related to Fatigue Life at Each
Microstrain Level of NO-S, CRCC, WS and Combined Project.

Opt imum Max imum
Asphalt Content Fatigue Life
Microstrain
Level 50 100 125 50 100 125
UE ue ue ue ue ue
Projects

NO-S (6% design) 6.36 6.20 6.39 4.23x10° 3.95x10% 1.61x104
CRCC (6% design) 6.41 6.41 6.41 9.23x10% 2.38x10% 1.32x10%
WS (5.5% design) 6.71 6.70 6.01 9.53x104 1.30x104 6.63x103
5 4 4
ALL 6.58 6.60 7.21 1.79%10° 2.19x10° 1.21x10

The fatigue life varies not only with asphalt content but also with
traffic load and aggregate type. At the heavy traffic load level, the
fatigue performance life changes with increasing asphalt content, and

the relative change in fatigue is controlled by aggregate quality. For
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the relative change in fatigue is controlled by aggregate quality. For
example, in the Castle Rock-Cedar Creek project, the fatigue life is
sensitive to change as increasing asphalt content (refer to Fig. 3-11);
however, the rate of change in fatigue performance life is smaller in
the Warren—-Scappoose project. In the North Oakland-Sutherlin project,
the variation in asphalt content altered the fatigue life less than in
the other two projects. Assuming there is no difference in aggregate
type used in all three projects, the effect of asphalt content on fa-
tigue life is shown in Figure 3-13,

3.5.2.3 Effect of Aggregate Gradation

Since asphalt and aggregate are the two main ingredients in the
asphalt concrete mix, the gradation of an aggregate indicates the amount
of void space available to be filled with the asphalt binder. The
degree to which the voids are filled with binder greatly influences the
stiffness and fatigue life of a mix. 1In the same respect, the amount of
void space provided by aggregate also controls the stiffness and fatigue
life. Figures 3-14 through 3-17 verify that the fatigue is related to
the percent passing No. 200 sieve at each microstrain level, and the
amount present increasing fatiqgue life until an optimum is reached. For
the North Oakland-Sutherlin and Castle Rock-Cedar Creek projects at 100
microstrain level, an increasing amount of fines increases the life of
the pavement with a maximum fatigue life at the optimum percent fines of
ten and seven percent, respectively. The Warren-Scappoose project
reflected a higher optimum amount of fines to reach maximum fatigue
life. 1In general, for all three projects together, the optimum amount
of passing No. 200 material required to obtain maximum fatigue life at

100 microstrain level is nine percent, as shown in Figure 3-17. The
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North Oakland-Sutherlin project and the results are shown in Figure
3-18. For the project conditions increase the amount of material
retained on the No. 10 sieve mix tends to reduce the fatigue life. 1In
view of the test results, the gradation does have some effect on fatigue
life, but is not as significant and critical as other factors.

3.5.2.4 Effect of Aggregate Type

Since the aggregate is the primary load-carrying substance, it is
expected to have some control on fatigue life, Shape, surface texture,
and durability properties are of most interest when investigating aggre-
gate types. Probably the most important is durability. In Oregon,
pavement performance has been greatly reduced due to aggregate break-
down. The regression analyses of aggregate type effect on fatigue used
for all three projects together are shown below:

Model I : Not Considering Aggregate Type Effect

log NF = 4.6875 - 0.05103 (VOIDS)

2

R 0.3300

Model II: Considering Aggregate Type Effect

log NF = 4,5732 - 0.0744 (vOiDS) + 0.5325 (AG.T1)
+ 0.4585 (AG.T2)
R% = 0.8266
where:
NF = number of repetitions to failure
AGT1 = 1 for marginal quality aggregate
= 0 for good quality aggregate
AGT2 = 1 for crushed stone

= 0 for crushed gravel.

The following applied for each project:
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1) North Oakland-Sutherlin. Crushed stone with good and marginal

quality aggregate.

2) Castle Rock-Cedar Creek. Crushed stone with good quality

aggregate.

3) Warren—-Scappoose., Crushed gravel with good quality aggre-

gates.

Model II which considers aggregate type effect not only shows high
statistical significance but also indicates the influence of aggregate
type on fatigue life. At certain values of voids and asphalt contents,
the fatigue life varies with the quality of aggregates as shown in
Figures 3-19 and 3-20. If the asphalt content is fixed at optimum and
voids content at any value, the aggregate type and quality (used in
North Oakland-Sutherlin) gives the highest fatigue life to the pavement,

as shown in Figure 3-20.
3.6 SUMMARY

The most frequently occurring mode of distress in asphalt highway
pavement in Oregon is fatigue cracking associated with traffic loads.
This distress mechanism causes serious damage and loss of serviceability
in pavement life. Numerous research studies have been conducted in the
past to investigate the factors that influence this phenomenon and to
develop criteria for prediction of pavement performance. The typical

prediction of fatigue life is expressed by the following equation:

The factors K and C depend strongly on the mix properties. Asphalt

content, aggregate gradation and type, and air void content have shown
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Number of Repetitions (log NF)

Asphalt Content %

Figure 3-20 Effect of Aggregate Type Incorporated
with Asphalt Content on Fatigue Per-
formance of Asphalt Concrete Mixtures
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the most influence on fatigue performance of asphalt pavement. The mix
containing high void contents exhibits remarkably short fatigue lives.
With an increase in asphalt content of mix up to an optimum, the fatigue
performance is improved. BAggregate gradation and texture also have some
influence on mixture fatigue. The rougher textured aggregate allows
more asphalt to be incorporated into the mixture and causes increasing
fatigue resistance results.

Oregon DOT has studied the impact of variation in mix properties on
asphalt pavement lives of North Oakland-Sutherlin, Castle Rock-Cedar
Creek and Warren—-Scappoose projects. The results of the study indicate
that the mix level of compaction is the dominant factor in controlling
pavement performance life. Pay adjustment factors for each mix property
were developed based upon the fatigue and permanent deformation lives of
pavements. With the question as to what extent the quality of work
should be accepted or rejected and what properties can or cannot be
allowed to be lower than a standard in mind, all the pavement data from
these three projects were analyzed by means of computer statistical
analysis at Oregon State University. The regression analysis techniques
are used to evaluate the effect of variations in mix properties on pave~-
ment life. The predictive models for fatigue and permanent deformation
are established to predict the pavement performance. The results of
analysis led to the conclusion that mix density or void content is
highly statistically significant in controlling both fatigue cracking
and rutting failure. Increasing the mix air voids content causes a
reduction in pavement life. The other mix properties, such as asphalt
content and amount of fines, exhibit minor influence when their values

are close to optimum. As the values deviate from an optimum level, the

-60-



mix behavior reduces in performance life. The amount of voids and
optimum asphalt content are a function of the aggregate type used.
Therefore, the influencing degree of air voids and asphalt content on

mix behavior is controlled by aggregate quality.
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4.0 RECOMMENDED PAY ADJUSTMENT FACTORS

4.1 INTRODUCTION

The purpose of this chapter is to isolate the most critical pave-
ment performance conditions for use in developing pay adjustment fac-
tors. The estimated fatigue and permanent deformation performance of
mix are compared for each mix variable. Pay adjustment factors are
developed based upon shorter performance life for each project and for
combined projects. The summary of pay adjustment factors is presented

and compared with existing local pay factors,

4.2 APPROACHES

The predictive models at three different tensile strain levels were
evaluated. The models corresponding to 100 microstrain should be con-
sidered as the most reliable representation of general traffic load
conditions. The model of 50 microstrain represents a thick pavement
carrying heavy traffic loads and the models of 125 microstrain represent
light traffic loads or private roads. Therefore, the predictive models
of 100 microstrain are used to obtain the pavement life in this study.
The effect of variations of percent voids, asphalt content and percent
passing No. 200 sieve on pavement performance are evaluated for both
fatigue and permanent deformation criteria. The predictive models of
fatigue and permanent deformation life are obtained and evaluated. The
results are described as follows.

The pavement performance life as a function of air voids for both
fatigue and rutting are shown in Figures 4-1 through 4-4. An increasing

percent of voids results in reduced pavement life for both permanent
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deformation and fatigue cracking. As void content increases its effect
on occurrence of rutting in comparison to cracking is greater. It
should be noted that the fatigue and deformation results are for the
same temperatures and although the number of load repetitions to failure
is greater for deformation at this temperature, changes in temperature
would alter the relative performance. Also, the laboratory results have
not been adjusted to field performance curves, and, therefore, the same
relationship is assumed between laboratory and field performance for
both fatigue and deformation.

The permanent deformation and fatigue curves as a function of
asphalt content are presented in Figures 4-5 through 4-8. The change in
asphalt content from the design optimum significantly changes the pave-
ment performance life, due to permanent deformation. This problem might
be an effect of aggregate quality used in this project. BAnalyses of
laboratory data for all projects indicates that at asphalt contents
higher than optimum the main problem would be rutting. But because of
the test temperatures used, fatigue cracking was still the most critical
condition.

The impact of amount of fines on pavement performance life is shown
in Figures 4-9 through 4-12. The results indicate the effect of fines
on mix behavior is similar to asphalt content. When the optimum value
is exceeded, the number of repetitions to failure for permanent deforma-
tion drops sharply and, again, on the Castle Rock-Cedar Creek project
this effect is clearly indicated. The variation in the amount of fines
appears to have minimal effect on fatigue life; however, fatigue crack-
ing is still the controlling criterion with regard to the amount of

fines in the mix.
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The effect of variation of percent passing the No., 10 sieve was

studied only on the North Oakland-Sutherlin project. Increasing the

amount of percent passing No. 10 sieve caused a reduction in fatigue

life but increased rutting resistance. The results from analysis again

indicated that fatigue cracking is the critical factor in controlling

pavement performance as far as percent passing No. 10 sieve is concerned

(Fig. 4-13).
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Figure 4-13. The permanent deformation and fatigue curves

as a function of percent passing #10 Sieve for
North Oakland-Sutherlin Project (100 Microstrain).

