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others. However, the accelerating growth of highway transportation
develops increasingly complex problems of wide interest to
highway authorities. These problems are best studied through a
coordinated program of cooperative research.

In recognition of these needs, the highway administrators of the
American Association of State Highway and Transportation
Officials initiated in 1962 an objective national highway research
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and support of the Federal Highway Administration, United States
Department of Transportation.

The Transportation Research Board of the National Research
Council was requested by the Association to administer the research
program because of the Board’s recognized objectivity and
understanding of modern research practices. The Board is uniquely
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Association of State Highway and Transportation Officials.
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submitted proposals. Administration and surveillance of research
contracts are the responsibilities of the National Research Council
and the Transportation Research Board.

The needs for highway research are many, and the National
Cooperative Highway Research Program can make significant
contributions to the solution of highway transportation problems of
mutual concern to many responsible groups. The program,
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duplicate other highway research programs.
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the Federal Highway Administration, the American Association of State
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FOREWORD
By Staff

Transportation Research
Board

This report contains the findings of a study to develop a rational method for deter-
mining the minimum level for both agency and contractor testing and inspection activ-
ities necessary to satisfactorily construct hot-mix asphaltic concrete (HMA) overlays
using the AASHTO Quality Assurance Guide Specification and the AASHTO Imple-
mentation Manual for Quality Assurance and to apply the findings of this research to
other construction activities. The minimum level of testing and inspection is defined in
this report as the minimum testing and inspection resources that should be allocated for
a given project. Satisfactorily constructing an HMA overlay is defined as meeting the
specifications which are, in turn, defined by test properties and compliance measures.
The contents of this report, therefore, will be of immediate interest to highway profes-
sionals responsible for planning, administering, and financing highway improvements;
those concerned with pavement design, management, and performance; as well as those
involved in materials and construction issues. 

The University of Wisconsin—Madison was awarded a contract to conduct
NCHRP Project 10-39A, “Testing and Inspection Levels for Hot-Mix Asphaltic Con-
crete Overlays.” The Asphalt Institute assisted the research team as a subcontractor.
The Arizona, Florida, Kentucky, Minnesota, Ohio, and Wisconsin DOTs and their con-
tractors provided project-specific testing and inspection data for the 16 HMA overlay
projects used to measure statistical properties of construction test data and document
current inspection practices. The objectives of this research were limited in scope by
those data that an agency can collect from construction tests to determine whether an
HMA overlay has been satisfactorily constructed. Actual performance data and life-
cycle cost data were not included within the scope of the research. 

The report includes recommendations for both testing and inspection levels of
HMA overlays. Specific recommendations are given for quality control, quality accep-
tance, and verification testing levels. Inspection level recommendations are provided
for important tasks and for those projects where a limited number of agency inspectors
are available. The report also provides implementation guidelines and a case applica-
tion for the research. The case application uses data from an actual project, giving
specific examples for quality control, acceptance, and verification testing levels. Devel-
opment of a list of important inspections for a project, based on attributes and available
inspectors, and description of practical applications to consider during implementation
are provided in the body of the report. A rational method is also described for deter-
mining testing and inspection levels in other areas of highway construction, based on
the results of this research project.

As of publication, recommendations in this report may not be completely com-
patible with FHWA regulations (23 CFR 637 Subpart B). The CFR applies to Federal-
aid highway projects on the National Highway System and requires independent-



sampling for verifying the quality of materials. The samples tested for verification must
be independent of quality control samples; consequently, splitting a sample would not
be permitted. The CFR does allow splitting samples for the evaluation of testing
personnel, procedures, and equipment. This report recognizes both independent- and
split-sampling, but encourages split-sampling for all scenarios, principally based on
existing guides and practice.
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This report has been developed in order to assist agencies and contractors in devel-
oping a rational method to determine the minimum level of testing and inspection activ-
ities necessary to satisfactorily construct hot-mix asphaltic concrete (HMA) overlays.
In this report, the “rational method” is defined as the steps necessary to evaluate and
prepare the testing portion of the specification. “Minimum level of testing and inspec-
tion” is defined as the minimum testing and inspection resources that should be allo-
cated for a given project. “Satisfactorily constructing an HMA overlay” is defined as
meeting the specifications which are defined by test properties and compliance
measures. Existing AASHTO quality assurance (QA) publications, specifically the
Implementation Manual for Quality Assurance and the Quality Assurance Guide Spec-
ification (1,2), provided guidance during this effort.

Current practices in QA contracting for HMA overlays have been synthesized through
a review of literature, surveys from 42 states and 61 contractors, and 40 state QA spec-
ifications. In reviewing the specifications, the researchers consistently found three fun-
damental measures for acceptance testing: (1) mix properties, (2) density, and (3)
smoothness. These measures are then linked to the pay equations, which are used to
determine the amount of contractor payment. Specifications are written that define test
properties and compliance measures and corresponding levels that are perceived to yield
a quality pavement. Most states have developed pay factors to relate construction qual-
ity with performance by financially penalizing contractors when design targets are not
met, there is excessive variation, or both.

Data were collected from 16 HMA overlay projects in six states during the 1997 con-
struction season. An experiment was conducted on these projects to measure the mean
and variation between agency and contractor laboratories with 24 split-sample tests.
Contractor quality control test data and agency acceptance and/or verification test data
were collected. Test property data included coldfeed aggregate gradation, hot-mix
plant-produced properties (aggregate gradation, asphalt content, mix volumetrics), and
density. Inspection practices and the work of individual project inspectors were docu-
mented on 13 projects.

The concept of obtaining a representative sample is reviewed with respect to HMA
overlay construction. For plant-mix samples, it is recommended that samples be collected

SUMMARY

TESTING AND INSPECTION FOR HOT-MIX 
ASPHALTIC CONCRETE OVERLAYS



behind the paver. All samples must be collected in strict accordance with random
sampling principles. If the sampling frequency is very high and there are insufficient
resources to test the samples, then it may be desirable to modify the sampling rate to
adhere to random sampling principles. Samples should be collected with the pre-
sumption that they will be tested. Agencies and contractors should obtain time esti-
mates for their specific testing procedures when determining a reasonable sampling
frequency.

For contractor quality control, a quantity-based testing frequency is recommended
for controlling coldfeed or hot-bin aggregate gradation so as to minimize aggregate par-
ticle size variation within the final mixture. A statistical comparison should be con-
ducted at the start of production, between the input and final output aggregate grada-
tion, to determine if both sampling locations provide statistically similar test results. A
formal analysis of variance was conducted to measure sources of variation found in
plant-mixing and density data. The data analysis concluded that between-day variation
is significant for both processes and that the contractor should ensure that hot-mix and
density samples be collected and tested within each day of production, rather than high-
frequency testing on periodic days. As a starting point, it was recommended that a min-
imum of n equal to 3 complete hot-mix tests be performed per day. The number of daily
tests may be increased to n equal to 4 if the same technician can perform the tests with-
out increasing costs. A rational method of determining the number of daily density tests
is provided using a standard statistical equation, which describes an increase in confi-
dence in the daily average as the number of tests increases.

For acceptance testing levels, an analysis has been conducted to determine how spec-
ification limits could be evaluated using contractor field data. It is recommended that an
agency establish a range for specification limits that results in a desired level of in situ
performance. As performance data are collected, they should be compared with the level
of contractor variability used to construct the project, and specification limits should be
adjusted accordingly. It is recommended that an analysis of normality be performed for
Quality Level Analysis (QLA) specifications using state-specific data to ensure that the
lot distribution satisfies statistical requirements. Combining material from different days
of production into a single lot, which has different statistical characteristics, can produce
lots that are not normally distributed. Many states specify quantity-based sampling using
material from different days, and it is recommended that an analysis of normality be per-
formed so that both the agency and contractor are aware of the potential consequences.
The number of samples within a lot can affect risk levels for both the agency and con-
tractor. It is recommended that states specify percent within limits as a compliance mea-
sure to evaluate sample sizes for the lot and acceptable levels of risk.

For agency verification of contractor acceptance tests, it is recommended that the
agency perform split-sample testing, rather than independent-sample testing. Split-
sample verification testing reduces the number of comparison tests and removes unnec-
essary project effects during the verification, such as materials, production, and sam-
pling variation. Equation 4.6 (discussed in Chapter 4) can be used to establish the testing
tolerances between the contractor and the state laboratories. An implementation proce-
dure was developed for the verification process that evaluates the variability between
laboratories at project start-up and compares this variability with statewide project vari-
ability. This procedure should be performed on all projects at the start of production.

Inspection levels should be designed using an evaluation of those inspections thought
to influence pavement performance significantly. The number of agency inspectors for
a particular project should be determined from the project average annual daily traffic,
tonnage, and whether agency or contractor data are used for acceptance. Contractor rec-
ommendations are based on the availability of two technicians—one at the plant, the
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other at laydown operations—with limited time allowed for inspection in addition to
routine testing functions. 

Guidelines are provided that incorporate key decisions made during the planning,
design, construction, and operation and maintenance phases of a project that affect the
selection of testing and inspection levels. Practical issues to consider when imple-
menting the research results are also recommended. Finally, recommendations for
future research are given.
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1.1 BACKGROUND

Along with various other responsibilities, state highway
agencies (agencies) must provide the public with the best high-
way facilities possible, given available resources. Tradition-
ally, agencies have engaged in extensive testing and inspection
efforts to ensure construction quality and, thereby, the satis-
factory performance of the highway facility. Although serving
the public well, such efforts consume an appreciable amount
of resources. Agencies throughout the country are reexamin-
ing current levels of testing and inspection and the manner in
which these quality assurance (QA) efforts are accomplished.

New AASHTO Joint Construction/Materials Quality Assur-
ance Task Force publications (the AASHTO Implementation
Manual for Quality Assurance and the AASHTO Quality
Assurance Guide Specification) have been developed to
improve product quality and make effective use of resources
(1,2). The researchers on this project used these documents
to develop a rational method for determining staffing levels
for inspecting and testing a specific construction activity and
to provide agencies with an ability to apply these findings to
other construction activities.

There are standard and emerging contracting methods now
available for highway construction, including Method, QA,
Design/Build, Design/Build/Operate, Warranty, and Multi-
Parameter. Each of these methods influences testing and
inspection levels and the degree of agency involvement in the
design and construction phases. This study was concerned
with QA contracting and the testing and inspection levels for
agencies and contractors necessary to satisfactorily construct
hot-mix asphaltic concrete (HMA) overlays.

1.2 RESEARCH PROBLEM STATEMENT

Achieving a high-quality HMA overlay is a primary objec-
tive of state highway agencies and contractors. An appropri-
ate level of testing and inspection is required to ensure that a
high-quality pavement has been constructed. High levels of
testing and inspection provide relatively large amounts of
data to assess pavement quality; however, this effort may be
time consuming and may not be cost-effective in the long
term. Low levels of inspection and testing appear to be more
economical, but insufficient data may make it difficult to
assess the quality of the constructed HMA overlay.

4

1.3 RESEARCH OBJECTIVE

The objectives of this research were (1) to develop a ratio-
nal method for determining the minimum level for both
agency and contractor testing and inspection activities nec-
essary to satisfactorily construct HMA overlays using the
AASHTO Implementation Manual for Quality Assurance
and the AASHTO Quality Assurance Guide Specification
and (2) to apply the findings of this research to other con-
struction activities.

The rational method was defined as the steps that should
be taken when developing the testing and inspection specifi-
cation. The minimum level of testing and inspection was
defined as the minimum testing and inspection resources that
should be allocated for a given project. Satisfactorily con-
structing an HMA overlay was defined as meeting the speci-
fications with specified test properties, test methods, compli-
ance measures, and pay equations. When a contractor received
100-percent payment, it was assumed that the contractor con-
structed the overlay as specified.

The objectives of this research are limited in scope by those
data an agency and contractor can collect from construction
tests to determine whether an HMA overlay has been satis-
factorily constructed. Actual performance data and life-cycle
cost data are not included in the scope of this research.

Figure 1.1 presents a summary of the current recom-
mended testing levels found in the AASHTO publications. 
An objective of this research is to provide a rational method 
for determining the testing levels shown in Figure 1.1. These
recommended levels are supported by data; however, in the
absence of data, a methodology based on engineering judg-
ment and consultation with industry professionals has been
applied in the form of recommended guidelines. The method-
ology developed in this report can be evaluated by the agency
and contractor and adjusted to meet the project needs prior to
implementation. 