The results of pavement life concerning mix properties as described
indicate that fatigue life is shorter than permanent deformation life.
Therefore, the permanent deformation data are not included in the devel-

opment of pay adjustment factors. Hence, based on the predictive model

of fatigue life, the pay adjustment factors are developed to show varia-
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tions in mix performance resulting from changes in percent voids, as-
phalt content, percent passing No. 10 and No. 200 sieve, and the minor

effect of aggregate type quality.

4.3 PAY ADJUSTMENT FACTORS

The fatigue life predictive models at 100 microstrain were used in
this study to develop pay adjustment factors. This was for two major
reasons, First, this strain level represents an average condition
typical of most roads in Oregon. Second, fatigue criteria were used
because it is the most prevalent type of distress found in Oregon. Had
permanent deformation criteria been used, the resulting penalties would
have been much greater. Thus, the predictive models (shown in Table 10
in Appendix C) have been used to estimate the performance life of the
pavement in this study. PFor given mix properties (asphalt content,
voids, % passing No. 200, aggregate type), the design fatigue life (Nf)
can be found from the predictive model. At three different confidence
intervals (90%, 95%, 99%) for mean response of fatigue life models, the
estimated fatigue life of a proposed pavement is obtained and evaluated
to determine the reduction in pavement performance., The proposed pay
adjustment factors are based on the concept that pavements constructed
with design mix specifications are accepted with full payment or a pay
adjustment factor of 100. A deviation from the mix specification causes
a change in pavement fatigue life. Therefore, the pay adjustment factor
is defined as the ratio of the fatigue life of the constructed pavement
to the fatiqgue life of the standard proposed pavement.

Nf (of constructed)

Pay Adjustment Factor = Nf (of deslgn standard) x 100
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The bonus payment would be granted to a greater fatigue life and a
reduction of payment to shorter life compared to the design standard

pavement life.

Pay adjustment factors have been developed for each mix variable (%
AC, voids, % passing No. 200). The effect of aggregate type has been
considered in developing the pay adjustment factor in all projects. The

details are described in the following sections.

4,3.1 North Oakland-Sutherlin Pay Adjustment Factors

The pay adjustment factors shown in Table 4-1 are based on the

predictive model that relates pavement fatigue life to air void content:

log Nf = 5.1758 - 0.07973 (VOIDS)

The high coefficient of multiple determination (R2 = 0.8082) indicates
that void content effects pavement life very significantly. The smaller
the value of percent voids in the mix, the greater the pavement life.
The zero voids content might be the most desirable mix to obtain the
highest fatigue life, but excess deformation would result from this
condition. As shown in Fiqgure 4-4, at the void content below five per-
cent, the fatigue life is not significantly different. It is generally
believed that five percent voids might be the most desirable target
design value in mix design. Thus, pay adjustment factors in this pro-
ject have been established at five percent voids, eight percent voids,
ten percent voids and twelve percent voids as shown in Table 4-1.

The pay adjustment factors based on asphalt content as shown in
Table 4-2 were derived from the fatigue curve at optimum asphalt content

level. The low coefficient of multiple determination (R2 = 0.1327)
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Table 4-1. Pay Adjustment Factors for Percent Voids for North
Oakland-Sutherlin Project Using Fatigue Criteria.
DESIGN
TARGET SPECIFICATIONS
VALUE LIMITS NUMBER OF REPETITIONS PAF
$ % log NF %
Model: log NF = 5,1758 - 0,07973 (VOIDS)
R? = 0.8082
< 9.70 4,4021 152
10.42 - 9.70 4.3449 - 4.4021 143
11.59 - 10.42 4.2516 4.,3449 120
12 12.41 - 11.59 4.1866 4.2516 100
13.58 ~ 12.41 4.0934 4.1866 83
14.29 - 13.58 4.0361 - 4.0934 70
> 14.29 4.0361 66
< 8,21 4.5211 139
8.77 - 8.21 4.4765 4.5211 132
9.60 - 8.77 4.4110 4,4765 116
10 10.41 - 9,60 4,3460 4.4110 100
11.23 - 10.41 4.,2806 4.3460 86
11.79 - 11.23 4.2360 ~ 4.2806 76
> 11.79 4.2360 72
< 6.05 4,6933 143
6.66 — 6.05 4.6447 4,6933 135
7.60 - 6.66 4.5705 4.6447 117
8 8.41 - 7.60 4.5055 4.5705 100
9.34 - 8.41 4.4313 4,5055 85
9.95 - 9.34 4.3827 - 4.4313 74
> 9.95 < 4.3827 70
< 1.88 5.0256 177
2.86 - 1.88 4,9479 5.0256 162
4,59 - 2,86 4.8097 4,9479 126
5 5.40 - 4,59 4.7447 4.8097 100
7.14 - 5.40 4.6065 4.7447 79
8.12 - 7.14 4.5288 4,6065 62
> 8.12 4.5288 56
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Table 4-2, Pay Adjustment Factor for Asphalt Content for North
Oakland-Sutherlin Project Using Fatigue Criteria,
OPTIMUM SPECIFICATIONS

VALUE LIMITS NUMBER OF REPETITIONS PAF

% % log NF %

Model: 1log NF = - 0.,1773 + 1.1435 (AC) - 0.00997 (AC)3
R? = 0.1327

> 7.79 4.0187 31
7.51 = 7.79 4.1866 4,0187 37
7.38 - 7.51 4,2561 4.1866 48
6.70 - 7.38 4.4855 4,2561 68
6.2 6.70 - 5,70 4,4855 4.,4943 100
4.91 - 5,70 4,.2561 4.4943 68
4,75 - 4,91 4,1866 4.2561 48
4.42 - 4.75 4,0187 - 4.1866 37
< 4.42 4.0187 31
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indicates that the large variation in fatigue life with changes in
asphalt content. It appears that asphalt content is not the major
factor in controlling fatigue life of pavement.

The pay adjustment factors based on percent passing No. 200 sieve
shown in Table 4-3 were obtained at the optimum value from the following

predictive model:
log Ng = 3.9438 + 0.1031 (#200) - 0.00042 (#200)3

Even though the amount of fines is one of the factors controlling fa-
tigue life, it is not the most critical factor. The low coefficient of
multiple determination (R2 = 0,2747) of this model indicates that only
27.5% of the variation in pavement life is explained by the amount
passing No. 200 sieve. The pay adjustment factors have been developed
based on the optimum amount of fines at nine percent as the design
target value. One optimum amount of fines for permanent determination
is much lower, about 5 to 6 percent (see Figure 4-12)., These optimum
values would most likely change with test temperature..

As presented in Table 4-4, the pay adjustment factors are based
solely on percent passing No. 10 sieve. The coefficient of multiple
determination (R2 = 0.6827) of this predictive model is quite accept-
able. But it does not imply that this mix variable is extremely criti-
cal to fatique life because only one sample was considered at each
percent passing level. The design target value is set at the observa-
tion value again. According to a few observations, the variation in
fatigue life from this model is very high. Therefore, it is recommended

that further research be conducted with more replication.

-79-



Table 4-3. Pay Adjustment Factors for Percent Passing #200 Sieve for
North Oakland-Sutherlin Project Using Fatigue Criteria.

OPTIMUM SPECIFICATIONS
VALUE LIMITS NUMBER OF REPETITIONS PAF
% % log NF %

3.9438 + 0.1031 (#200) - 0.00042 (#200)3

Model: 1log NF

RZ = 0.2747

> 14.91 < 4.0889 34

13.94 - 14.91 4.2428 - 4.0889 40

13.47 - 13.94 4.3066 - 4.2423 51

9.18 - 13.47 4.5634 ~ 4.3066 74

9 9.18 - 8.82 4.5634 — 4.5634 100
3.73 - 8.82 4.3066 ~ 4.5633 74

3.01 - 3.73 4.2428 - 4.3066 51

1.42 - 3,01 4.0889 - 4.2428 40

< 1.42 < 4.0889 34

Optimum for permanent deformation is about 5 to 6% for the test
temperature.

-80-



Table 4-4. Pay Adjustment Factors for Percent Passing #10 Sieve for
North Oakland-Sutherlin Project Using Fatigue Criteria.
DESIGN
TARGET SPECIFICATIONS
VALUE LIMITS NUMBER OF REPETITIONS PAF
$ 2 log NF %
Model: 1log NF = 4.5129 - 0.00855 (#10)
R? = 0.6827
> 29 < 4.,2650 92
25 21 - 29 4.3333 - 4.2650 100
< 21 > 4.,3333 108
> 34 < 4.2222 92
30 26 - 34 4,2906 - 4.2222 100
< 26 > 4.2906 108
> 39 < 4.1795 92
35 31 - 39 4,2479 - 4.1795 100
< 31 > 44,2479 108
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In the statistical selection procedure for the best predictive
fatigue model, all mix variables were considered including polynomial
effect and interaction between variables. The void content is always
the first mix variable entering the model. It has a high t-Statistic
value at the 95 percent confidence interval in the t-Direct search
procedure. The asphalt content appears to be the second important mix
variable in controlling fatigue life entering the predictive model. The
final model for fatigue life as a function of all possible effects at

0.05 significant level is given by:

log Nf = 6.0333 - 0.1199 (AC) - 0.0943 (VOIDS)

The fatigue predictive model indicates that either increasing or de-
creasing asphalt content from an optimum level and increasing voids
causes reduction in pavement life. This statement is strongly supported
by the high coefficient of determination (R2 = 0.8997) of this model.
The pay adjustment factors for this predictive model were developed and
reported as the family of pay adjustment factors shown in Figure 4-14.
The pay adjustment factors curves are based on standard mix at ten

percent voids and 6.2 percent optimum asphalt content.

4.3.,2 Castle Rock-Cedar Creek Pay Adjustment Factors

The pay adjustment factors of the Castle Rock-Cedar Creek project
have been déveloped for each individual mix variable and for all pos-
sible effects. Pay adjustment factors presented in Tables 4~5 through
4-7 are based solely on percent voids, asphalt content and percent
passing No. 200 sieve, respectively. The effect of void content appears
to be the most dominant factor for all mix properties (R27= 0.9583) in

estimating fatigue life. Asphalt content and the amount of fines are
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Figure 4-14 Pay Adjustment Factor Curves for
Fatigue Life for N. Oakland-
Sutherlin Project
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Table 4-5. Pay Adjustment Factor for Percent of Voids for Castle
Rock-Cedar Creek Using Fatigue Criteria.
DESIGN
TARGET SPECIFICATIONS
VALUE LIMITS NUMBER OF REPETITIONS PAF
$ % log NF 3
Model: log NF = 4.9118 - 0.00514 (VOIDS)?2
R2 = 0.9583

< 11.28 4.2570 122
11.51 - 11.28 4,2301 4.2570 118
11.67 - 11.51 4.2187 4.2301 113
12 12.38 - 11,61 4.2132 4,2187 100
12.47 - 12.38 4.1117 4.1232 88
12.67 - 12,47 4.0848 - 4.1117 85
> 12.67 4,0848 82
< 8.94 4,5005 127
9.28 - 8.94 4.4682 4.5005 122
9.43 - 9,28 4.,4545 4.,4682 116
10 10.54 - 9.43 4,3401 4,4545 100
10.67 - 10.54 4,3264 4.3401 86
10.96 - 10.67 4.,2941 - 4.3264 82
> 10.96 4.2941 78
< 6.16 4.7165 136
6.79 - 6.16 4.6746 - 4,7165 130

7.04 - 6.79 4.6567 4.6746 121
8 8.86 - 7.04 4,5082 4.6567 100
9.05 - 8.86 4,4904 4.,5082 83
9.49 - 9,05 4.4485 4,4904 77
> 9.49 4.4485 73
< 1.28 4.9034 132
2,48 - 1.28 4.8801 4,9034 128
5 6.62 - 2.48 4.6862 4,8801 100
6.96 - 6.62 4.6629 4.6629 78

7.68 - 6.96 4,6082 4.6629 71
> 7.68 4.6082 67
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Table 4-6. Pay Adjustment Factor for Asphalt Content for Castle
Rock-Cedar Creek Using Fatigue Criteria.

OPTIMUM SPECIFICATIONS
VALUE LIMITS NUMBER OF REPETITIONS PAF
2 % log NF %

- 6.8514 + 3.5035 (AC) ~- 0.2733 (AC) 2

Model: Log NF
2

R® = 0.3804
> 7.80 < 3.8470 30
7.80 - 7.56 3.8470 ~ 4.0189 36
6.91 - 6.41 4,0189 - 4.3093 61
6.41 5.91 - 6.91 4,3092 - 4.3093 100
5.26 ~ 5.91 4.,0189 - 4.3092 61
5.02 - 5.26 3.8470 - 4.0189 36
< 5.02 < 3.8470 30
or reject

Table 4-7. Pay Adjustment Factor for Percent Passing #200 Sieve for Castle
Rock-Cedar Creek Using Fatigque Criteria at 100 Microstrain.

OPTIMUM SPECIFICATIONS
VALUE LIMITS NUMBER OF REPETITIONS PAF
% % log NF %

Model: 1log NF 3.5307 + 0.1583 (#200) - 0.00094 (#200)2

R2 = 0.2263

> 12.13 < 3.7636 28

11.36 - 12.13 3.7636 - 3.9438 34

7.60 - 11.36 3.9438 - 4,3191 65

7.45 7.60 - 7.30 4.3191 - 4.3188 100
2.73 - 7.30 3.9438 - 4.3188 65

1.49 - 2.73 3.7636 - 3.9438 34

< 1.49 < 3.7636 28
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less important and are not found to be statistically significant in
terms of the overall effect. Thus, the overall predictive model for

this project is given by
log Ng = 4.9118 - 0.00514 (VOIDS) 2

Pay adjustment factors reported in Table 4-5 are given for design air

voids of five percent, eight percent, ten percent and twelve percent.

4.3.3 Warren-Scappoose Pay Adjustment Factors

The regression predictive models for estimating fatigue life used
to compute pay adjustment factors are reported in Table 10 in Appendix
C. The fatigue life model as a function of voids content indicates it
is the most crucial factor over all other mix properties. The logarithm

of fatigue life in this project can be illustrated by the following:

log Ng = 4.3154 = 0.0401 (VOIDS)

Since the coefficient of multiple determination is high

(R2 = 0.7605) it can be concluded that 76.05 percent of the variation in
logarithm of fatigue life is explained by void content. Increasing
percent voids certainly decreases fatigue life of pavement. The pay
adjustment factors for the effect of voids are developed at design
target values of five percent, eight percent, ten percent and twelve
percent, as shown in Table 4-8. The pay adjustment factors for asphalt
content and percent passing No. 200 sieve, which are reported in Tables
4-9 and 4-10, are based on the design target value at optimum level.
Even though these mix variables are minor controlling factors, defi-

ciency in these two factors would cause severe detrimental effects on

pavement life also.
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Table 4-8. Pay Adjustment Factors for Percent Voids for Warren-Scappoose
Project Using Fatigue Criteria at 100 Microstrain.

TARGET SPECIFICATIONS
VALUE LIMITS NUMBER OF REPETITIONS PAF
% VOIDS % VOIDS log NF %

Model: log NF = 4.,3154 - 0.0401 (VOIDS)

R% = 0.7605

< 8.24 > 3.9847 141

9.41 - 8.24 3.9376 - 3.9847 134

9.92 - 9.41 3.9176 - 3.9376 124

12 14.08 - 9.92 3.7508 - 3.9176 100
14,57 - 14.08 3.7308 - 3.7508 81

15.74 - 14.57 3.6837 - 3.7308 75

> 15.74 < 3.6837 71

< 7.18 > 4,0271 130

8.06 -~ 7.18 3.9918 - 4.0271 125

9.84 - 8.06 3.9209 - 3.9918 110

10 10.16 - 9.84 3.9079 - 3.9209 100
11.92 - 10.16 3.8369 - 3.9079 91

12.80 - 11.92 3.8017 - 3.8369 80

> 12.80 < 3.8017 77

< 5.70 > 4.0865 124

6.42 - 5.70 4.0578 - 4.0865 120

7.87 - 6.42 3.9999 - 4.9578 108

8 8.13 - 7.87 3.9893 - 3.9999 100
9.57 - 8.13 3.9314 - 3.9893 92

10.28 - 9.57 3.9027 - 3.9314 84

> 10.28 < 3.9027 81

< 2.18 > 4.2279 130

3.06 - 2.18 4.1926 - 4.2279 125

4.84 - 3.06 4.1214 - 4.1926 110

5 5.16 - 4.84 4.1084 - 4.1214 100
6.93 - 5.16 4.0372 - 4.1084 91

7.81 - 6.93 4.0019 - 4.0372 80

> 7.81 < 4.0019 77
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Table 4-9. Pay Adjustment Factor for Asphalt Content for Warren-Scappoose
Project Using Fatigue Criteria at 100 Microstrain.

OPTIMUM SPECIFICATIONS
VALUE LIMITS NUMBER OF REPETITIONS PAF
% $ log NF %

Model: 1log NF 1.9253 + 0.6535 (AC) - 0.04879 (AC)2

RZ = 0.3561
> 9.63 < 3.6945 38
9.10 - 9.63 3.6945 - 3.8303 45
7.20 - 9.10 4.1009 - 3.8303 71
6.70 7.20 - 6.20 4.1009 - 4.1014 100
4.29 - 6.20 3.8303 - 4.1014 72
3.77 - 4.29 3.6945 - 3.8303 45
< 3.77 < 3.6945 38

-88-—



Table 4-10. Pay Adjustment Factor for Percent Passing #200 Sieve for
Warren-Scappoose Project Using Fatigue Criteria at 100

Microstrain.
OPTIMUM SPECIFICATIONS
VALUE LIMITS NUMBER OF REPETITIONS PAF
% $ log NF %

Model: log NF 3.7795 + 0.0429 (#200) - 0.00007 (#200)3

RZ = 0.3108
< 14.03 < 4.1898 62
T 55 14.61 - 14.03 4.1898 - 4.1898 100
. 14.61 - 32.11 4.1898 - 2.8443 21
> 32.11 < 2.8443 Reject
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4.3.4 Combined Pay Adjustment Factors

As discussed earlier, fatigue life of pavement varies widely with
several mix properties, The major ones are percent voids, asphalt
content and percent passing No. 200 sieve. A factor which directly
affects these mix variables is aggregate type and quality. As shown in
Table 10 in Appendix C, all the fatigue predictive models had their
coefficients of multiple determination (R2) very much reduced when
aggregate type was not included in the model. Reducing the R-squared
means more variation in fatigue life associated with the use of the set
of mix variables. As exhibited in Tables 4-11 through 4-13, the pay
adjustment factors are based solely on voids contents, asphalt content,
and the amount of fines, respectively. Table 4-14 presents the pay
adjustment factors considering all possible mix properties but not
including aggregate type effect. The model as shown in Table 4-14 only
explains 33 percent of the variation in logarithm of fatigue life as
controlled by void content. Hence, all these predictive models clearly
illustrate the effect of aggregate type on variation of mix character-
istics. Differences in aggregate type used result in different mix
characteristics, which directly affect fatigue life and, of course, pay

adjustment factors.