1.4 RESEARCH APPROACH

This research was conducted in two phases. In the first phase,
the research team developed a work plan for determining test-
ing and inspection levels. Steps necessary to develop the work
plan included (1) review of relevant literature and research in
Quality Assurance (QA) for highway construction and other

CHAPTER 1
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industries, (2) review of current practices of QA programs, (3)
interviews of those individuals having experience in QA con-
tracting, (4) identification of tests and inspections thought to
ensure pavement performance, and (5) development of a pro-
cedure for determining minimum testing and inspection levels.

The second phase of research was implementing the work
plan through actual field data collection and determining min-
imum testing and inspection levels for HMA overlays. Imple-
menting the work plan involved project selection, data col-
lection and coordination with project field staff, synthesis of
project data, and analysis of the data. Recommendations were
then formulated from the data analysis to develop a process
for determining testing and inspection levels for HMA over-
lays and to describe how this process can be used for deter-
mining levels in other types of highway construction.

1.4.1 Literature Review

A literature review was conducted to identify, collect,
review, and synthesize literature and research on HMA
quality control and acceptance, including the unpublished

5

NCHRP Interim Report on Construction Testing and Inspec-
tion Levels (performed under NCHRP Project 10-39), and the
AASHTO Joint Construction/Materials Quality Assurance
Task Force publications (Implementation Manual for Quality
Assurance and Quality Assurance Guide Specification) (1,2).
This review focused on these documents as well as current
practices used in measuring and assessing HMA construction
quality. A glossary of terms relevant to this research project
is provided as Appendix A of this report. Established quality
control (QC) and QA literature external to highway construc-
tion was also reviewed to gain a greater perspective on meth-
ods for quality control and quality assurance.

A survey was conducted to understand issues relevant to
the frequency of testing and inspection by agencies and con-
tractors on HMA overlay projects. Survey forms were devel-
oped with the primary objective of understanding both quan-
titative and qualitative aspects of current QA programs,
including those factors affecting testing and inspection lev-
els for both agency and contractor perspectives.

QA specifications were collected from 40 states in conjunc-
tion with the surveys. Many of the specifications were dated

Figure 1.1. Testing frequencies recommended by AASHTO.
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1996 and were either initial drafts or revisions. A follow-up
survey was sent in 1997 to update and clarify information
received from the initial survey. These specifications were
thoroughly reviewed to gain perspective on current practices
using QA contracting to construct HMA overlays.

1.4.2 Procedure Development

A procedure was developed to provide a method for deter-
mining appropriate levels of testing and inspection for both
agencies and contractors. The review of the literature, sur-
veys, and current QA specifications was supplemented with
19 interviews with individual agency and contractor repre-
sentatives during this process. An optimization equation to
determine this level was not used, but rather the elements of
the specification that determine whether satisfactory con-
struction has been achieved were analyzed and integrated
into a process. Because the determination of testing levels is
a highly quantitative issue, several statistical methods were
used within this process.

An External Advisory Board (participants listed in Appen-
dix B of the research team’s final report) was created to pro-
vide technical assistance during the development of this
procedure. Current practices identified in the surveys and
specifications were reviewed with the Board to develop a
comprehensive understanding of current testing and inspec-
tion levels and to select a range of HMA tests thought, based
on the collective experience of the Board, to influence pave-
ment quality significantly.

1.4.3 Work Plan Design

A work plan was designed to collect field construction data
from an adequate number of actual HMA overlay projects.
The work plan specified that the construction testing and
inspection data be collected from six states, each with at least
two projects. Project selection was limited to HMA overlay
projects having sufficient project tonnage to provide at least
24 hot-mix companion split-sample tests between the con-
tractor and agency. Many QA specifications compare agency
and contractor test results—this component of the work plan
allowed an evaluation of the relationship among test results
from multiple laboratories. The work plan was not designed
to collect long-term performance data and correlate these data
with QA construction test data. Rather, the focus was on col-
lecting and analyzing construction data used to determine
whether an HMA overlay has been satisfactorily constructed.

1.4.4 Interim Report

The purpose of the interim report was to summarize the
findings from the literature review, procedure development,
and work plan design. The NCHRP panel provided a review
of the report and offered recommendations for modifying the

work plan to better achieve the research objectives. Revi-
sions were made to the work plan prior to starting the second
phase of the project.

1.4.5 Work Plan Implementation

The work plan was implemented to collect construction-
specific test and inspection data from a wide range of HMA
overlay projects. Sixteen projects were identified for the study,
with some states having more than two projects. Six states
were identified for the study: Arizona, Florida, Kentucky,
Minnesota, Ohio, and Wisconsin. At least 24 split-sample
test results were collected between the agency and contrac-
tor on these projects. A three-way split-sample comparison
was made on six projects between the agency, contractor, and
the Asphalt Institute. Inspection practices were also observed
and recorded for 13 projects.

1.4.6 Documentation and Recommendations

The testing and inspection data from 16 projects were doc-
umented and analyzed. Several statistical methods were used
in this effort in order to provide insight into the behavior of
the testing data during construction. Inspection data were
analyzed in order to understand the relationship between
input of resources and quality output. Recommendations were
developed using the data to select appropriate testing and
inspection levels for constructing HMA overlays. A method-
ology to determine appropriate testing and inspection levels
for other construction activities was developed.

1.4.7 Implementation

Recommendations were used to develop an implementa-
tion plan that follows a format to implement the findings of
this research into current practice. Guidelines were devel-
oped and a case application was provided. Practical applica-
tions that the agency and contractor must be aware of to over-
come barriers to implementing this research were given.

1.5 SUMMARY

The research team began the effort by assessing the back-
ground of the research problem and stating the research objec-
tives. The AASHTO QA publications were cited as impor-
tant documents that agencies and contractors can refer to for
methods for determining testing and inspection activities
necessary to satisfactorily construct HMA overlays. Steps
taken in the research included literature review, procedure
development, design and implementation of a work plan,
documentation, recommendations, and implementation. The
next objective of the research effort was to understand cur-
rent practices in quality control and quality assurance for
constructing HMA overlays.
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CHAPTER 2

CURRENT PRACTICE

2.1 INTRODUCTION

This chapter presents findings from current practices in
testing and inspection for HMA construction, as well as
established QC methods. The literature was reviewed spe-
cific to testing, inspection, and methods of implementing QA
into a field-level format. Survey techniques were used to
gather pertinent information from agencies and contractors
concerning current practices in QA programs. Specifications
from 40 state highway agencies were reviewed in order to
understand the working elements of the QA program. Per-
sonal interviews were conducted with 19 practitioners from
eight states to gain a greater understanding of the survey
responses and specifications, thereby allowing the research
team to develop a more detailed understanding of current QA
practices for HMA construction.

2.2 LITERATURE REVIEW

A literature and research review was conducted to find all
relevant information on testing and inspection levels for HMA
overlays. A separate review of testing literature, inspection lit-
erature, and literature on field-level implementation was per-
formed. Testing provides a quantitative description of the
work product, while inspection provides a qualitative assess-
ment of various processes, such as the condition of production
equipment and the methods used to produce a high-quality
construction product.

2.2.1 Testing Literature

Numerous QA and acceptance reports and papers using
statistical methods were collected and reviewed. Several of
the documents discussed operating characteristic curves for
assigning both seller (contractor) and buyer (owner) risks
during the acceptance or rejection of work. Literature from
HMA course manuals and industry trade publications were
also consulted. Many highway agencies refer to investiga-
tions and informal studies in an attempt to define statistical
quality control and quality assurance, but most of this work
is neither documented nor published. Although these docu-
ments provided detailed descriptions of QA and acceptance
procedures, none specifically addressed testing levels.

The AASHTO Implementation Manual for Quality Assur-
ance discusses the unit of measure for testing (1). Frequency
schedules for testing may be derived in terms of time or
quantity or both. A schedule based on quantity may yield
more samples than desired when production rates are high
and fewer samples when production rates are low or inter-
mittent. Schedules based on time yield fewer samples for
high production and more samples for low production.

Determining levels of variation of the materials and test-
ing, with respect to pay adjustments, is an important element
in the specification. With respect to variation, the specifying
agency should understand contractor process capability,
state-of-the-art recommendations, and actual product perfor-
mance history and then set acceptable ranges based on these
factors (1). Pay factors are designed to encourage quality and
be related to the loss or gain in service life of the product.
Incentive payments should be outlined to contractors to
achieve proper control of the construction process and greater
longevity of the pavement.

AASHTO Designation R9-90 has defined the variability-
known and variability-unknown methods for accepting work
quality (3). Both methods use fundamental sampling plans to
estimate the mean and standard deviation of the work. The
variability-known procedure assumes that the variability is
known and constant and evaluates the lot mean on the basis
of acceptance criteria developed using an assumed vari-
ability for the lot. The variability-unknown acceptance plan
assumes the variability of the lot to be unknown (3).

AASHTO has recommended the use of Quality Level
Analysis (QLA) specifications in both of the QA publications
(1,2). QLA-type specifications are thought to be the most sta-
tistically rigorous approach to measure compliance. They are
thought to be more beneficial to the agency and contractor,
because they provide the ability to quantify risk levels dur-
ing acceptance. A potential disadvantage of QLA is ensuring
that the sample in question meets the assumptions of a nor-
mal distribution.

A common measure for QLA-type specifications is Per-
cent Within Limits (PWL), which estimates the percentage
of the lot falling within lower and/or upper specification
limits. Percent Defective (PD) can also be used in QLA
specifications, where the percentage of the lot falling outside
the specification limits is estimated (e.g., PWL equaling
100 − PD).



The level at which an agency is willing to accept the HMA
product at full payment is referred to as the Acceptable Qual-
ity Level (AQL). The level at which an agency is willing to
reject the HMA product is the Rejectable Quality Level
(RQL). Values between the AQL and RQL are accepted, but
at reduced payment. State-of-the-practice suggests that AQL
values of PWL equalling 90 and RQL values of PWL
equalling 60 are commonly specified by agencies, and the
RQL value can vary from a low value of PWL equalling 25
to a high value of PWL equalling 80. For PWL values between
the AQL and RQL, the work is thought to have lower qual-
ity and a pay adjustment is typically assigned.

Determining the expected life and life-cycle costs of an
HMA overlay are very difficult. Prediction models have been
developed for determining the expected life, or pavement
performance, from numerous input variables. NCHRP
Report 332, “Framework for Development of Performance-
Related Specifications for Hot-Mix Asphaltic Concrete,”
used prediction models to determine pavement performance
(4). Pavement performance predictions were found with fun-
damental mixture response variables as a function of simu-
lated materials and construction (M&C) variables. The Sim-
plified Rational Pavement Design (SRPD) model developed
from AASHTO road test data was used in the analysis (5).
The SRPD model was supplemented with an Asphalt Insti-
tute equation developed to determine the dynamic modulus
from basic mix properties (6). The result of one performance
prediction concluded that conformance levels of PWL equal
to 72 and 100 percent PWL for asphalt content did not pro-
vide a good indicator of how the constructed pavement
would perform. Although the scope of the study was not to
produce models for predicting pavement performance, it
offered conceptual framework for their development. The
study revealed that one of the most difficult components of 
performance-related specifications is the economic quantifi-
cation of predicted pavement performance (4).

The FHWA report, “Cost Effectiveness of Sampling and
Testing Programs,” provided a means of establishing priori-
ties among QC tests and optimizing sampling frequencies for
each test, based on the effects of material properties mea-
sured on the long-term performance of the pavements (7).
Appropriate procedures were developed, including critical
considerations and limitations resulting from lack of suitable
stochastic models to predict performance and contractor
behavioral response to changes in testing frequency. Results
based on limited models indicated that higher frequencies of
testing than commonly used would be cost-effective,
decreasing the equivalent annual pavement costs by much
more than additional testing costs.

A study in Florida evaluated the cost-effectiveness of test-
ing procedures for HMA construction (8). An analysis was
performed to establish the probability of density test failure,
and the corresponding margin of failure, for different levels
of testing and lengths of projects. A reduction in apparent
structural strength because of density test failure was com-
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puted on the basis of relationships established between elas-
tic moduli and density. This structural deficiency was cor-
rected by an additional thickness of material sufficient to
reduce the pavement surface deflection to the same level as
that encountered in a properly constructed pavement. An
elastic layer computer program was used to determine these
additional thicknesses. The cost-effectiveness of any partic-
ular testing frequency was based on the cost of testing plus
the cost of additional material to correct for deficient density.
Results indicated that current density testing frequencies of
12 tests per mile are generally cost-effective for projects 3 to
10 mi long. Projects greater than 10 mi should reduce the fre-
quency of density testing.