4.4 COMPARISON WITH EXISTING PAY ADJUSTMENT FACTORS

The successful implementation of pay adjustment factors is depen-
dent upon their reliability and ease of use. While the format should be
relatively simple, it must be based on statistical and sound engineering
principles to ensure good performance. The pay adjustment factors

developed in this (Puangchit et al.) are compared to those currently in
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Table 4-11. Pay Adjustment Factors for Percent Voids of the
Three Projects Using Fatigue Criteria.

DESIGN
TARGET SPECIFICATIONS
VALUE LIMITS NUMBER OF REPETITIONS PAF
% £ log NF %
Model: log NF = 4.5072 - 0.00295 (VOIDS)Z2
R% = 0.3608
< 7.38 > 4.3467 136
8.14 - 7.38 4.3119 - 4,3467 131
8.48 - 8.14 4,2951 - 4,3119 123
10 11.31 - 8.48 4.1298 - 4,2951 100
11.57 - 11.31 4.1129 - 4,1298 81
12.06 - 11.57 4.0783 - 4.1129 76
> 12.06 < 4.0783 73
< 3.29 > 4.4754 144
4.96 - 3.29 4.4348 - 4.4754 137
7.79 - 4.96 4.3282 - 4,4348 116
8 8.20 - 7.79 4.3089 - 4.3282 100
10.16 - 8.20 4.2024 - 4.3089 87
10.82 - 10.16 4.1618 - 4,2024 74
> 10.82 < 4.1618 70
< 4.54 > 4.4464 103
5.41 - 4,54 4.4207 - 4,4464 100
5 8.82 - 5.41 4,2781 - 4,4207 82
9.81 - 8.82 4.2238 - 4,2781 66
> 9.81 < 4.2238 62
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Table 4-12. Pay Adjustment Factor for Percent Asphalt Content
of the Three Projects Using Fatigue Criteria.
OPTIMUM SPECIFICATIONS
VALUE LIMITS NUMBER OF REPETITIONS PAF
% % log NF %
Model: 1log NF = 0,7705 + 0.8131 (AC) - 0.00625 (AC)3
R = 0.2248
> 7.84 < 4.1317 62
7.67 — 7.84 4,1858 - 4.1317 66
7.10 - 7,67 4.2121 - 4,1858 72
6.6 6.10 = 7.10 4.2121 - 4.2121 100
6.10 - 5,43 4.2121 - 4,1858 72
5.43 - 5,23 4.,1858 - 4.1317 66
< 5.23 < 4.1317 62
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Table 4-13, Pay Adjustment Factor for Percent Passing #200 Sieve
of the Three Projects Using Fatigue Criteria.

OPTIMUM PERCENT PASSING
VALUE #200 SIEVE NUMBER OF REPETITIONS PAF
% % log NF %

3.6938 + 0.1456 (#200) - 0.00863 (#200)2

Model: 1log NF

R2 = 0.1543

> 13.50 < 4.0867 60

12.80 - 13.50 4.1441 - 4,0867 64

8.67 - 12.80 4.3074 - 4.1441 83

8.5 8.67 - 8.33 4,3074 - 4.3078 100
8.33 - 4.08 4.3078 - 4.1441 83

4,08 - 3.37 4.1441 - 4.0867 64

< 3.37 < 4.0867 60
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Table 4-14. Pay Adjustment Factor for Combined Mixture Properties
of the Three Projects Using Fatigue Criteria.
DESIGN
TARGET
VALUE REQUIRED VALUE NUMBER OF REPETITIONS PAF
$ 2 log NF %
Model: log NF = 4.6875 - 0,05103 (VOIDS)
R% = 0.3300
< 7.29 4.3155 138
7.99 - 7.29 4,2797 4.,3155 132
8.33 - 7.99 4.2623 4,2797 124
10 11.67 - 8.33 4.0919 4,2623 100
12,01 - 11.67 4.0919 4.1771 91
12,71 - 12,01 4,0388 4,0746 76
> 12,71 4,0388 73
< 5.08 4.,4280 147
5.84 -~ 5.08 4,3895 - 4.,4280 135
7.82 - 5.84 4,2886 4,3895 115
8 8.19 -~ 7.82 4.2698 4,2886 100
10.16 - 8.19 4.1680 4.2698 87
10.92 - 10.16 4.1303 4,1688 74
> 10.92 4.1303 71
< 0.70 4,.6521 166
1.87 - 0.70 4,5920 - 4.6521 155
4,73 - 1.87 4.4462 4.,5920 122
5 5.27 - 4,73 4,4184 4.4462 100
8.19 - 5,27 4.2694 4.4184 82
9.31 - 8.19 4.2125 4.2694 64
> 9.31 4.2125 60
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use in Tables 4-15 through 4-17. Those shown for this study were
developed by plotting, as a continuous function, the pay adjustment
factor versus the indicated deviation from the specification limit. The
factors shown for density resulted from the data in Table 4-11 for a
design void content of 8 percent. Tables 4-12 and 4-13 were used to
develop the pay factors for asphalt content and percent passing the No.
200 sieve, respectively. The pay adjustment factors developed in this
study (Puangchit et al.) are compared to those currently in use in
Tables 4-15 through 4-17.

The pay factors relating to density (Table 4-15) are comparable to
those of the Oregon Quality Assurance specification (R=4), except that a
higher bonus is recommended for good compaction and a greater penalty
recommended for poor compaction, reflecting the significant effect that
compaction has on pavement life. Density was shown to be the most
significant variable and regarded as the only one to which a bonus
payment should be applied; this is not the case with the Oregon Quality
Assurance specifications where bonus payments are possible for mixes
having constituents close to the target values.,

The pay factors relating to asphalt content (Table 4-16) are signi-
ficantly more severe than the others shown, with the exception of the
FHWA specification which appears to penalize material within the normal-
ly accepted range of + ,5% of the target value and allows for rejection
outside that range. This is because the FHWA specification recognizes
that when a mean value from five tests results is used, there is less
probability of that value differing from the target value by a certain

amount than if fewer tests were used.
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The pay factors based on percent passing No. 200 sieve (Table 4-17)
are slightly more severe than the others shown, with the exception of
the FHWA specification for similar reasons to those stated above for

asphalt content.
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5.0 CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

The impact of variations in material quality, construction and
environment cause uncertainty in the performance of asphalt concrete
pavements. The influence of variations in asphalt concrete mix charac-
teristics on pavement performance was studied on the North Oakland-
Sutherlin, Castle Rock-Cedar Creek and Warren-Scappoose projects. The
results from a computer statistical analysis led to the following con-
clusions.

1. Of the variables considered, mix density (or air void
content) had the most important influence on predicted
performance. An increase in void content is associated
with a decrease in performance life. Thus, for fatigue
criteria a small air void content mix (within limits) is
most desirable in asphalt concrete pavement construc-
tion. OQuality control efforts should be focused on
obtaining adequate compaction and low air void content.

2. Results of analyses suggest that a maximum performance
life occurs at an optimum asphalt content. It is inter-
esting to note that an optimum content required for
maximum permanent deformation resistance is always less
than for highest fatigue life on all projects. It is
also obvious that performance life is decreased as
asphalt content deviates from an optimum value.

3. The amount of fines also affected mix behavior. Similar

to asphalt content, the best performance is obtained at
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an optimum value. Deviations from this value caused
reductions in mix performance life. The permanent
deformation required less fines to reach the highest
per formance than fatique cracking. Thus, the maximum
allowable percent fines is controlled by deformation
limits.

4. Aggregate type exhibited an indirect affect on mix
performance. Aggregate type is important in that it
controls the amount of asphalt required and limits the
percent air voids that is incorporated in the mix. At
the same air void and asphalt content the mix perform-—
ance still varies with the aggregate type used.

5. The pay adjustment factors are based on the concept that
the performance life at design target value obtained
from the predictive model are accepted with full pay-
ment. The other pay adjustment factors are obtained by
comparing the performance to a standard design mix.

6. The pay adjustment factors developed compare favorably
with those used by other agencies in the Pacific North-
west.

It should be emphasized that all conclusions are based on fatigue
criteria and on results of tests conducted at ambient temperatures
(22°C * 2°C). The results would be expected to change at higher
temperatures (critical for permanent deformation) as well as at
lower temperatures (critical for fatigue cracking) . Further, had
permanent deformation criteria been used in the development of the

pay adjustment factors, the reductions in pavement life (associ-
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ated with mix variations) would have been greater than that re-

ported herein.

5.2 RECOMMENDATIONS

Based on the analyses of data in Chapter 4, it is recommended that
consideration initially be given to the adoption of a compaction speci-
fication along the line of that presented in Table 4-11 using the eight
percent voids as a maximum design value. The upper limit on the bonus
should be ten percent maximum as initial void contents lower than five
percent may lead to other problems such as permanent deformation.
Further, it is felt that if higher compaction requirements are imposed,
contractors will need better control of asphalt content and gradation in

order to achieve the higher density values.
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APPENDIX A

Number of Repetitions to Failure by
Fatigue and Permanent Deformation Criteria
for Variation in Each Mix Property

[Source References 29,30,31]
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Figure 1. Range of Mix Variables Considered in This Study
(Crossed Boxes)
North Oakland-Sutherlin Project

LEVEL 2% PASSING NO, 200| 6% PASSING NO, 200 [10% PASSING NO. 200

OF
COMPACTION

ASPHALT CONTENT ASPHALT CONTENT ASPHALT CONTENT

5 6 7 5 6 7 [ 5 6 7

100%

96%

92%

91%
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Figure 2. Range of Mix Variables Considered in This Study
(Crossed Boxes)
Castle Rock—-Cedar Creek Project

LEVEL 2% PASSING NO. 200 | 6% PASSING NO. 200 [10% PASSING NO. 200
OF
COMPACTION ASPHALT CONTENT ASPHALT CONTENT ASPHALT CONTENT
|
| 5 6 7 5 6 7 5 6 7
100%
97% | |
% | ><

|
| i | '
| | | |
50% | I ><
| | |
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Figure 3,

(Crossed Boxes)
Warren-Scappoose Project

Range of Mix Variables Considered in This Study

LEVEL
OF
COMPACTION

2% PASSING NO. 200

6% PASSING NO., 200

10% PASSING NO.

200

ASPHALT CONTENT

ASPHALT CONTENT

ASPHALT CONTENT

4.5

5.5

6.5

4,5

5.5

6.5

4.5 5.5

6.5

100%

96%

91%

90%
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Table 1. Number of Repetitions to Fatigue Failure and
Associated Pay Factors for Four Levels of Mix
Density, North Oakland-Sutherlin Project [29].

STRAIN LEVEL

LEVEL OF MIX TEST 50 100 125 ue
COMPACTION  BSG CONDITION* He He H
St andard B.C. 1.68 x 105 2.55 x 104 1.39 x 104
2.31
96%
A.C. 1.59 x 10° 3.50 x 104 2.15 x 104
. B.C. 1.37 x 107 1.29 x 10° 2.86 x 104
= 100% 2.41
: A.C. 6.80 x 10° 7.75 x 102  3.97 x 10%
=z
g B.C. 1.01 x 10°  2.07 x 10%  1.24 x 10%
£ 92% 2.22 y ;
o A.C. 1.34 x 10°  3.11 x 10  1.95 x 10
B.C. 7.91 x 104 1.94 x 10* 1.23 x 104
913 2.19
A.C. 2.80 x 10 1.26 x 10*  9.76 x 103
Standard B.C. 1.0 1.0 1.0
565 2.31
A.C. 1.0 1.0 1.0
B.C. 81.5 5.06 2.06
o 100% 2.41
- A.C. 3.91 2.21 1.84
=
- B.C. .601 .812 .892
< 928 2.22
A.C. .842 .890 .906
B.C. 471 .761 .885
913 2.19
A.C. 177 .361 .456

* B.C. - Before Conditioning
A.C. - After Conditioning
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Table 2. Number of Repetitions to Fatigue Failure and Associated
Pay Factors for Three Levels of Asphalt Content at 6%
Passing No. 200, North Oakland-Sutherlin Project [29].
STRAIN LEVEL
ASPHALT MIX TEST
CONTENT BSG CONDITION* 30 ne 100 pe 125 e
5 4 4
St andard 5 22 B.C. 1.01 x 10 2.07 x 10 1.24 x 10
6% :
5 A.C. 1.34 x 10> 3.11 x 104 1.95 x 104
—
|
3 B.C. 1.07 x 10° 2,13 x 104 1.27 x 10?
E 5% Asphalt 2.24
& A.C. 8.14 x 104 2.31 x 10% 1.54 x 104
=
A B.C. 1.40 x 10°  2.39 x 10 1.35 x 10*
7% BAsphalt 2,24 2
A.C. 1.53 x 10° 3.34 x 10%  2.05 x 10
Standard B.C. 1.0 1.0 1.0
6% 2.22
A.C. 1.0 1.0 1.0
&
3 B.C. 1.06 1.03 1.02
ﬁ 5% Asphalt 2.24
A.C. .610 .740 .788
P
P
B.C. 1.39 1.16 1.09
7% Asphalt 2,24
A.C. 1.14 1.07 1.05
* B.C. - Before Conditioning
A.C. - After Conditioning
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Table 3. Number of Repetitions to Fatigue Failure and Associated Pay
Factors for Three Levels of Percent Passing No. 200 at 5%
Asphalt Content, North Oakland-Sutherlin Project [29].
STRAIN LEVEL
PERCENT MIX TEST
P200 BSG  CONDITION* A0 18 100 ye 125 ye
Standard  , ,, B.C. 1.07 x 105 2.13 x 104 1.27 x 104
3 6% P200 A.C. 8.14 x 104  2.31 x 104  1.54 x 10¢
- 4 4
= B.C. 2.90 x 104 1.31 x 10* 1.01 x 10
& A.C. 1.08 x 104 7.16 x 103 6.27 x 103
=
a B.C. 2.06 x 10°  2.73 x 10%  1.42 x 10*
10% Pyjq 2,27
5 4 4
A.C. 2.10 x 10 4,12 x 10 2.44 x 10
Standard B.C. ! 1 1
6% P 2.24
200 A.C. 1 1 1
&
5 B.C. .272 .612 .794
= 2% Pygg 2.17
[
A.C. .133 .311 .493
>
S
B.C. 1.94 1.28 1.12
108 Pygg  2.27
A.C. 2.54 1.79 1.58

* B,C. - Before Conditioning
A.C. - After Conditioning
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Table 4, Number of Repetitions to Fatigue Failure and Associated Pay
Factors for Three Levels of Percent Passing No. 200 at 7%
Asphalt Content, North Oakland-Sutherlin Project [29].
STRAIN LEVEL
PERCENT MIX TEST
12
P200 BSG CONDITION* 20 ue 100 we > ue
B.C 1.40 x 105 2.39 x 104 1.35 x 10%
Standard 2.24 o * °
- 6% P200 A.C. 1.53 x 105 3.34 x 104 2.05 x 104
[
H
= B.C. 3.87 x 105 1.50 x 104 1.10 x 104
= 2% Pygg  2.19
g A.C. 2.39 x 104 1.13 x 104 8.87 x 103
>
P B.C. 3.94 x 10°  4.66 x 10*  2.34 x 104
10% P 2,30
200 5 4 4
A.C. 4,38 x 10 6.24 x 10 3.33 x 10
Standard B.C. ! 1 1
6% D 2,24
200 A.C. 1 1 1
5
o
S B.C. .276 .626 .814
A.C. .156 .33 .432
b
2
[aT)
B.C. 2.81 1.95 1.73
108 Py 2.30
A.C. 2.87 1.87 1.62

* B.C. - Before Conditioning

A.C. - After Conditioning
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Table 5.

Number of Repetitions to Fatigue Failure and Associated
Pay Factors for Three Levels of Percent Passing No. 10,
North Oakland-Sutherlin Project [29].

STRAIN LEVEL

PERCENT MIX TEST
P10 BSG  CONDITION* 20 e 100 pe 125 ye
B.C 1.01 x 105 2.07 x 104 1.24 x 104
Standard 2.22 o . ° ¢
£ 25% P10 A.C. 1.3¢ x 105 3.1 x 104 1.35 x 104
=
: B.C. 5.50 x 104 1.67 x 10%  1.14 x 104
= 308 P, 2,23
g A.C. 2.23 x 104 1.09 x 104 8.67 x 103
S
S B.C. 5.57 x 104  1.70 x 104 1.16 x 10%
35% Py, 2.21 r : y
A.C. 4.64 x 10 1.71 x 10* 1.24 x 10
Standard B.C. 1.0 1.0 1.0
23% Py ) A.C. 1.0 1.0 1.0
8
5 B.C. .55 .81 .92
3 308 Py, 2.23
- A.C. 17 .35 .45
=
B.C. .55 .82 .93
35% Py 2.21
A.C. .35 .55 .64

* B.C. — Before Conditioning

A.C. - After Conditioning
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Table 6. Number of Repetitions to Permanent Deformation Failure
and Associated Pay Factors for Four Levels of Mix
Density, North Oakland-Sutherlin Project [29].
STRAIN LEVEL
LEVEL OF MIX TEST
COMPACTION  BSG CONDITION* 50 ue 100 pe 125 ye
8 6 6
St andard 5 31 B.C. 3.24 x 10 3.71 x 10 1.66 x 10
96% ’
A.C. N.A. N.A. N.A.
e B.C. 1.66 x 1011 7.25 x 108 2.30 x 108
S 100% 2.41
- A.C.
=
E B.C. 1.81 x 108  3.58 x 10°  2.20 x 10°
z 92% 2,22
Ay A.C.
B.C. 7.47 x 10> 2.56 x 105  1.75 x 10°
91% 2.19
A.C.
St andard B.C. 1.0 1.0 1.0
96% 2.31
A.C. 1.0 1.0 1.0
B.C. 513.0 196.0 139.0
& 100% 2.41
S A.C. N.A. N.A. N.A.
=
=
- B.C. .006 .10 .133
< 928 2.22
A.C. N.A. N.A. N.A.
B.C. .002 .069 .106
91% 2.19
A.C. N.A. N.A. N.A.