The purpose of NCHRP Project 9-7, “Field Procedures
and Equipment to Implement SHRP Asphalt Specifications,”
was to establish appropriate levels of quality control for
asphalt mixtures constructed using Superpave™ equipment
(9). The study included field sampling and testing on six proj-
ects in five states. A recommendation of the study was to
perform additional sampling and testing 2 days prior to
production, using a procedure known as pre-control. Initial
production pre-control is intended to provide sufficient infor-
mation to allow the plant and project personnel to evaluate
the production of the design mixture. Within this initial phase
of control, the QC personnel attempt to control the volumet-
ric properties of the as-designed asphalt mixture. If the prop-
erties do not match the original design but are acceptable,
then changes may be made to the target values for future con-
trol. During normal production, recommended QC testing
frequencies are 5 sublots per 5,000 ft for density. No spe-
cific sampling/testing rate is recommended for the plant-
produced mix; however, the contractor should “periodi-
cally” determine laboratory air voids for control purposes.
Recommended acceptance testing frequencies for both
plant-produced mix properties and density were specified
as 5 samples per 10,000 tons, using stratified random sam-
pling procedures.

The FHWA’s “Practical Applications of Statistical Qual-
ity Control in Highway Construction” was one of the first
comprehensive publications that specifically addressed the
use of statistics to control highway construction quality (10).
The publication, primarily a course notebook for engineers
and technicians, presents principles and examples of apply-
ing statistical QC methods and describes the use of statistical
process control in highway construction. It begins by review-
ing the collection, organization, and analysis phases of QC
data. Well-established sampling, analysis, and control meth-
ods provide the reader with easily understood examples and
procedures. Methods for sampling are presented using a
workshop format that identifies features of certain sampling
methods. For example, stratified random sampling is defined
in terms of sublot sampling, because sublots are typically
used for collecting construction data. Features of the normal
probability distribution are discussed, with suggestions for
several possible inferences, if, in fact, this type of distribution



is present in the data. Procedures for developing statistical
process control charts are given, assuming the data are nor-
mally distributed.

2.2.2 Inspection Literature

Inspection as it relates to the contractor QC plan, is dis-
cussed in the AASHTO Implementation Manual for Quality
Assurance. This manual indicates that inspection is an activity
as important to QC as it is for acceptance, for both production
facilities and field observations (1). Inspection minimizes
problems in the production facility that are visually detectable,
such as stockpile or equipment maintenance practices or
needs, that may eventually affect the quality of the material
produced. The QC plan usually indicates inspection activities
that will be performed by the contractor’s QC personnel.
Agency personnel should be made aware of the importance of
this part of the program. According to world quality leaders,
such as J.M. Juran, inspection can be defined as the determi-
nation of whether a product conforms to a specification (11).

From the review of available information, this discussion
of inspection is provided for the QC plan, and not for quality
assurance. The scope of inspection becomes a function of the
QC plan by definition (quality assurance monitors the con-
tractor’s QC plan). Inspection is also a function of contrac-
tor performance. For example, a highly variable process 
is typically subject to a greater degree of inspection. Field
personnel typically “tighten inspection” when the construc-
tion process does not appear to be under control. Tightened
inspection usually results in more frequent testing.

Several sources were reviewed to create a comprehensive
listing of current inspection practices. The literature review
included manuals from AASHTO, the Federal Aviation
Administration (FAA), FHWA, the National Asphalt Pave-
ment Association (NAPA), and the U.S. Army Corps of
Engineers. These sources were selected because they were
most applicable to the HMA industry and provided com-
prehensive descriptions of the HMA construction process.
The literature review provided practical applications for
quality control, as well. 

The first document reviewed was the Hot-Mix Asphalt
Paving Handbook developed jointly by AASHTO, FAA,
FHWA, NAPA, and the U.S. Army Corps of Engineers, to
describe the production and placement of asphalt mixtures
from a practical viewpoint (12). The handbook is intended
for both agency and contractor personnel and provides an
overview of inspection levels of HMA production from
processes to inspection tasks.

The Hot-Mix Asphalt Paving Handbook was used as a
guide in developing the Hot-Mix Asphalt Construction Par-
ticipant Manual. This manual, however, is only specific to
the laydown process of HMA construction and gives specific
instructions and guidelines on important considerations for
laydown crews. This manual is the HMA construction portion
of a four-part National Asphalt Training Program developed
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by AASHTO and FHWA and includes (1) Design, Rehabili-
tation, and Maintenance of HMA Pavements, (2) HMA Mate-
rials and Mix Design, (3) HMA Production, and (4) HMA
Construction (13). This manual is intended to provide field
personnel with recommended practices to minimize difficul-
ties during construction laydown.

NAPA literature was also reviewed, including four specific
handbooks: (1) Quality Control for Hot Mix Asphalt Opera-
tions, (2) Roller Operations for Quality, (3) Paver Operations
for Quality, and (4) Field Management of Hot Mix Asphalt.
The purpose of Quality Control for Hot Mix Asphalt Opera-
tions is to assist HMA producers in establishing a QC system
that will ensure a high probability of compliance with the
specifications (14). This handbook gives information specific
to implementing a quality program in HMA production.
Paver Operations for Quality (15) and Roller Operations for
Quality (16) include information on key factors during paver
and roller operations to provide high-quality pavements that
meet specified density. 

Factors affecting the volumetric properties of HMA are
discussed in Field Management of Hot Mix Asphalt (17).
This handbook focuses on the material properties of the mix
during plant production and their effects on the final pave-
ment properties. A unique component of this handbook is 
a rating system, developed by a panel of NAPA Quality
Improvement Committee members and FHWA, to rate the
importance of specific factors affecting volumetric properties
of the mix. The rating system is shown in Table 2.1.

According to NAPA, the properties and characteristics of
the aggregate are the most important factors that affect the
HMA mix (17). One of the aggregate properties rated by
NAPA, aggregate shape, was given a rating of 10, because it
affects the air voids and voids in mineral aggregate (VMA)
in both the laboratory- and plant-produced mixes (17).

2.2.3 Field Implementation Literature

Field-level implementation requires the use of several prac-
tical applications to ensure a QA program is implemented
successfully. QC plans, checklists, daily diaries, and feedback
systems were researched through a review of nationally
accepted QC literature and HMA trade publications. 

TABLE 2.1 NAPA rating system (17)

Rating Significance 
0 No Effect 
1 Minimal Effect 
2 Little Effect 
3 Minor Effect 
4 Some Effect 
5 Moderate Effect 
6 Appreciable Effect 
7 Significant Effect 
8 Principal Effect 
9 Major Effect 

10 Dominant Effect 



2.2.3.1 QC Plans

QC planning is an integral part of enhancing awareness for
all levels of personnel involved in a project. QC plans are con-
sidered an important part of quality programs by both nation-
ally accepted QC practices and the HMA industry. Specifi-
cally for HMA construction, planning appropriate control is
one of the most effective practical applications that a con-
tractor can use to place a quality pavement. A QC plan should
state the quality policies, practices, organization, and activi-
ties that will be conducted to produce a quality product for a
project. The plan should meet product specifications through
process management and inspection (18). 

A formal planning process using a QC plan allows the con-
tractor to specify key areas during production that will require
personnel awareness. With increased awareness, it is more
likely that these areas will receive the required attention by
project staff. QC plans will change depending on agency phi-
losophy and project-specific requirements, but the format
should not change considerably for different projects. A QC
plan should be created at the beginning of a project and all
project personnel should be aware of its contents. Using cus-
tomer satisfaction as a goal, QC plans are a way for the seller
to demonstrate a commitment to quality to the customer (14). 

2.2.3.2 Checklists

Checklists provide a constant reminder of inspection tasks
to be completed. A checklist is defined as a tool to ensure that
all important steps or actions in an operation have been taken
(19). These steps or actions are listed so that inspectors know
which inspection tasks must be performed at a specific loca-
tion. This approach is useful for HMA inspection because, in
most cases, inspection processes do not require the attention
of an inspector for an entire day. It is possible to perform
inspections during one process for a short period and then
move on to another process. A “patrol beat” can be used over
multiple production areas to better allocate the time of one
inspector (11). A patrol beat consists of several inspection
tasks during different processes that do not require an inspec-
tor to monitor production at all times. Because the inspection
tasks usually require a brief visual inspection, one inspector
can cover several areas. This type of inspection is needed for
projects where only one agency inspector is available and
time must be split between the plant and laydown. Checklists
are especially helpful for this type of inspection to ensure that
no required inspection tasks are overlooked. 

For a checklist to be useful, it must be in the proper for-
mat. According to QC literature and HMA trade publica-
tions, some of the suggested checklist characteristics are as
follows (12,14):

• Standardized form;
• Clear and simple form to ease recording;
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• Appropriate spacing for recording;
• Clear directions for correct use of the form; and
• Ample space for recording the project number and loca-

tion, weather conditions, signature, date, and remarks.

2.2.3.3 Daily Diaries 

Daily diaries are necessary for field-level implementation
of a quality program. They provide a way to record informa-
tion regarding daily project conditions that enable project
staff to later understand the project conditions of a specific
day. Daily diaries require a systematic approach to ensure
that documented information can be used effectively at a
later time. Diaries should also include items such as changes
that occur during operation, different or unusual events on a
project, visitors to a project, and reasons for paving delays
(e.g., breakdown or weather). Diaries should be updated
twice per day, usually at the middle and end of the work day.
The recorded data should be detailed and include the date and
location of paving, names and titles of people involved in any
discussion, the topics discussed, and outcomes of the discus-
sions (12). The diaries should be employee-specific, and the
level of detail noted should depend on an employee’s duties
and location.

Checklists and daily diaries provide a standardized way to
document data regarding the HMA construction process.
They are important for reference in cases of contractor and
agency disputes, as well as follow-up research to understand
pavement performance. The data recorded can then be used
by project staff for the feedback that is necessary for process
control and improvements during construction. 

2.2.3.4 Feedback System

A feedback system is important in implementing a QC and
QA program. Decision-makers need to know what is occur-
ring, to have “feedback,” in order to decide if corrective
action should be taken (11). Feedback requires project per-
sonnel to communicate project concerns with one another. If
changes to an earlier process in production are required,
based on the output of a later process, field personnel aware
of the required changes must provide the feedback needed for
correction. For example, if segregation is a problem during
laydown, there is probably a problem in the plant-mixing or
mix-transport processes. The paving inspectors would com-
municate this information, which could result in an evalua-
tion of the truck loading method or plant-mixing operations
to determine the source of segregation. 

Feedback is also input from a customer relative to the effect
of the product. A feedback loop is a systematic sequence for
communicating information on process performance as an
input to maintenance of process stability (20). For HMA con-
struction, the customer could be any member of the project staff



who receives output from another process. For example, a cus-
tomer could be a paving crewmember who receives mix from
the truck as the mix is delivered. Any input that the paving
crewmember would communicate regarding the quality of the
mix received would be feedback and part of the feedback loop.

For feedback to have an effect on HMA production, a sys-
tem must be established. Figure 2.1 shows a feedback loop
that relates information about outputs back to the input stage
for process analysis (21). This figure could be applied to
HMA construction to identify the source of segregation dur-
ing production. Input would be the HMA mix as it is deliv-
ered to the paver; however, the process would be laydown
and the output would be the mix directly behind the paver. If
segregation is detected, the feedback loop should be com-
pleted by the paving inspector who would inform the person
who can adjust the input (delivered mix) and eliminate the
segregation before it is delivered to the paver. It is also pos-
sible that the segregation is caused by paver stoppage, which
would require informing the paver operator of the problem.

Without feedback from personnel at laydown, mix plant, or
trucking operations, there is no way of correcting the segre-
gated mix. If feedback is used effectively, all parties involved
in the quality system should have up-to-date information on
defects and corrective actions. This will lead to improve-
ments in the process, resulting in a better quality product.
Improved feedback can lead to improved HMA construction,
resulting in a higher quality pavement. 

2.3 SURVEY FINDINGS

A survey was conducted to collect information about cur-
rent QC and QA practices among agencies and contractors.
The survey requested both quantitative and qualitative aspects
of current QA programs. A mailing list was established for
50 state highway agency representatives by using the mem-
bership list of the AASHTO Highway Subcommittee on
Materials, and a list of 269 contractors was provided from 
14 state HMA contractor associations. In some cases, the
same contractor was listed, but a separate company division
or asphalt plant was provided. Sample surveys are provided
in Appendix C of the research team’s final report.

A total of 42 agency and 61 contractor surveys were
returned. Table 2.2 summarizes three basic attributes from the
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agency surveys: (1) contractor requirements, (2) project
resources, and (3) acceptance testing. Contractor data from a
similar survey are summarized in parallel to the agency data in
Table 2.2.