* B.C. — Before Conditioning

A.C. - After Conditioning
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Table 7. Number of Repetitions to Permanent Deformation Failure
and Associated Pay Factors for Three Levels of Asphalt
Content, North Oakland-Sutherlin Project [29].

STRAIN LEVEL

ASPHALT MIX TEST

CONTENT BSG CONDITION* 50 e 100 ue 125 ue
B.C. 1.81 x 106  3.58 x 105 2.20 x 10°
Standard 2.22
e A.C. 4.07 x 105 6.89 x 104  4.31 x 104
(|
- B.C 9.53 6 6 6
o .C. .53 x 10 3.37 x 10 2.26 x 10
= 7% Asphalt 2.24
= A.C. 4.21 x 105 9.13 x 10> 5.47 x 10°
=3
& 6 6 5
B.C. 4.37 x 10 1.07 x 10 6.72 x 10
5% Asphalt 2,24 5 =
A.C. 1.44 x 105  6.17 x 10°  4.44 x 10
B.C. 1.0 1.0 1.0
Standard 2.22
A.C. 1.0 1.0 1.0
o~
o
5 B.C. 5.27 9.42 10.3
S 7% Asphalt 2.24
., A.C. 10.4 13.3 12.7
<q
[a 9]
B.C. 2.42 2.99 3.06
5% Asphalt 2,24
A.C. 3.53 8.96 10.3
* B.C. — Before Conditioning
A.C. - After Conditioning
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Table 8. Number of Repetitions to Permanent Deformation Failure
and Associated Pay Factors for Three Levels of Percent
Passing No. 200 at 5% Asphalt Content, North Oakland-
Sutherlin Project [29].

STRAIN LEVEL

PERCENT MIX TEST
12
P200 BSG  CONDITION* >0 ue 100 ue > ue
B.C. 4.37 x 106 1.07 x 10%  6.72 x 10°
Standard
2.24
. 6% P200 a.c. 1.44 x 106 6.17 x 105  4.44 x 105
=
[
= B.C. 8.59 x 10° 5.48 x 10° 4.52 x 10°
2 108 Pygg  2.17
E a.c. 1.27 x 108 5.11 x 10°  3.65 x 10°
=
ﬁ B.C. 3.19 x 10® 8.26 x 10° 5.22 x 10°
2% P 2.
200 27 5 5 z
A.C. 1.71 x 10°  1.26 x 10° 1.10 x 10
Standard B.C. 1.0 1.0 1.0
AR 2.24
200 A.C. 1.0 1.0 1.0
o
o
£ B.C. .20 .51 .67
= 108 Pogg  2.17
- A.C. .88 .83 .82
<t
n
B.C. .73 .77 .78
2% Pyqq 2.27
A.C. .12 .20 .25

* B.C., — Before Conditioning
C

B
A.C. - After Conditioning
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Table 9. Number of Repetitions to Permanent Deformation Failure
and Associated Pay Factors for Three Levels of Percent
Passing No. 200 at 7% Asphalt Content, North Oakland-
Sutherlin Project [29].
STRAIN LEVEL
PERCENT MIX TEST
P200 BSG ~ CONDITION* 50 ue 100 ue 125 e
B.C. 9.53 x 106 3,37 x 106 ) 6
Standard 2.24 x 1 2.26 x 10
6% P )
e 200 A.C. 4.21 x 108 9.13 x 105>  5.47 x 10°
|
i B.C. 2.01 x 105  1.20 x 108  1.07 x 10°
E aA.C. 1.05 x 107  1.78 x 108 1.01 x 10°
=
<
A B.C. 6.07 x 10°  3.17 x 10°  2.45 x 10°
A.C. 3.37 x 10°  7.89 x 10°  1.49 x 10°
Standard B.C. 1.0 1.0 1.0
s b 2.24
200 a.cC. 1.0 1.0 1.0
[
o
£ B.C. 211 .38 .47
= 108 P, 2.19
-~ A.C. 2.50 1.95 1.84
<
e
B.C. .06 .09 11
2% Pygq 2.30
A.C. .08 .21 .272

* B,C., — Before Conditioning
A.C. - After Conditioning
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Table 10. Number of Repetitions to Permanent Deformation Failure
and Associated Pay Factors for Three Levels of Percent
Passing No. 10, North Oakland-Sutherlin Project [29].
STRAIN LEVEL
PERCENT MIX TEST
P10 BSG  CONDITION* >0 ue 100 e 123 e
6 5 5
Standard 2 99 B.C. 1.81 x 10 3.58 x 10 2.20 x 10
5 25% P10 A.C. 4.07 x 105 6.89 x 104  4.31 x 10%
—
= 6 5 5
£ B.C. 3.67 x 10 5.28 x 10 3.07 x 10
E 30% Py 2.23
2 A.C. 1.55 x 10°  1.27 x 10°  1.15 x 10°
S 6 6 5
B.C. 3.68 x 10 1.00 x 10 6.47 x 10
35% Py 2.21
5 5 5
A.C, 8.18 x 10 4,04 x 10 3.05 x 10
Standard 5 22 B.C. 1.0 1.0 1.0
25% P ¢
10 A.C. 1.0 1.0 1.0
&
e B.C. 2.03 1.48 1.40
2 30% Py, 2.23
[
A.C. .382 1.84 2.67
b
o
B.C. 2,04 2.81 2.94
35% Pio 2.21
A.C. 2,01 5.87 7.08
* B.C, -~ Before Conditioning
A.C, - After Conditioning
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Table 11. Number of Repetitions to Fatigue Failure and
Associated Pay Factors for Mix Density, Castle
Rock-Cedar Creek Project [30].
STRAIN LEVEL
LEVEL OF MIX TEST
COMPACTION  BSG CONDITION* 50 ue 100 pe 150 ue
5 4 4
standard  , 5 B.C. 4.09 x 10 4.51 x 10 1.24 x 10
97% ‘
A.C. 6.00 x 105 5.19 x 104 1.24 x 104
5 B.C. 6.62 x 10°  6.10 x 10%  1.51 x 10%
H 100% 2.30
. A.C. 1,05 x 10%  6.72 x 10% 1.35 x 10%
Z
= B.C. 3.96 x 104 1.04 x 10 4.75 x 103
= 92% 2.11 " s
A A.C. 9.51 x 104 2.14x 10* 8.96 x 10
B.C. 2.31 x 104 7.41 x 103 3.81 x 103
90% 2.08
A.C. 5.29 x 104 1.66 x 10* 8.44 x 103
Standard B.C. 1.0 1.0 1.0
g, 2.23
A.C. 1.0 1.0 1.0
B.C. 1.62 1.35 1.22
& 100% 2.30
& aA.C. 1.74 1.29 1.09
<t
=
o B.C. .09 .23 .38
= 92% 2.11
aA.C. .16 .41 .72
B.C. .06 .16 .31
918 2.08
A.C. .09 .32 .68

* B,C. - Before Conditioning
A.C. - After Conditioning
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Table 12. Number of Repetitions to Fatigue Failure and Associated
Pay Factors for Asphalt Content Effect at 6% Passing

No. 200 and 92% Compaction, Castle Rock-Cedar Creek

Project [30].

ASPHALT MIX

TEST

STRAIN LEVEL

CONTENT BSG CONDITION* 50 ue 100 ue 150 pe
B.C. 3.96 x 104 ) 4 : 3
standara x 10 1.04 x 104 4.75 x 10
6% .
. A.C. 9.51 x 104  2.14x 104 8.96 x 103
2
H
= B.C. 3.60 x 10 1.00 x 10%  4.72 x 103
& 5% 2.12 - 3
= A.C. 5.87 x 104 1.73 x 10*  8.49 x 10
=
=
a B.C. 1.23 x 10> 2.15 x 104 7.75 x 103
7% 2.13 ; 5
A.C. 7.03 x 10 1.92 x 10% 9.01 x 10
Standard B.C. 1.0 1.0 1.0
Py 2.11
A.C. 1.0 1.0 1.0
&
= B.C. .91 .96 .99
= 5% 2.12
= A.C. .62 .81 .95
<
B.C. 3.12 2.07 1.63
7% 2.13
A.C. .74 .90 1.01

* B,C. — Before Conditioning
A.C, - After Conditioning
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Table 13. Number of Repetitions to Fatigue Failure and Associated
Pay Factors for Percent Passing No. 200 Effect at 5%
Asphalt Content, Castle Rock-Cedar Creek Project [30].
STRAIN LEVEL
PERCENT MIX TEST
P200 BSG  CONDITION* 50 ue 100 ye 150 ye
4 4, 3
St andard B.C. 3.60 x 10 1.00 x 10 .72 x 10
2.12
6%
- A.C. 5.87 x 104 1.73 x 104  8.49 x 103
=]
==
= B.C. 6.81 x 103  3.49 x 103 2.36 x 103
= 2% 2.07
g A.C. 1.61 x 104  9.48 x 103 6.97 x 103
-
s B.C. 3.19 x 104 9.11x 103 4.37 x 103
108 2.13 7 i
A.C. 5.37 x 10 1.70 x 10*  8.66 x 10
Standard B.C. 1.0 1.0 1.0
iy 2.12
A.C. 1.0 1.0 1.0
&
5 B.C. .19 .35 .50
= 2% 2.07
. A.C. .27 .55 .82
S
B.C. .89 .91 .93
108 2.13
A.C. .92 .98 1.02

* B.C. — Before Conditioning

A.C. - After Conditioning
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Table 14. Number of Repetitions to Fatigue Failure and Associated
Pay Factors for Percent Passing No. 200 at 7% Asphalt
Content, Castle Rock-Cedar Creek Project [30].