2.3.1 Contractor Requirements

A greater percentage of states are requiring certification of
contractor technicians (36 of 42 states). Of these 36 states, 27
use agency programs, 3 use the National Institute for Certifi-
cation in Engineering Technologies (NICET), 3 use the New
England Transportation Technological Certification Program
(NETTCP), 2 have contractor association programs, and 1
uses a university program. Although certification may seem
an obvious component of a QA program, the importance of
formal training and education for those responsible for field-
level decision making must not be overlooked.

Most states are requiring the contractor to perform mix
designs (i.e., 36 of 42) and provide QC plans (i.e., 34 of 40).
The QC plan serves as a critical component of the QA pro-
gram by providing the agency and contractor with a docu-
ment outlining those tests or production processes that will
be conducted and monitored during construction. A typical
QC plan contains the types and frequencies of tests and
inspections, methods for material storage and handling, a list
of personnel responsible for various QC functions, and meth-
ods to ensure that testing equipment complies with testing
standards.

2.3.2 Project Resources

With the current trend of agency downsizing, time and
cost initially were thought to be a major factor in determin-
ing testing levels. However, only 5 of 35 states identified
time and cost as factors. Agency-estimated contractor costs
for quality control ranged from $0.30 to $2.00 per ton of mix,
depending on construction markets and project size mea-
sured in tons. Contractor cost as a percentage of the total
project cost ranged from 0.5 to 10 percent, with an average
of 2 percent provided in the surveys.

Agency staffing levels in 11 of 42 states have been used to
set testing levels. Current staffing levels for a typical QA
project were provided by 31 agencies and 58 contractors.
Agencies are generally staffing two field personnel—with
one at the mix plant and the other at laydown operations.
These agency personnel work from 6 to 8 hr per day, while
contractor personnel work about 10 hr per day. Contractors
are staffing two to four field personnel on the average QA
project, with a minimum of one person assigned to the mix
plant (QC laboratory) and one person to laydown operations
to measure pavement density. An additional person may be
included to assist with laboratory testing and monitoring of
aggregate stockpiles. Most contractors have a QC manager
who supports the plant and laydown personnel.Figure 2.1. Feedback loop (21).



Four project factors were evaluated as factors to waive or
increase current testing and inspection levels: (1) traffic vol-
ume, (2) project tonnage, (3) overlay thickness, and (4) exist-
ing base material. Most of the states (i.e., 22 of 30) waive
testing and inspection requirements for small tonnage proj-
ects (i.e., less than 500 tons), while three responses were
given for the other factors. Contractors responded that 500 to
1,000 Annual Average Daily Traffic (AADT), tonnage less
than 500 tons, overlay thickness less than 25 mm, and con-
crete crack-and-seat projects should waive testing. Contrac-
tors also thought that the four project factors should increase
testing and inspection, but the quantitative measures of these
attributes varied considerably. Typically, more testing is con-
ducted during the beginning of HMA production, and either
agencies specify the increase (as was true for 10 of 31) or
contractors initiate an increase in testing.

2.3.3 Acceptance Testing

As agencies have continued downsizing, there has been an
increased use of contractor test results for acceptance. The
surveys found that 27 of 42 states (64 percent ) are specify-
ing contractor acceptance tests. A smaller number of states
have preferred to keep the roles of contractor QC testing and
agency acceptance testing independent of each other. In either
case, the agency is responsible for overall quality assurance
and acceptance of the work.

Two methods are available to verify test results between the
contractor and agency: (1) split-sampling and (2) independent-
sampling. The surveys found that some states are specifying
both methods for verifying test results, as shown by the high
frequency of responses. Many of the states are using split
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samples for verification (i.e., 29 of 42), and a near-equal num-
ber are using independent samples (i.e., 20 of 42). The benefit
of split-sampling is to avoid unnecessary project effects when
comparing tests, such as the effects of sampling from differ-
ent locations within a truck box or mat and sampling at differ-
ent times during production. Independent-sampling allows the
contractor and agency to conduct the sampling process inde-
pendent of each other.

Another important finding was the widespread use of pay
adjustments, where 39 of 41 states (95 percent) are imple-
menting some form of contractor pay adjustment. Most of the
states have implemented dispute resolution systems for the
acceptance and pay adjustment process (i.e., 33 of 42). These
systems provide a methodical, expedient approach to resolve
discrepancies with testing data.

2.4 QA SPECIFICATIONS

QA specifications were collected from 40 states in conjunc-
tion with the surveys. Many of the specifications were dated
1996 and were either initial drafts or revisions. A follow-up
survey was sent in 1997 to update and clarify information
received from the initial survey. The information from these
specifications was divided into two categories: (1) accep-
tance testing and (2) pay adjustments.

2.4.1 Acceptance Testing

After reviewing the specifications, the research team found
that the specifications consistently included three fundamental
measures for acceptance testing: (1) mix properties, (2) den-

TABLE 2.2 Agency surveys

    Total 
 Attribute  Yes No Respondinga 

 Contractor Requirements 
 Technician certification required 36 6 42 
 Contractor provides mix design 36 6 42 
 Contractor QC Plan required 34 6 40 
 Project Resources 
 Required time and cost determine testing levels 5 30 35 
 Staffing determines testing levels 11 31 42 
 Waive testing for small tonnage (< 500 tons) 22 8 30 
 Adjust testing levels during production 10 31 41 
 Acceptance Testing 
 Contractor tests used for acceptance 27 15 42 
 Split-samples used for verification 29 13 42 
 Independent-samples used for verification  20 22 42 
 Pay adjustments 39 2 41 
 Dispute Resolution System 33 9 42 
 aWhen the total number responding is less than 42, this means that 

   some agencies did not provide a response.  



sity, and (3) smoothness. These measures describe overall
pavement quality by measuring, respectively, the HMA mate-
rial composition, the densification of the material to withstand
repeated loading, and ride quality. Whether viewed indepen-
dently or collectively, these measures describe the quality
level achieved during the construction. A synthesis of raw data
collected from the state specifications is provided in Appendix
D of the research team’s final report.

Five different measures are being used to determine spec-
ification compliance: (1) Average, (2) Quality Level Analy-
sis, (3) Average Absolute Deviation, (4) Moving Average,
and (5) Range. Table 2.3 provides the characteristics of these
compliance measures along with supporting equations. Each
of these measures uses different statistical characteristics to
estimate the material properties.

Sublots and lots are used to define the amount of material
for each acceptance decision. The lot is composed of several
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equal-size sublots, to allow efficient sampling under often-
changing construction conditions. Figure 2.2 provides an
example of four 1,000-ton sublots used to create one 4,000-ton
lot. Within each sublot, two samples are randomly chosen.

2.4.1.1 Mix Properties

Table 2.4 provides the acceptance attributes for mix prop-
erties for 40 states. There are three primary tests for mix
properties: (1) aggregate gradation, (2) asphalt content, and
(3) mix volumetrics (e.g., air voids and VMA). Most states
are using tonnage to define sublot and lot sizes. Sublot sizes
range from 1 test per 500 tons to 1 test per 2,000 tons. The
next most common measure for sublots and lots is time,
where sublots are in increments of 3 hr and lot sizes range
from 1 to 4 samples per day. A variable lot size is specified

TABLE 2.3 Characteristics of compliance measures

Compliance 
Measure 

Characteristics 
 

Equation 
 

Average • Arithmetic average of tests 
• Variation must be known because it 

determines how accurately the 
average can be estimated from a 
given sample size. 

• A confidence interval should be 
constructed to describe the interval 
of the mean that can be found at a 
specified probability level. 

C. I.  =   zα / 2  
n

2σ
 

where, 
C.I. = Confidence Interval of mean; 
zα / 2  = standardized statistic; 

σ2 = known variance; and 
n = number of tests. 

Quality 
Level 
Analysis 

• Estimate PWL or PD using the 
sample mean and standard deviation. 

• Using the interrelationship of the 
mean and standard deviation to 
estimate PWL or PD develops a 
distribution of the process. 

• Quality indexes for the upper and 
lower specification limits are first 
calculated (QU and QL) then applied 
to statistical tables to determine the 
estimated PWL or PD. 

    QU = 
s

XUSL )( −
 

 

    QL = 
s

LSLX )( −
 

 
where, 
USL = Upper Specification Limit; 
LSL = Lower Specification Limit; 

X  = sample mean; and 
s = sample standard deviation. 

Absolute 
Average 
Deviation 

• Average of absolute deviations from 
a target value, typically the JMF 
design value. 

• Specifications are currently 
structured to allow greater 
cumulative deviations from the 
target for smaller sample sizes.   

∆  =  Σ X - TV  
      n 
where, 
∆ = average absolute deviation; 
X = individual test result; 
TV = Target value; and 
n = number of tests. 

Moving 
Average 

• Measures the arithmetic moving 
average of several consecutive tests. 

• Evaluates changes or trends in the 
moving average relative to target 
values or specification limits. 

X  =   Σ X 
  n 
where, 

X  = sample mean; 
X = individual test result; and 
n = number of tests. 

Range • Measures the arithmetic range of 
tests. 

• Compares the range of values to 
specification limits, but does not 
compute the distribution of this 
range. 

Range = Max − Min 
 
where, 
Max = Maximum test value; and 
Min = Minimum test value. 
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Figure 2.2. Configuration of sublot and lot for acceptance.

TABLE 2.4 Mix property acceptance attributes for 40 states

  Number of States Specifying 
  Aggregate Asphalt Mix 
 Attribute Gradation Content Volumetrics 
 Sublot Size 
 1 per 500 tons to 1 per 900 tons 12 17 9 
 1 per 1,000 tons to 1 per 2,000 tons 12 10 15 
 1 per 3 hours 2 

2 

6 5 
 4 samples 1 1 0 
 Variable 2 2 
 Lot Size 
 1 per 500 to 5 per 6,000 tons 13 17 15 
 1 to 4 per day 7 11 7 
 4 Sublots 2 

1
2 1 

 Project 1 0 
 Total per Mix Design 4 

2
0
0

4 3 
 Variable 2 2 
 Cumulative 1 1 
 Continuous 1 0 
 Sampling Locationa 

 Coldfeeds or Hot Bins 17 

15 

0 0 
 Plant Discharge 4 7 4 
 Truck 19 15 
 Windrow 2 1 
 Volume Analysis 1 

1 

9
2 0 

 Mat 11 9 
 Asphalt Content Testing Methodsb 

 Extraction - 20 - 
 Nuclear Gauge - 20 - 
 Ignition Oven - 18 - 
 Plant Record - 11 - 
 Tank Stickings - 9 - 
 Specific Gravity - 4 - 
 Compliance Measurec 

 Quality Level Analysis 13 14 10 
 Absolute Average Deviation 7 8 7 
 Moving Average 6 

5
3

7 6 
 Average 6 2 
 Range 3 3 
 aStates may specify multiple locations for aggregate gradation and asphalt content. 
 bStates may specify multiple testing options for asphalt content. 
 cOne or more compliance measures may be specified within a state 
    (i.e., may vary by property being tested). 



by some states, where the amount of material produced for a
given day defines the lot. Asphalt content is more frequently
tested than aggregate gradation or mix volumetrics for both
sublots and lots.

Hot-mix samples taken from the truck box are the most
commonly specified location for sampling. Seventeen states
are specifying coldfeed belt samples for acceptance of aggre-
gate gradation. More of the states are specifying the aggre-
gate gradation test for hot-mix samples at various sampling
locations. Fewer states are sampling material for aggregate
gradation and asphalt content at plant discharge (after mix-
ing and before either storage or placement in haul trucks).
Laydown operations are a frequent location for collecting
hot-mix samples, with 2 states using the windrow and 
11 states choosing a location behind the paver. 

Equal numbers of states are specifying solvent extraction
and the nuclear asphalt content gauge (NACG) test procedures
to determine asphalt content (20 states each). It is expected that
the industry will move more toward greater use of the ignition
oven (18 states) because of environmental and safety concerns
when using chemical solvents, a significant reduction in test-
ing time, and reported improvements in testing precision.
Additionally, the ignition oven has an advantage over the
NACG because aggregate gradation can be determined from
the burned sample. Plant recordation (11 states) and tank stick-
ings (9 states) continue to be specified as methods to determine
asphalt content. Back calculation of asphalt content using the
specific gravity of the mix is used in four states.

Quality Level Analysis was the most frequently specified
compliance measure for the three primary mix properties.
Absolute Average Deviation was followed closely by Mov-
ing Average as the next most common methods for measur-
ing specification compliance. Average and Range methods
were less frequently used.

2.4.1.2 Density

Table 2.5 provides the acceptance attributes for density
among 40 states. Similar to plant-produced mix properties,
more of the states are using tonnage for sublots (19 states)
and lots (17 states). Sublot sizes range from one test per 
80 tons to one test per 1,500 tons. Other specified sublot and
lot sizes include length, time, and area. Sublot length varied
from 330 to 660 yards, time for sublots and lots ranged from
1 to 5 per day, and area included a 2,000-yd2 (1,672-m2)
sublot and 5,000-yd2 (4,200-m2) lot.

Methods to sample pavement density include core samples
(15 states), nuclear density readings (16 states), and correct-
ing the nuclear density readings to core samples (10 states),
with the number of correction tests ranging from 3 to 12.
ASTM D2950-91, “Standard Test Method for Density of
Bituminous Concrete in Place by Nuclear Methods,” recom-
mends that at least seven core densities and seven nuclear
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densities be used to establish a conversion factor (22). The
standard recommends that a new conversion factor be estab-
lished any time a change is made in the paving mixture or in
the construction process.

Density is calculated using several procedures, including
Theoretical Maximum Density (TMD), Laboratory Maxi-
mum Density (LMD), test strip, and roadway voids. TMD is
specified in 32 states, while 9 states specify LMD, and 8
states use test strip density. It is expected that more states will
use TMD because Superpave testing protocols use this value
for mix volumetric analysis. As is true for plant-produced
mix properties, Quality Level Analysis is the most common
compliance measure for density (20 states). The Average
method is next most common (8 states), followed by Range
(4 states), Absolute Average Deviation (3 states), and Mov-
ing Average (3 states).

2.4.1.3 Smoothness

Table 2.6 lists the acceptance attributes for pavement
smoothness for 26 states (14 of the 40 states did not provide

TABLE 2.5 Density acceptance attributes for 40 states
  Number of States 
 Attribute Specifying 
 Sublot Size 
 1 per 80 to 1 per 1,500 tons (1,360 Mtons) 19 
 330 to 660 yards (300 to 600 meters) 5 
 1 to 5 per day 4 
 Square yards 1 
 Square meters 1 

1 
9

 Variable  
 None
 Lot Size 
 1 per 400 to 1 per 6,000 tons 17 
 5 to 10 per day 11 
 330 to 1760 feet (300 to 1,500 meters) 5 
 Total Per Mix Design 4 
 1 per shift 1 

1 
1 

 Cumulative
 Variable  
 Sampling Method  
 Nuclear Gauge 16 
 Core  15 
 Nuclear Gauge corrected to Corea 9 
 Referenceb,c 

 Theoretical Maximum Density 32 
 Laboratory Maximum Density 9 
 Test Strip 8 
 Compliance Measureb,d 

 Quality Level Analysis 20 
 Average
 Range
 Moving Average 3 

4
8

 Average Absolute Deviation 3 
 aNumber of cores for correcting nuclear readings ranged from 3 to 12. 
 bWhen the total number is less than 40, this means that some agencies 
   did not provide a response.  
 cStates may specify multiple options as a density reference.  
 dStates may specify multiple options for compliance.  



smoothness acceptance specifications). States are primarily
specifying length as a sublot size (12 states) and the total proj-
ect as the lot size (12 states). The 1/0.1-mi sublot size is most
common (9 states); this size is also found in the AASHTO
Quality Assurance Guide Specification (2).

The most common methods to measure acceptance of
pavement smoothness are the California Profilograph (12
states) and regular straightedge (6 states). Other specified
methods include profilometer (3 states), rolling straightedge
(2 states), and Mays Ride Meter (1 state). The Profile Index
is the most common measure for determining smoothness
compliance, with 16 states specifying this method. Surface
Variation measures are also specified (6 states), where the
rate of defects over a certain distance are determined. Qual-
ity Level Analysis has been specified as a smoothness com-
pliance measure in one state.

2.4.2 Pay Adjustments

Pay adjustments have become an integral part of many
QA specifications. Table 2.7 lists attributes from pay factors
from 40 state specifications. The surveys found that 95 per-
cent of states apply some type of pay adjustment to the level
of quality measured by the test results. In theory, pay adjust-
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ments are the difference between life-cycle costs from design
and actual life-cycle costs from as-built construction. It is
assumed that the pay adjustment quantifies the difference in
reduced service life and an increase in the life-cycle costs.

There are many attributes to consider when making pay
adjustments, including the type of adjustment and the method
of combining or selecting the various construction tests. Pay
adjustments have been developed for plant-produced mix
properties (aggregate gradation, asphalt content, and mix
volumetrics) and construction tests (pavement density and
smoothness). The most common aggregate sieve size used
for payment was the 75 µm sieve (25 states). The next most
commonly specified sieve sizes are 4.75 mm and 2.36 mm,
where these sieves define the particle size between coarse
and fine aggregates. Many states specify both sieve sizes in
their specifications. Percent of TMD is primarily used for
payment of in-place density (29 states), agreeing with an
earlier finding in the specifications where 32 states used
TMD as a density reference value. Profile Index is used in
16 states, concurring with an earlier review of smoothness
specifications.

TABLE 2.6 Smoothness acceptance attributes for 26 states

  Number of States 
 Attribute Specifyinga 

 Sublot Size 
 1 per 0.1 mile 9 
 1 per 100 feet (100 meters) 3 
 1 per day 1 
 10 per day 1 
 1 per 200 tons 1 

1  Section
 Lot Size 
 Total Project 12 
 1 per day 3 
 1 per mile 2 
 1 per 2,500 feet 1 
 1 per 160 feet 1 
 1 per 1,000 tons 1 
 Sampling Methodb 

 California Profilograph 12 
 Regular Straightedge 6 
 Profilometer
 Rolling Straightedge 2 

3

 Mays Ride Meter 1 
 Compliance Measures 
 Profile Index 16 
 Surface Variation 6 
 Quality Level Analysis 1 
 aWhen the total number is less than 26, this means that  
   some agencies did not provide a response.  
 bStates may use multiple methods for sampling.  

TABLE 2.7 Pay adjustment attributes for 40 states

  Number of States 
 Attribute Specifying 

 Type of Adjustment 
 Factor 36 
 Fixed Rate 4 
 Bonus 21a 

 Aggregate Gradation Sieve Sizes 
 12.5mm (1/2") 15 
 9.5mm (3/8") 15 
 4.75mm (#4) 17 
 2.36mm (#8) 18 
 2.07mm (#10) 10 
 1.18mm (#16) 7 
 600 m (#30) 10 
 450 m (#40) 10 
 300 m (#50) 10 
 75 m (#200) 25 
 Asphalt and Mixture Properties 
 Asphalt Content 31 
 Air Voids 16 
 Voids in Mineral Aggregate 7 
 Stability 2 
 Voids Filled with Asphalt 1 
 Asphalt Penetration 1 
 Anti-Strip Additive 1 
 Moisture Content 1 
 Theoretical Maximum Density 1 

 Density 
 Percent Theoretical Maximum Density 29 
 Percent Test Strip Density 6 
 Percent Laboratory Maximum Density 4 

 Smoothness 
 Profile Index 16 
 Rolling Straightedge 1 
 Profilometer/Mays Meter 1 
 Method of Combination 
 Weightedb 25 
 Minimumc 12 
 aBonus provision is contained within the Factor or Fixed Rate. 
 bWeights summing to 1.0 are multiplied to each property then summed.  
 cMinimum individual pay factor of all measured properties is used.  



The two primary methods for making a pay adjustment are
the factor (or multiplier) and the fixed rate. The factor was
the most common (i.e., 36 of 40 states) and applies a prede-
termined pay percentage to the bid price, based on measured
quality from the test results. Table 2.8 provides an example
of a pay factor table for density where 10 cores are sampled
for each daily lot.

Four of 40 states use a fixed-rate adjustment that varies
with the measured quality level, but does not use a percent-
age to adjust payment. A fixed-rate adjustment is applied
based on the measured quality level, regardless of bid price.
Table 2.9 provides an example of a fixed-rate table for air
voids. Slightly more than one-half of the reviewed specifica-
tions (i.e., 21 of 40) have bonuses. Bonus adjustments are
typically found with QLA-type specifications where work
having an estimated PWL greater than 90 is awarded a bonus.

Several states are implementing pay factor equations,
where a linear or non-linear equation is developed between
the level of quality and payment. These equations are com-
mon for QLA-type specifications that measure a percentage
of material within lower and/or upper specification limits
(PWL). Table 2.10 provides several linear pay factor equa-
tions from the specifications, including the test property,
sample size, and RQL assigned to the equations.

Most states are using weighted values to determine the pay
factor for a lot (25 of 38), where weights that sum to 1.0 are
multiplied to individual pay components then added. However,
there has been variation of the coefficients assigned and no con-
sensus given to the individual equation components. AASHTO
refers to these weighted-type pay adjustments as Composite
Pay Factors (1). The minimum individual pay adjustment
within a lot is specified by 12 states. For example, if asphalt
content and density are a minimum PWL equalling 90 and
laboratory-measured air voids are PWL equalling 80, the min-
imum value of PWL equalling 80 is assigned for payment.

2.5 PERSONAL INTERVIEWS

Personal interviews were conducted in order to character-
ize the working practices for applying QA specifications. The
interviews allowed more “why” questions to be asked than
are possible with questionnaire surveys and QA specifica-
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Average of 10 Cores 
within a lot, % 

Pay Factor 

97.0 or greater 
96.0 to 96.9 
92.0 to 95.9 
91.0 to 91.9 
90.0 to 90.9 
89.0 to 89.9 

Less than 89.0 

0.60 
0.94 
1.00 
0.94 
0.88 
0.70 
0.60 

TABLE 2.8 Pay factor for density using a multiplier (Ohio
DOT)

Percent Within Limits, % Fixed Rate, $/ton 
100 

95-99 
90-94 
85-89 
80-84 
75-79 
70-74 
65-69 
60-64 
55-59 
50-54 

+1.00 
+0.50 
0.00 
-0.25 
-0.50 
-0.75 
-1.00 
-1.25 
-1.50 
-2.00 
-2.50 

TABLE 2.9 Pay factor for air voids using a fixed rate
(Arizona DOT)

tions. Given the wide variety of specifications and current
practices, personal interviews provide focus on a few agency
and contractor representatives with substantial experience in
QA contracting.

Telephone and field interviews were conducted in 8 states
with representatives from 5 agencies and 14 contractors. The
Midwest interviews were conducted with representatives
from Illinois, Indiana, Iowa, Michigan, and Ohio. In the
Southeast, interviews were conducted with representatives
from Alabama, Florida, and Georgia. These two regions were
chosen because they produced a high concentration of survey
responses from both agencies and contractors, both parties
had working experience with their respective QA programs,
and considerable information was attainable from concen-
trated areas within research time limitations.

Both subjective and objective information was collected
from these interviews, including opinions on the current
program, successes and setbacks, current staffing levels,
cost data, testing time data, and historical production data.
The interviews conducted in the Midwest and Southeast are
summarized in Appendix E of the research team’s final report.
Important findings from these interviews were that agencies
are limited by the number of on-site inspectors and the capac-
ity to perform tests. Contractors generally assign one or two
laboratory technicians at the plant and one density technician
at laydown operations for each project. Contractors provide a
full-time QC Manager to manage the company QC program
and oversee the project technicians.

2.6 SUMMARY

Several areas of current practices in testing and inspection
for HMA construction were researched. It was determined
during the research that a common group of construction tests
and inspections are thought to affect pavement quality. Spec-
ifications are written to require that these construction tests
conform to levels thought to ensure pavement performance.



The specifications also encourage contractors to achieve
design target levels with minimal variation. Pay factors have
been developed to relate construction quality with perfor-
mance by financially penalizing contractors when design tar-
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gets are not met and/or there is excessive variation. Informa-
tion gathered during the review of current practices provided
necessary background for developing the work plan to deter-
mine minimum testing and inspection levels.