PERCENT MIX

TEST

STRAIN LEVEL

P00 BSG  CONDITION* >0 ue 100 ue 130 ue
standard  , B.C. 1.23 x 10°  2.15 x 10%  7.75 x 103
e 6% aA.C. 7.03 x 104 1.92 x 104 9.01 x 103
—~
: B.C. 6.21 x 104 1.37 x 104  5.66 x 103
= 2% 2.09
g A.C. 3.06 x 104 1.31x 104 8.00 x 103
= 5 4 3
S B.C. 1.50 x 10° 2.39 x 10% 8.16 x 10
108 2.17
A.C. 1.36 x 10°  2.57 x 10%  9.72 x 103
Standard B.C. 1.0 1.0 1.0
oy 2.13
A.C. 1.0 1.0 1.0
&
5 B.C. .50 .64 .73
= 2% 2.09
9 A.C. .43 .68 .89
A
B.C. 1.21 1.11 1.05
10% 2.17
A.C. 1.93 1.34 1.08
* B,C. - Before Conditioning
A.C. - After Conditioning
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Table 15. Number of Repetitions to Permanent Deformation Failure and
Associated Pay Factors for Mix Density Effect, Castle Rock-
Cedar Creek Project [30].
STRAIN LEVEL
LEVEL OF MIX TEST
COMPACTION  BSG CONDITION* 50 e 100 ue 150 ue
B.C 2.60 x 108 3.60 x 107 1.15 x 107
Standard 2.23 <L . X . .
N .
7 A.C. 7.21 x 107  3.88 x 106  1.01 x 10°
e B.C. 2.85 x 100 3.29 x 10° 8.61 x 108
= 100% 2.30
- A.C. 2.06 x 108 5.30 x 107 2.07 x 107
=z
g B.C. 5.39 x 10>  1.65 x 10° 8.27 x 104
= 92% 2.11 y
~ A.C. 3.95 x 10° 1.75 x 10° 9.94 x 10
B.C. 3.04 x 10°  9.79 x 10%  4.95 x 10*
90% 2.08 i
A.C. 7.20 x 10° 1.50 x 10° 6.52 x 10
Standard B.C. 1.0 1.0 1.0
7% 2,23
A.C. 1.0 1.0 1.0
B.C. 110.0 91.5 74.8
e 100% 2.30
£ A.C. 2.86 13.7 20.4
I
[
9 B.C. .002 .005 .007
< 92% 2.11
a.C. .005 .045 .098
B.C. .001 .003 .004
90% 2.08
A.C. .01 .04 .06
* B,C, ~ Before Conditioning
A.C. ~ After Conditioning
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Table 16. Number of Repetitions to Permanent Deformation Failure and
Associated Pay Factors for Asphalt Content Effect at 6%
Passing No. 200 and 92% Compaction, Castle Rock-Cedar Creek
Project [30].
STRAIN LEVEL
ASPHALT MIX TEST
CONTENT BSG  CONDITION* 50 e 100 pe 130 ue
5 5 4
St andard B.C. 5.39 x 10 1.65 x 10 8.27 x 10
6% 2.1
e A.C. 3.95x 105 1,75 x 105 9,94 x 104
-
—
o B.C. 1.56 x 10° 5.51 x 10> 2.80 x 10°
= 7% 2.12 =
= A.C. 6.95 x 10° 2.04 x 10° 9.84 x 10
=
= 6 5 5
B.C. 1.66 x 10 2,58 x 10 1.04 x 10
5% 2.13 5
A.C. 1.16 x 10%  3.25 x 10°  1.52 x 10
Standard B.C. 1.0 1.0 1.0
6% 2.11
A.C. 1.0 1.0 1.0
oo
O
= B.C. 2.91 3.34 3.38
= 7% 2.12
b A.C. 1.76 1.17 .99
<
[a¥)
54 2.13 B.C. 3.06 1.56 1.26
A.C. 2.93 1.86 1.52
* B.C. - Before Conditioning
A.C. - After Conditioning
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Table 17. Number of Repetitions to Permanent Deformation Failure and
Associated Pay Factors for Percent Passing No. 200 at 5%
Asphalt Content, Castle Rock-Cedar Creek Project [30].

STRAIN LEVEL

PERCENT MIX TEST

P200 BSG  CONDITION* >0 ue 100 ue 130 ue
St andard 2 12 B.C. 1.66 x 108  2.58 x 105 1.04 x 10°
= Ok A.C. 1.16 x 10  3.25 x 10° 1.52 x 10°
H
= B.C. 8.96 x 10° 2.80 x 10° 1.38 x 10°
£ 10% 2.13
g A.C. 2.20 x 10®  1.10 x 10° 6.52 x 10°
2 5 4 4
o B.C. 3.93 x 10° 6.79 x 104  3.00 x 10
2% 2.07
A.C. 8.28 x 10° 1.76 x 10° 7.81 x 104
Standard B.C. 1.0 1.0 1.0
oy 2.12
a.C. 1.0 1.0 1.0
&
5 B.C. .54 1.09 1.33
= 10% 2.13
A.C. 1.90 3.39 4.30
%
. B.C. .24 .26 .29
2% 2.07
A.C. .71 .54 .52

* B.C. — Before Conditioning

B
A.C. - After Conditioning
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Table 18. Number of Repetitions to Permanent Deformation Failure and
Associated Pay Factors for Percent Passing No. 200 at 7%
Asphalt Content, Castle Rock-Cedar Creek Project [30].
STRAIN LEVEL
PERCENT MIX TEST
P200 BSG  CONDITION* S0 ue 100 ye 130 ue
St andard B.C. 1.57 x 108  5.51 x 10° 2.80 x 10°
2,13
%
el 6 A.C. 6.95 x 10° 2.04 x 105 9.84 x 104
—~
1
3 B.C. 3.71 x 10°  8.22 x 10° 3.46 x 10°
E 10% 2.17
= A.C. 1.08 x 10° 2.54 x 10° 1.12 x 10°
=
= 6 5 5
B.C. 1.36 x 10 2.99 x 10 1.29 x 10
2% 2,09 1 :
A.C. 5.37 x 10%  4.07 x 10*  3.19 x 10
Standard B.C. 1.0 1.0 1.0
6% 2.13
A.C. 1.0 1.0 1.0
&
£ B.C. 2,36 1.49 1.24
< 10% 2.17
F A.C. 1.55 1.24 1.14
>
E
B.C. .86 .54 .46
2% 2,09
A.C. .08 .19 .32
* B.C. - Before Conditioning
A.C, - After Conditioning
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Table 19. Number of Repetitions to Fatigue Failure and Associated Pay
Factors for Mix Density, Warren-Scappoose Project [31].

STRAIN LEVEL

LEVEL OF MIX TEST
COMPACTION  BSG CONDITION* 50 ue 100 ue 150 ue
standarl A.C. 9.66 x 104 1.290 x 104 3.99 x 103
96% 2.39 ) ) 3
c. 9.87 x 10 1.57 x 10%  5.37 x 10
= A.C. 1.16 x 105  1.40 x 10% 4.07 x 103
= 100% 2.45
: c. 1.75 x 10°  1.78 x 10* 4.66 x 103
=z
% A.C. 4.48 x 104 1.04 x 10%  4.41 x 103
£ 91% 2.29
= c. 3.91 x 10 1.09 x 10 5.13 x 103
A.C. 2.08 x 104 7.95 x 103 4.54 x 10°
908 2.20
c. 5.73 x 104 1.36 x 10 5.83 x 10°
Standard A.C. 1.0 1.0 1.0
bes 2.39
c. 1.0 1.0 1.0
A.C. 1.20 1.09 1.02
o 1008 2.45
- c. 1.77 1.13 .87
=
- A.C. .46 .81 1.11
4 913 2.29
c. .40 .69 .96
A.C. .22 .62 1.14
90% 2.20
c. .58 .87 1.09

* A,C, - As Compacted
C. - Conditioned
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Table 20. Number of Repetitions to Fatigue Failure and Associated Pay
Factors for Asphalt Content Effect at 6% Passing No. 200
and 93% Compaction, Warren-Scappoose Project [31].

STRAIN LEVEL

PERCENT
ASPHALT MIX TEST 50 pe 100 pe 150 pe
CONTENT BSG CONDITION#*
a.c. 4.48 x 104  1.04 x 104  4.41 x 103
St andard
2.29
5.5% : " 3
. c. 3.91 x 104 1.09 x 104  5.13 x 10
=
[
H A.C. 1.96 x 104 7.79 x 103 4.54 x 103
= 4.5% 2.27
g c. 4.25 x 104 1.19 x 10% 5.63 x 103
=
o A.C. 7.15 x 104 1.17 x 102 4.06 x 103
6.5% 2.30
c. 4.50 x 10%  1.28 x 10*  6.16 x 103
Standard A.C. 1.0 1.0 1.0
5.5% 2.2
- C. 1.0 1.0 1.0
o~
o
& A.C. .44 .75 1.03
= 4.5% 2.27
Fu c. 1.09 1.09 1.10
E
A.C. 1.60 1.13 .92
6.5% 2.30
C. 1.15 1.17 1.20

* A.C. - As Compacted
C. - Conditioned
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Table 21, Number of Repetitions to Fatigue Failure and Associated Pay
Factors for Percent Passing No. 200 at 4.5% Asphalt Content,

Warren—-Scappoose Project [31].