TABLE 2.10 Pay factor equations

State 
 

Pay Equation 
 

Test 
Property 

Sample Size, 
n 

RQL, 
PWL 

New Jersey PF= 102 – 0.2×PD 
PF = 10 + 1.0×PWLa 

Density  5 50 

New Mexico PF = 55 + 0.5×PWL AG, AC, AV, 
Density  

3 (minimum) 60 

60 

New York PF = 21.7 + 0.833×PWL (PWL≥94) 
PF = 57.8 + 0.499×PWL (PWL<94) 

Density  4 5b 

South Dakota PF = 55 + 0.5×PWL AG, AC, AV, 
VMA, Density 

5 

Vermont PF = 83 + 0.2×PWL AV  3 (minimum) 50 
Virginia PF = 55 + 0.5×PWL AC, AV, VMA 4 40 
AG = Aggregate Gradation 
AC = Asphalt Content 
AV = Air Voids 
VMA = Voids in Mineral Aggregate 
aEquation given as an example in the specification only. 
bRemove and replace for material PWL < 5. 
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CHAPTER 3 

WORK PLAN AND DATA COLLECTION

3.1 INTRODUCTION

The objective of this research was to develop a rational
method to determine the minimum level of testing and inspec-
tion activities necessary to satisfactorily construct HMA over-
lays. Earlier, the rational method was defined as the steps that
should be taken when developing the testing specification.
The minimum level of testing and inspection was defined as
the minimum testing and inspection resources that should be
allocated for a given project. Satisfactorily constructing an
HMA overlay was defined as meeting the specifications with
specified test properties, test methods, and compliance mea-
sures. This chapter describes the data collection process used
to address the research objective and these definitions.

Data to determine minimum testing and inspection levels
were collected and analyzed for those elements of the spec-
ification thought to be indicators of satisfactory construc-
tion. However, as illustrated in the review of current prac-
tices, satisfactory construction and the precise definition of
construction quality vary among state highway agencies and
contractors. A review of 40 state QA specifications found
that different test properties are specified (i.e., aggregate
gradation, asphalt content, mix volumetrics, and/or density),
different test methods are used for these properties (i.e., spec-
ifying either core samples or nuclear density gauges to deter-
mine density), and different compliance measures are used to
describe the work statistically and to assign an appropriate
pay factor. As an illustration, one state may believe a satis-
factory level of quality is achieved when tests for the 75 µm
sieve are within Job Mix Formula (JMF) limits of ±1.5 per-
cent (South Dakota), while another state may use JMF limits
of ±2.0 percent (Florida). Given this variation, the premise of
achieving specification requirements appears to be a logical
interpretation shared among agencies and contractors, since
specifications describe in detail what is necessary to achieve
the spirit of quality construction.

The work plan was designed to collect data from actual
QA specifications. New QA specification data were needed
because limited knowledge of inspection, sampling, and test-
ing provided by historical data constrained the analysis capa-
bility. New data provided detailed accounts of inspection
activities and sampling and testing procedures operating
under existing QA specifications. Data collected during exe-
cution of the work plan were specific to construction.

New data provided a statistically sound experimental design
to compare the mean and variation between agency and con-
tractor laboratories (or a hired consultant working for either
the agency or contractor). The review of current practices
found that states specifying contractor data for acceptance
perform verification testing for hot-mix samples using split
samples, independent samples, or both. The work plan spec-
ified 24 split samples between the agency and contractor to
determine the testing variation found when comparing split-
sample test results on actual projects. This sample size pro-
vided a reliable estimate for the distribution of differences
across a project. To further enhance the split-sample data, the
Asphalt Institute was contracted to conduct three-way split-
sampling on six projects.

3.2 PROJECTS

A total of 16 HMA overlay projects were obtained for data
collection in six states. The basic attributes of each project,
including mix design, existing base, length, and tonnage, are
provided in Table 3.1. Appendix F of the research team’s
final report provides a detailed description of each project.

Other states contacted during the study were California,
Colorado, Georgia, Maryland, North Carolina, South Car-
olina, South Dakota, Tennessee, Utah, and Virginia. Each state
was evaluated in order to determine whether the agency and
contractor had resources to participate in the study; several
issues precluded the use of some states, such as interference
with standard project functions and commitment of additional
resources for increased testing. Each project included split-
sample testing between the agency and contractor. Although
many of the projects had the minimum of 24 split samples,
some projects were unable to meet this requirement because
of inherent project factors.

Project statistics are summarized in Appendix G of the
research team’s final report. The tables in Appendix G of the
research team’s final report provide the mean and standard
deviation from the different laboratories on each project.
Also provided are the summary statistics from the 24 split
samples on each project. On some projects, 24 tests could not
be obtained, while other projects had more than 24 tests.

The asphalt binder test data, conducted at the University of
Wisconsin–Madison Bituminous Material Testing Laboratory,



are summarized in Appendix H of the research team’s final
report. Asphalt binder samples were collected for 6 days of
production on six projects; however, study resources limited
testing to three projects. The raw data from asphalt binder test-
ing are provided, as well as basic statistics.

3.3 TEST SELECTION

Tests were selected from the four construction processes
that significantly influence quality. Testing and inspection of
HMA can occur within the four construction processes
provided earlier in Figure 1.1. These phases occur in the fol-
lowing sequence:

1. Materials,
2. Plant Mixing,
3. Mix Transport and Laydown, and
4. Compaction. 

The selected tests were standard to construction, rather than
non-standard tests such as L.A. abrasion and permeability.
Table 3.2 summarizes the tests selected for the work plan.
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3.3.1 Materials

3.3.1.1 Aggregates

Before production in the hot-mix plant, component materi-
als are often tested to ensure that they have the same physical
properties desired in the mix design. AASHTO recommends
QC testing frequencies for aggregate gradation and aggregate
properties (2). Aggregate gradation frequencies are specified
at 1 test per 500 tons during plant set-up and 1 test per 1,000
tons during normal production. Tests are specified at 1 per
1,000 tons for three aggregate properties: (1) fracture, (2) sand
equivalent, and (3) Atterberg Limits.

A review of the agency survey responses revealed that most
agencies were concerned with only two physical properties of
the component aggregates: (1) gradation and (2) fractured
faces. Other aggregate tests, such as L.A. abrasion, deleteri-
ous materials, sand equivalent, and insoluble residue, are used
by some agencies; however, these tests are not routinely used
during construction.

Aggregate stockpiles are tested to determine that the grada-
tion is similar to that used in mix design. Much of this testing
is accomplished by the contractor in routine QC operations.
The agency can also require testing for specific aggregate
properties that may be considered important to the perfor-

TABLE 3.1 Projects selected for data collection

State 
 

Project 
Index 

City and Project 
Name 

Mix Design 
 

Existing Base 
 

Length, 
km 

Tons 
 

Arizona

2 

1 

3 

4 

5 

Phoenix I-10 

Benson I-10 

Topock I-40 

Wickenburg USH-60 

Wittmann USH-60 

Superpave 

Superpave 

Superpave 

Superpave 

Superpave 

Milled Asphalt 

Milled Asphalt 

Milled Asphalt 

Existing Asphalt 

Milled Asphalt 

10.9 

9.6 

3.7 

6.8 

9.7 

100,000 

71,000 

25,000 

25,000 

21,000 

Florida 

7 

6 Lake City I-10 

Panama USH-231 

Superpave 

Superpave 

Milled Asphalt 

Milled Asphalt 

14.9 

14.3 

83,000 

50,000 

Kentucky  

9 

8 Lexington I-64 

Florence STH-18 

Marshall 

Marshall 

Rubblized PCC 

Existing PCC 

6.6 

5.8 

60,000 

57,000 

Minnesota  

11 

10 Winona I-90 

Minneapolis I-494 

Superpave 

Superpave 

Existing PCC 

Milled Asphalt 

12.8 

4.8 

36,000 

39,000 

Ohio

13 

12 Dayton I-75 

Findlay I-75 

Marshall 

Superpave 

Existing PCC 

Existing PCC 

6.4 

6.4 

50,000 

40,000 

Wisconsin  14 

15 

16 

Plainville STH-13 

Baldwin USH-12 

Milwaukee I-94 

Marshall 

Marshall 

Superpave 

Milled Asphalt 

Milled Asphalt 

Milled Asphalt 

20.8 

11.0 

23.7 

75,000 

76,000 

108,000 



mance of the HMA pavement. An example of this type of test
is the test for fractured faces of coarse aggregate (percent
crushed particles).

The work plan included testing for aggregate gradation
from stockpiles and coldfeed blends. It was initially planned
that face fracture tests would be performed on 6 projects
where the Asphalt Institute participated in sampling with the
contractor and agency; however, this effort was unsuccessful
because of lack of data.

3.3.1.2 Asphalt Binder

Quality assurance is needed to ensure that asphalt binders
are consistent with the JMF and project requirements. Typ-
ically, asphalt binder assurance samples are taken daily.
Although an agency may obtain several asphalt binder sam-
ples over the course of a project, only one sample may be
tested from the entire project. 

With continued implementation of Superpave, the asphalt
industry will perform more certification of suppliers of
performance-graded asphalt binders (PGAB). Currently,
AASHTO specifies the certification procedures in Designa-
tion PP26-96. In the work plan, properties will be determined
using the AASHTO M226 or the AASHTO MP1 PGAB
specification.

The AASHTO M226 specification, “Viscosity Graded
Asphalt Cement,” provides a standardized procedure to
grade the viscosity of asphalt binders. AASHTO PP26-96 is
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a component of the M226 specification. Two fundamental
tests are performed under M226—the Thin Film Oven Test
(TFOT) and the Rolling Thin Film Oven Test (RTFOT).
TFOT determines the viscosity of the asphalt binder prior to
plant mixing, while RTFOT determines the viscosity of the
asphalt binder after it has undergone short-term aging while
mixing with hot aggregates.

AASHTO MP1, “Performance Graded Asphalt Binder,”
is a comprehensive Superpave specification that details
performance-based grading tests on the asphalt binder. Pri-
mary tests included in the MP1 specification are Dynamic
Shear Rheometer (DSR), Rotational Viscometer (RV), Bend-
ing Beam Rheometer (BBR), Direct Tension Tester (DTT),
RTFOT, and Pressure Aging Vessel (PAV). The DSR and RV
tests measure the asphalt binder properties at high and inter-
mediate temperatures, while the BBR and DTT measure prop-
erties at low temperatures. The RTFOT and PAV tests simu-
late aging and hardening of the asphalt binder.

Asphalt binder and coldfeed (hot bin) aggregates were
analyzed at the University of Wisconsin’s Bituminous Mate-
rials Testing Laboratory. This portion of the study was pri-
marily exploratory research for providing initial test results
and statistics describing asphalt binders during production.

AASHTO T164, “Quantitative Extraction of Bitumen
from Bituminous Paving Mixtures,” is a test specification to
determine asphalt content using solvent extraction. Different
methods exist for the solvent extraction procedure, including
centrifuge, vacuum, and reflux extraction.

TABLE 3.2 Work plan tests

Construction  
Process 

Testing Property 
 

Test 
 

Standard Test Method 
 

Materials  Aggregate Gradation

Asphalt Binder 
 

Sieve Analysis 
 
Physical 
Properties 

AASHTO T11 & T27 
 
AASHTO MP1 & M226 

Plant Mixing Aggregate Gradation 
 
Asphalt Content 
 
 
 
 
 
Volumetric Properties 

Sieve Analysis 
 
Extraction 
 
Nuclear Gauge 
 
Ignition Oven 
 
Bulk Sp. Grav. 
 
Max. Sp. Grav. 
 
Air Voids 
 
VMA 
 
VFA 

AASHTO T11, T27, & 
T30 
 
AASHTO T164 
 
AASHTO T287 
 
ASTM (under review) 
 
AASHTO T166 & TP4 
 
AASHTO T209 
 
AASHTO T269 & TP4 
 
AASHTO TP4 
 
AASHTO TP4 

Transport & 
Laydown 

Mix Temperature Thermometer N/A 

Compaction 
 

Density 
 

Nuclear Gauge 
 
Core Samples 

ASTM D2950 
 
AASHTO T166 



3.3.2 Plant Mixing

Production testing of HMA is where most testing and
inspection resources are expended. Typically, the contractor
will perform QC tests on the asphalt mixture. The agency
will require a certain level of acceptance testing to ensure the
quality of the mix. AASHTO recommends QC testing fre-
quencies for aggregate gradation, asphalt content, and mix-
ture properties (1). Testing frequencies for aggregate grada-
tion and mixture properties are specified at 1 test per 1,000
tons, while asphalt content is more frequent with 1 test per
500 tons.

Plant mix tests are separated into areas: (1) determining
that the asphalt mixture components are similar to the design
JMF and (2) determining the volumetric properties of the
asphalt mixture. Standard tests for determining asphalt mix-
ture components are asphalt content and aggregate gradation.
Asphalt content has typically been measured using solvent
extraction (AASHTO T164). In response to the need for
alternative methods for determining asphalt content, two
other methods, the nuclear gauge and ignition furnace, have
been developed within the past 10 years in order to determine
asphalt content.

Determination of volumetric properties is accomplished
through different laboratory compaction techniques such as
Marshall, Hveem, gyratory, and, recently, Superpave gyratory
compaction. Each method may have minor modifications as
determined by the state. Projects used for data collection used
the Marshall and Superpave compaction methods. Emphasis
was placed on projects using the Superpave gyratory com-
pactor because Superpave is beginning to be implemented by
agencies.

Collection of plant-mix samples occurred throughout pro-
duction on each project. A two-way split sample between the
contractor and agency occurred on these projects. A three-way
split sample occurred between the Asphalt Institute, contrac-
tor, and agency on 6 projects for 24 samples. Agencies were
requested to test all 24 split samples. Mutual aggregate grada-
tion sieve sizes and asphalt content test methods were used.

3.3.3 Mix Transport and Laydown

Activities during the post-production phase of mix trans-
port and laydown are typically confined to inspection activi-
ties. In this phase, the contractor and agency personnel may
verify the temperature of the mix, the air and base tempera-
tures, and the application of tack coat by inspection. The tem-
perature of the mix is important. Depending on the binder
type, overheating can damage the asphalt binder by prema-
ture aging, or, in the case of a modified asphalt, damage the
added polymer. In these instances, mix temperature should
be determined in the haul truck at the asphalt plant. The tem-
perature of the mix prior to laydown is important only to the
compaction process. A mix that is cool (i.e., less than 250°F)
at laydown will require increased compactive efforts if inade-
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quate density is to be prevented. Because the post-production
activities of mix transport and laydown require inspection
only, no formal tests were included in the work plan.

The air and base temperatures affect compaction. As is
true of the temperature of the mat at laydown, cooler air and
base temperatures can affect the compaction process, so that
final compaction is inadequate.

3.3.4 Compaction

Determination of pavement density is a primary activity
performed by either the contractor or the agency before accep-
tance of the completed pavement. Improper compaction can
result in the pavement performing at lower levels than mate-
rial properties would indicate. Inadequate compaction can
enhance permeability and allow air to enter the pavement and
prematurely age the mixture. The intrusion of water can also
result in stripping in a moisture-sensitive mixture. AASHTO
recommends QC testing frequencies for density at a rate of 1
test per 500 tons (1). A primary purpose of density QC test-
ing is to monitor and control the laydown and compaction
processes to ensure that desired target levels are met with
minimal variation.

Results of core sample and nuclear density tests from
either the agency or contractor were collected. Additional
density tests, other than those specified in the particular con-
tract documents, were not collected. This research study
focused on ensuring that mix properties and density data
were collected. Although pavement smoothness is an impor-
tant measure of HMA overlay quality, smoothness data were
not collected and analyzed. There were concerns about how
the smoothness data were sampled. Therefore, recommenda-
tions for smoothness testing are not provided in this report.

3.4 PROCEDURE FOR DATA ANALYSIS

A procedure was developed to analyze the data from the QA
specifications by evaluating individual testing and inspection
components. An integral component of the QA specifications
that quantifies construction quality is the pay factor. As a
practical matter, pay factors provide a way of describing the
level of construction quality, assuming the pay factor has
been structured correctly. Full payment or bonus payments
indicate that the construction has a high level of quality.
Reduced payments indicate that the work is substandard and
it will result in diminished pavement overlay life. The pay
factor is a function of many interrelated variables, as shown
in Figure 3.1. It is necessary to evaluate several of these vari-
ables when establishing testing levels. Although all variables
can be evaluated, those variables where data are available
should receive priority.

Procedures were developed to evaluate test properties,
variation, specification limits, sample size, and the actual pay
factor. The Quality Level Analysis (QLA) method was cho-



sen as the compliance measure in the analysis of pay factors.
The synthesis of current practices found that QLA was the
most common compliance measure used to evaluate pay fac-
tors. QLA uses both the mean and standard deviation of the
lot to estimate the percentage of material falling within spec-
ification limits (i.e., Percent Within Limits). QLA was cho-
sen for the analysis of pay factors for several reasons: 

• AASHTO recommends this method in both QA publi-
cations.

• Most state highway agencies have adopted this method.
• The QA literature indicates it to be more efficient than

the other acceptance methods.
• This method combines the process mean and variation

so that their interrelationship can be better understood.
• Sensitivity analysis can be easily conducted by adjust-

ing the sample size and specification limits. 
• Risk levels for both the contractor and agency can be

readily estimated prior to construction.

Testable hypotheses were developed for several of the pay
factor variables using traditional null and alternative hypothe-
ses, designated as HO and HA, respectively. The null hypoth-
esis is the hypothesis to be tested. A hypothesis is not proven,
but rather, it is either accepted or rejected. A formal statisti-
cal test was conducted to accept or reject the null hypothesis.

3.4.1 Test Properties

The review of current practices revealed that final hot-mix
aggregate gradation tests are thought to be an important indi-
cator of construction quality and final pavement performance.
An analysis was conducted to determine whether input aggre-
gate gradation tests provide a reliable way to control final hot-
mix aggregate gradation. Many contractors perform QC test-
ing on aggregate coldfeeds or hot bins prior to mixing with
asphalt binder. The purpose of coldfeed or hot-bin aggregate
gradation testing is to provide the contractor with timely data
to control the final aggregate gradation. In terms of accep-
tance testing, either input or final output gradation may be
specified, however, there would be duplicate testing if both
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input and output aggregate gradation are specified on a proj-
ect. If both tests provide similar information, it may be pos-
sible to eliminate one test and reduce testing levels.

Hypotheses tests were developed to determine if the mean
and standard deviation are equivalent between blended cold-
feed samples (input) and hot-mix samples (output) as follows:

Hypothesis #1

HO: Mean of input and output aggregate gradation are
equal (µinput = µoutput).

HA: Mean of input and output aggregate gradation are not
equal (µinput ≠ µoutput).

Hypothesis #2

HO: Variation of input and output aggregate gradation are
equal (σ2

input = σ2
output).

HA: Variation of input and output aggregate gradation are
not equal (σ2

input ≠ σ2
output).

Data collected from the field HMA overlay projects were
then applied to the hypothesis tests. Analysis and calcula-
tions are given in Chapter 4.

3.4.2 Variation

Variation exists in HMA construction. The ability to stay
within the specification limits is largely governed by the vari-
ability of the overall construction process, including materi-
als, production, sampling, and testing. The industry can work
to reduce variation, but this reduction costs money. Variation
is a fundamental concern for both quality control and accep-
tance because it is used in determining the percentage of
material within (or outside) specification limits. It is neces-
sary to determine the reliability of the test results in the pres-
ence of variability, because test results are used for measur-
ing construction quality. This research project offers methods
to understand variation, how much specific items contribute
to variation, and where it is cost-effective and worthwhile to
expend more QC effort. It is assumed that variation is related
to pavement quality and life-cycle costs.

Figure 3.1. Pay factor variables.



A primary purpose of QC testing for plant mixing and den-
sity is to ensure that design target levels are met with mini-
mal variation. Contractors use QC test data to understand the
process and determine where changes are needed. If varia-
tion is to be controlled, contractors need to discern between
random variation and variation assignable to controllable
project factors. Testing levels can then be increased and allo-
cated to those areas of production that have the greatest
amount of variation. A practical way of interpreting variation
for quality control is to determine whether variation exists
between days.

A hypothesis test was developed to determine if variation
between days is significant.

Hypothesis #3

HO: Day-to-day variation is zero (σ2
Day = 0).

HA: Day-to-day variation is not zero (σ2
Day ≠ 0).

Data collected from the field HMA overlay projects were
then applied to the hypothesis tests. Analysis and calcula-
tions are given in Chapter 4.

Successive samples taken during production will be sub-
ject to different degrees of materials, production, and sam-
pling variation. These components of variation are further
compounded with the introduction of testing variation when
laboratory tests are performed on the sample. Many industry
professionals think that testing variation is a small compo-
nent of the total variation. It is also thought that testing vari-
ation is similar across several projects. If testing variation is
a relatively high percentage of overall project variation, then
testing levels should be increased for the testing component
of the process.

A hypothesis test was developed to determine if testing
variation is less than one-half of total project variation. This
cutoff value was chosen to determine whether more individ-
ual samples, and testing of those samples, are necessary to
measure and control materials, production, and sampling
variation, or whether more testing on each individual sample
is necessary to measure and control testing variation. 

Hypothesis #4

HO: Testing variation is less than one-half of total project
variation.

HA: Testing variation is greater than one-half of total proj-
ect variation.

Data collected from the field HMA overlay projects were
then applied to the hypothesis tests. Analysis and calcula-
tions are given in Chapter 4.

3.4.3 Specification Limits

Specification limits quantitatively define the allowable
limits for typical HMA production processes and are con-
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sidered determinates between acceptable and unacceptable
quality. Development of specification limits for highway
construction varies among the states, as described in NCHRP
Synthesis of Highway Practice 232, “Variability in Highway
Pavement Construction” (23). A survey in NCHRP Synthe-
sis of Highway Practice 232 found that agencies are setting
limits using “experience, engineering judgment, tolerances
from other agencies, and standard precision statements more
often than they use variability data from studies or projects”
(23). Some states are beginning to set specification limits
using variability found in actual project data. In many states,
specification limits used for acceptance are interchangeably
used as QC limits.

Ideally, specification limits should be based on both the
engineered tolerances of material properties, as measured by
the resultant in situ performance, and the ability of the con-
tractors to meet the limits. It has been difficult to accurately
translate the relationship between construction variability
and performance; therefore, a reasonable alternative is to set
specification limits knowing a range of variability experi-
enced in construction. Then, as contractors achieve a certain
level of variability, the resulting performance can be better
understood and a relationship developed. A procedure in the
data analysis included an evaluation of specification limits
using variability found in actual production data.

Specifications typically require that limits must be met for
the individual lots, where sample sizes of mix properties may
be n equals 4 and density sample sizes may be n equals 10.
Sample size has a direct effect on the ability to meet specifi-
cation limits when Statistical Quality Assurance (SQA) spec-
ifications are used, such as QLA-type that measure Percent
Within Limits (PWL). QLA specifications use the standard
deviation in the calculation for PWL, so standard deviations
at different sample sizes were evaluated.

3.4.4 Sample Size

A fundamental issue for determining testing levels is
defining an appropriate sample size and corresponding lot
size to estimate the properties of the lot. In many cases, the
sample size drives development of the lot size. For example,
the time required to perform n equalling 4 hot-mix tests may
be a common way to define a lot. Determining a lot size for
tonnage is found by multiplying the number of samples by
the sampling frequency.

The basis for constructing lots is governed by the four
acceptance testing attributes: (1) practical, (2) economical,
(3) statistical, and (4) equitable. The limited resources avail-
able, particularly time and people, apply practical constraints
to any level of testing. The economic aspects of a testing
specification must be considered. Specifying certain levels of
testing, whether agency or contractor, requires time and
money, and careful thought must be given when establishing
testing levels. Statistical issues include the ability to charac-



terize the test results using statistical principles. Finally, a
primary goal when designing a testing specification is one
that is fair and equitable to both the contracting parties.

The lot is a self-contained entity that makes a self-
declaration of the work. Although lots within a project can
be compared to ascertain any notable differences, an indi-
vidual lot must stand on its own merit through estimated sta-
tistical properties. Thus, the lot must be designed correctly,
have a sufficient sample size, and have reliable test results.
One of the greatest challenges of acceptance specifications is
accurately estimating material properties of the lot in the
presence of variation from multiple sources. The true popu-
lation properties for a given lot of material will never be truly
known, and it is the responsibility of the agency to specify a
sufficient number of acceptance samples. A large number of
samples provides more data to estimate the desired test prop-
erty. Sample size and lot size are used interchangeably; for
example, 4 hot-mix tests per 4,000-ton lot or 5 density tests
per 750-ton lot.

Another important consideration is whether to use time
(days) or quantity (tons) to define a lot. Time-based lots assign
tests to a given period of production, typically 1 day, while
quantity-based lots assign tests to an arbitrary size, described
earlier by tonnage, length, and area. The tests in a quantity-
based lot can come from one or more days, depending on ton-
nage, length, or area produced. There are relative advantages
and disadvantages when specifying either time (day) or quan-
tity (tonnage) for sample sizes.

Constructing quantity-based lots using material from dif-
ferent days can influence the statistical estimates of the lot.
Using PWL specifications encourages the contractor to reduce
variability within lots to improve the likelihood of receiving
full payment and/or incentive payments. Combining adjoin-
ing sublots from distinct populations into one lot could con-
ceivably lead to multi-modal populations that are not normal,
or lead to a normal distribution that has greater variability
than that of the individual lots. When sublots are extrapolated
across lots having different variation, a multi-modal distri-
bution may be created using material from different pop-
ulations. This will decrease the PWL because of variability
between days. The acceptance specification must address this
lot-to-lot variability issue.