STRAIN LEVEL

PERCENT MIX TEST

200 BSG  CONDITION* 0 e 100 e 130 je
A.C 1.96 x 104 7.79 x 103 4.54 x 103
St andard 2.27 e 2 .
5 6% c. 4.25 x 104 1.19 x 10 5.63 x 103
—
: A.C. 1.19 x 10 6.89 x 103 5.01 x 103
= 2% 2.21
E c. 1.65 x 104  9.38 x 103  6.76 x 103
=
A A.C. 2.10 x 104 8.02x 103 4.57 x 103
10% 2.30 y 5
c. 6.28 x 104 1.32 x 10* 5.30 x 10
Standard A.C. 1.0 1.0 1.0
Py 2.27
c. 1.0 1.0 1.0
o'
o
£ A.C. .61 .88 1.10
= 2% 2.21
c. .39 .79 1.20
>
[alY
A.C. 1.07 1.03 1.01
10% 2.30
c. 1.48 1.11 .94

* A.C. — As Compacted
C. - Conditioned
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Table 22, Number of Repetitions to Fatigue Failure and Associated Pay
Factors for Percent Passing No. 200 at 6.5% Asphalt Content,
Warren—-Scappoose Project [31].

STRAIN LEVEL

PERCENT MIX TEST
P200 BSG  CONDITION* >0 ue 100 we 130 ue
4 4 3
standard  , 4 A.C. 7.15 x 104 1.17 x 104 4.06 x 10
63 ) 4 4 3
f c. 4.50 x 104 1.28 x 10*  6.16 x 10
H
: A.C. 2.00 x 104 7.79 x 103 4.49 x 103
= 2% 2.24
g c. 2.80 x 104 1.13x 104  6.64 x 103
=
& A.C. 5.83 x 10° 2.37 x 10%  3.64 x 103
10% 2.39 -
c. 3.01 x 10°  2.13 x 10%  4.53 x 10
Standard A.C. 1.0 1.0 1.0
Py 2.30
c. 1.0 1.0 1.0
o'
(@]
£ A.C. .28 .67 1.11
= 2% 2.24
c. .62 .88 1.08
"
>
A.C. 8.15 2.03 .90
10% 2.39
c. 6.69 1.66 .74

* A.C, - As Compacted
C. — Conditioned
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Table 23. Number of Repetitions to Permanent Deformation Failure and
Associated Pay Factors for Mix Density, Warren-Scappoose
Project [31].

STRAIN LEVEL

LEVEL OF MIX TEST
COMPACTION  BSG CONDITION* 50 e 100 ue 150 ue
Seafddrd A.C. 1.55 x 107 4,55 x 106 2.08 x 105
2.39
96%
c. 1.38 x 107  3.15 x 106  1.30 x 10°
f A.C. 1.42 x 108 4.51 x 107  2.04 x 10’
& 100% 2.45
- c. 2.08 x 10°  4.87 x 108  1.83 x 108
=
E A.C. 1.42 x 10  6.92 x 10° 4.09 x 10°
= 91% 2.29 3
~ c. 2.71 x 10°  8.07 x 10° 3.81 x 10
A.C. 3.67 x 10° 2.56 x 10° 1.88 x 10°
90% 2.20
c. 1.03 x 10 3.21 x 10°  1.49 x 10°
Standard A.C. 1.0 1.0 1.0
568 2.39
c. 1.0 1.0 1.0
A.C. 9.15 9.92 9.81
o 100% 2.45
& c. 151 154 141
<
=
- A.C. .09 .15 .20
4 91% 2.29
c. .20 .26 .29
A.C. .02 .06 .09
908 2.20
c. .07 .10 12

* A.C. - As Compacted
C. - Conditioned
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Table 24. Number of Repetitions to Permanent Deformation Failure and
Associated Pay Factors for Asphalt Content Effect at 6%
Passing No. 200 and 93% Compaction, Warren-Scappoose
Project [31].

STRAIN LEVEL

ASPHALT MIX TEST
50
CONTENT BSG CONDITION* 50 ue 100 ne 150 ue
A.C. 1.42 x 10®  6.92 x 105  4.09 x 10°
Standard
2.29
- c. 2.71 x 106  8.07 x 105  3.81 x 10
=
H
. A.C. 2.30 x 10°  1.62 x 10® 1.20 x 10°
& 4.5% 2.27
g c. 1.83 x 108 8.85 x 105 5.17 x 10°
=
& A.C. 1.77 x 10%  4.84 x 10° 2.25 x 10°
6.5% 2.30 =
c. 1.22 x 108 5.29 x 10° 2.94 x 10
Standard A.C. 1.0 1.0 1.0
- 2.29
: c. 1.0 1.0 1.0
a4}
o
3 A.C. 1.62 2.34 2.93
3 4.5% 2.27
o c. .67 1.10 1.35
S
A.C. 1.25 .70 .55
6.5% 2.30
c. .45 .66 .77

* A.C. - As Compacted
C. - Conditioned
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Table 25. Number of Repetitions to Permanent Deformation Failure and
Associated Pay Factors for Percent Passing No. 200 at 4.5%
Asphalt Content, Warren-Scappoose Project [31].
STRAIN LEVEL
PERCENT MIX TEST
P200 BSG  CONDITION* >0 e 100 e 130 ue
6 6 6
St andard ; A.C. 2.30 x 10° 1.62 x 10° 1.20 x 10
2.2
2 6% c. 1.83 x 105 8.85 x 105 5.17 x 103
H
5 A.C 3.00 x 10°  4.92 > 2
e .C. . X . x 10 1.98 x 10
& 10% 2.30
E c. 1.52 x 107 1.44 x 105 4.72 x 100
&>
S 5 5 5
A.C. 6.93 x 10 3.34 x 10 1.98 x 10
2% 2,21
c. 1.49 x 10®  6.33 x 10° 3.49 x 10°
Standard A.C. 1.0 1.0 1.0
6% 2,27
C. 1.0 1.0 1.0
¥
O
o A.C. 1.30 .31 .17
= 10% 2.30
C. 8.30 1.62 .92
”
ny
A.C. .30 .21 .17
2% 2.21
cC. .81 .72 .68

* A,C., - As Compacted
C. - Conditioned
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Table 26, Number of Repetitions to Permanent Deformation Failure and
Associated Pay Factors for Percent Passing No. 200 at 6.5%
Asphalt Content, Warren-Scappoose Project [31].
STRAIN LEVEL
PERCENT MIX TEST
P200 BSG ~ CONDITION* >0 ue 100 e 130 ue
6 5 5
St andard 2 30 A.C. 1.77 x 10 4.84 x 10 2.25 x 10
6% ‘
£ C. 1.22 x 108  5.29 x 10°  2.94 x 10°
H
: A.C. 1.79 x 107  5.46 x 105 2.46 x 106
= 10% 2.39
g c. 7.00 x 107  6.69 x 10® 1.94 x 10°
=
Al A.C. 6.69 x 10° 2.95 x 10° 1.69 x 10°
2% 2.24
c. 9.42 x 10°  4.26 x 10° 2.41 x 10°
Standard A.C. 1.0 1.0 1.0
ce 2.30
C. 1.0 1.0 1.0
]
o
£ A.C. 10.1 11.3 10.9
= 108 2.39
c. 57.6 12.6 6.6
=
ny
A.C. .38 .61 .75
2% 2.24
c. .78 .81 .82

* A.C, - As Compacted
C. - Conditioned
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APPENDIX B

Regression Techniques
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Coefficient of Multiple Determination

The coefficient of multiple determination, denoted by R2, is

defined as follows:

R SSE
g2 - _SSR _ . SSE

SSTO SSTO

It measures the proportionate reduction of total variation in ¥

associated with the use of the set of X variables X1, oo, Xp-1-

0 < R2 <1

R2 assumes the value 0 when all bk =0(K=1, ... , p1). R2 takes on

the value 1 when all observations fall directly on the fitted response

surface, that is, when ¥i = vi for all i.

Inferences About Mean Responses

For given values of Xyr eee g xp_1, denoted Xp1s «e. 4 Xp,p-17 the
mean response is denoted E(Y). To estimate this mean response is
defined as follows:

1

X
hi

X2
h -

-1 ]

A

The estimated mean response corresponding to xh is denoted Yh:

Yh = th

This estimator is unbiased:
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E(Yh) = E(Y, ) XB

and its variance is:

2. 2 . ,,05, 1
o (Yh) =0 Xh(X X) Xh

~

The estimated variance Sz(Yh) is given by:

2 7 -1
S (Yh) = MSE (Xh(X X) Xh)

The 1-o confidence interval for E(Yy) is:

~

Y, - t(1—a/2;n—p)S(Yh) < E(Yh) £Y

h h
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APPENDIX C

The best set of mix variables obtained from regression analyses for

asphalt concrete samples.

Where:
NF = number of repetitions to failure
AC = asphalt content
VOIDS = air void content
#200 = ©percent passing No. 200 sieve
#10 = percent passing No. 10 sieve
AG.T = aggregate type used where
AG.T1 = 1 for marginal quality aggregate

= 0 for good quality aggregate
AG.T2 = 1 for crushed stone

= (0 for crushed gravel

R® = coefficient of multiple determination
t = t-student statistics
n = number of samples
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