First, a hypothesis test was developed to determine if test
data are normally distributed within days. Then, a hypothe-
sis test was developed to determine if test data are normally
distributed between days. During the hypothesis testing, the
effect of day-to-day variability was analyzed.

Hypothesis #5

HO: Test data are normally distributed within days.
HA: Test data are not normally distributed within days.

Hypothesis #6

HO: Test data are normally distributed between days.
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HA: Test data are not normally distributed between days.

Data collected from the field HMA overlay projects were
then applied to the hypothesis tests. Analysis and calcula-
tions are given in Chapter 4.

3.4.5 Pay Factors

Pay factors are an integral component of QA specifica-
tions. Agencies are developing pay factors that attempt to
equate construction quality with life-cycle costs. Critical proj-
ects having high life-cycle costs may have severe pay factors,
while less critical projects may have more lenient pay fac-
tors. Continuous pay equations were selected for an analysis
of pay factors to remove the effects of “stepped” or “tiered”
pay schedules where material falling on either side of the tier,
by random chance, will obscure the outcome. Three pay fac-
tor equations identified during the synthesis of current prac-
tices were used in the analysis to provide a practical aspect
to the results. These equations, shown in Table 3.3, were
classified by severity of financial penalty: lenient, moderate,
and severe.

The moderate and severe equations produce 100 percent
payment at PWL equalling 90, but the values in the penalty
range differ because of the slope in the equation. For example,
at a measured PWL equalling 70, the severe pay factor is PF
equals 80 while the moderate PF equals 90. Assuming a
PWL greater than 90, PWL values in the bonus range are
greater for the severe pay factor (maximum PF equalling 110)
and less for the moderate (PF equalling 105) and lenient (PF
equalling 103). Figure 3.2 illustrates the pay factor severity
for the estimated PWL value.

A lenient pay factor may be more appropriate where the
effect of construction quality has less effect on the life-cycle
costs. For example, a temporary pavement or a highway with
low AADT could be classified with lenient pay factors.
Severe pay factors would be assigned to projects having high
life-cycle costs, such as an interstate highway with high
AADT. Projects classified under a severe pay factor must per-
form, and there is little margin for substandard quality. The
effect of failure is significant in terms of user delays, mainte-
nance costs, premature replacement, or reconstruction. The
contractor is encouraged to provide high-quality construction
and is awarded a larger bonus if the work is of excellent qual-
ity; however, the penalties are much greater than for other
projects. Using different classes of pay factors can permit an
efficient comparison among highway project classifications

Pay Factor 
Severity 

Pay Factor Equation 

Lenient PF = 83 + 0.2×PWL 
Moderate PF = 55 + 0.5×PWL 
Severe PF = 10 + 1.0×PWL 

TABLE 3.3 Pay factor used in data analysis



and provide a rational basis for increasing testing levels on
critical projects and reduced testing on less critical projects.

Different sample sizes have correspondingly different risk
levels. During development of sample sizes for a lot, risks to
both the agency and contractor should be evaluated for dif-
ferent sample sizes. Both the agency and contractor share
risk during the acceptance process, designated as the α and β
risks. AASHTO has defined these risks as follows (1):

Seller’s Risk (α): The risk of rejecting “good” material. In
highway construction, this is associated with the risk of a
contractor having good material rejected by the owner. This
risk is computed at the Acceptable Quality Level (AQL).

Buyer’s Risk (β): The risk of accepting “bad” material at
reduced or full payment. In highway construction this is
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associated with the owners risk of accepting what is actu-
ally bad material. The risk is computed at the Rejectable
Quality Level (RQL).

The α risk affects the contractor, because it is probable
that the agency may reject what is, in fact, acceptable work.
The β risk affects the agency, because it is probable that the
agency may accept what is, in fact, rejectable work. These
risks are a function of several attributes including (1) sample
size, (2) AQL and RQL, and (3) the estimated PWL for the
acceptance decision.

Operating characteristic (OC) curves are vital to developing
a sound acceptance specification. OC curves illustrate the rela-
tionship of actual PWL values from construction with the
Probability of Acceptance. With a developed OC curve from
specified acceptance attributes, the agency and contractor will
know how the acceptance program will operate prior to con-
struction. A practical approach to interpret risk is to apply the
pay factor to the Y-axis of the OC curve. This provides a visual
way of relating the expected pay factor with the actual value
for PWL. The expected pay factor is defined as the average of
individual pay factors that would be expected with the specifi-
cation. Figure 3.3 provides an example of an Expected Pay-
ment (EP) curve.

OC and EP curves can be developed from statistical tables,
computer simulation, or commercial software. An FHWA-
sponsored software package has been developed to construct
OC and EP curves (14). The software offers tremendous ben-
efits to those developing and evaluating QA programs—it has
eight operational programs and several practical applications.

One of the operational programs specifically developed to
create OC and EP curves is OCPLOT. OCPLOT enables the
user with a rudimentary knowledge of statistical quality assur-
ance to develop curves for either pay adjustment or pass/fail

Figure 3.3. Expected payment curve for severe pay factor.

Figure 3.2. Relationship of pay factor severity and
percent within limits.
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Hypothesis Description 
1 HO:  Mean of input and output aggregate gradation are equal 

(µinput = µoutput). 
HA:  Mean of input and output aggregate gradation are not equal 

(µinput ≠ µoutput). 
2 HO:  Variation of input and output aggregate gradation are equal 

 (σ2
input = σ2

output). 
HA:  Variation of input and output aggregate gradation are not equal 

(σ2
input ≠ σ2

output). 
3 HO: Day-to-day variation is zero (σ2

Day = 0). 
HA: Day-to-day variation is not zero (σ2

Day ≠ 0). 
4 HO: Testing variation is less than half of total project variation. 

HA: Testing variation is a greater than half of total project variation. 
5 HO:  Test data are normally distributed within days. 

HA:  Test data are not normally distributed within days. 
6 HO:  Test data are normally distributed between days. 

HA:  Test data are not normally distributed between days. 

TABLE 3.4 Summary of developed hypotheses tests

acceptance plans typically used in highway construction
(14). The sample EP curve in Figure 3.3 was developed for
the severe pay factor using OCPLOT. The figure shows that
the sample sizes of n equals 5 and n equals 10 will have a
similar expected payment at both the AQL (PWL equals 90)
and RQL (PWL equals 60).

A goal of developing statistically based QA specifications
is to understand the effects of sample size on the pay factor
and to minimize (within practical limits) the risks to both the
agency and the contractor. A procedure in the data analysis
was to analyze pay factors and risks so that an equitable spec-
ification can be developed.

3.5 SUMMARY

The work plan was designed to collect data from actual QA
specifications. A procedure was developed to analyze the data
from the QA specifications by evaluating individual testing
and inspection components. Procedures were developed to
evaluate test properties, variation, specification limits, sample
size, and the actual pay factor. Testable hypotheses were
developed for test properties, variation, and whether the data
are normally distributed. Table 3.4 provides a summary of the
six testable hypotheses developed to analyze the data. These
testable hypotheses, along with specification limits and pay
factors, are next analyzed using actual project field data.



4.1 INTRODUCTION

The process for determining testing levels begins by choos-
ing whether to use contractor or agency data for acceptance.
Once this decision has been made, methods of obtaining
samples are given for either alternative. Next, the samples are
tested for quality control and/or acceptance. Methods are
given to determine both QC and acceptance testing levels.
Testing levels have been defined as the frequency of sam-
pling and testing material properties and ways of interpreting
and arranging the test data for quality control and acceptance.
Finally, a method is given for making a comparison between
contractor and agency tests. Figure 4.1 illustrates how a sys-
tems approach was taken to determine testing levels. The fol-
lowing sections are found in this chapter: (1) Agency or Con-
tractor Data for Acceptance, (2) Sampling, (3) Contractor
QC Testing Levels, (4) Acceptance Testing Levels, and (5)
Verification Testing Levels.

4.2 AGENCY OR CONTRACTOR 
DATA FOR ACCEPTANCE

A fundamental decision that must be made during devel-
opment of any QA program is whether to use agency or con-
tractor tests for acceptance. This decision will directly affect
the level of resources required for both the agency and con-
tractor on any project. Although many QA programs began
by maintaining separate QC and acceptance functions, many
programs are electing to combine QC data with acceptance
data because of limited agency resources.

AASHTO states that the frequency of agency testing
depends on whether the agency has decided to use contrac-
tor test results as a part of the acceptance decision (1). If the
agency does not use contractor results, then the agency’s test-
ing frequency will be relatively high and will remain at the
same level throughout the project. If the contractor QC test
results are used for acceptance decisions, then the required
amount of agency testing can be reduced to the amount nec-
essary to validate the contractor’s results. Under this scenario,
contractor testing frequencies are typically greater than, or
equal to, agency testing frequencies. The contractor performs
standard quality control while maintaining a mandated level
of acceptance testing. The agency typically validates the reli-
ability of the contractor tests through periodic verification
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samples (e.g., one verification test per every four contractor
tests). As an owner and agent of the public, the agency must
be assured that contractors have correctly obtained acceptance
samples and produced reliable test results. When agency tests
are used for acceptance, the contractor has greater flexibility
for quality control.

An important concern when using contractor data for accep-
tance is developing trust and cooperation between the agency
and contractor. Many agencies have elected to use indepen-
dent sampling to verify the contractor’s process, while others
have used split-sampling. Each method has its own merits;
however, the limitation of each must be understood. If the
intent is to verify the contractor’s entire process (material
variability, production changes, sampling practices, and test-
ing procedures), then independent-sampling may be more
appropriate. Agencies and contractors must realize that inde-
pendent verification makes it very difficult to decipher which
source of variation causes differing readings between the
agency and contractor. If the intent is to verify only the con-
tractor’s test results, then split-sampling is more appropriate.
Thus, the decision of whether to use independent or split-
samples to verify the contractor has different capabilities.

What a contractor elects to do for quality control is the
contractor’s choice. If the contractor data generated for qual-
ity control are used for acceptance, the agency will require a
more formal and rigid plan. In either case, the agency main-
tains responsibility for overall quality assurance by evaluat-
ing contractor performance and accepting the work. From a
resource perspective, the testing alternative to minimize the
cumulative number of contractor and agency tests on a given
project is by using contractor data for acceptance. Table 4.1
lists considerations when selecting agency or contractor tests
for acceptance.

Using agency or contractor data for acceptance creates dif-
ferent combinations of testing on a given QA project. The
states selected for the study have specified different testing
requirements for agency or contractor acceptance data for hot-
mix samples. Figure 4.2 provides testing alternatives from the
six states in the study where 16 sequential samples are col-
lected and are either tested by the contractor, agency, or both.
Tonnage sizes for the 16 sequential samples are not equal
among the states.

Arizona and Florida specified agency data for accep-
tance—contractor samples were used only for quality control.

CHAPTER 4 

PROCESS FOR DETERMINING TESTING LEVELS



On some Arizona projects, the contractor tested all split
samples collected with the agency, while on other projects
certain samples were tested for quality control. In Florida, the
agency acceptance samples and contractor QC samples were
collected independently. Contractor QC sampling was time-
based, while the agency sampling was quantity-based.

The remaining four states in the study used contractor data
for acceptance, where the agency periodically tested a split
sample to verify that the contractor tests were within a pre-
determined tolerance. A commonly specified procedure was
one agency verification test per four contractor QC accep-
tance tests. Wisconsin verified the contractor QC acceptance
tests at a rate of 1 test per every 10 contractor tests. In some
states, the agency and contractor chose to compare several
split-sample test results at the start of production to under-
stand expected differences later in the project.

Different alternatives using agency or contractor data for
acceptance highlight the effect this decision has on testing
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levels. Clearly, if contractor data are used for acceptance, the
agency can reduce testing levels, but the agency may also
increase testing at the agency’s discretion. The implications of
collecting split samples (companion) or independent samples
must be considered and will be addressed later in the report.

4.3 SAMPLING

4.3.1 Principles

The purpose of sampling is to select and observe some part
of the population so that an estimate can be made about the
entire population (24). The integrity of obtaining a represen-
tative sample must be firmly established and must not be
compromised by a conventional approach of simply acquir-
ing material to perform tests. With careful attention to the
sampling design, unbiased estimates can be obtained for

Figure 4.1. Graphical representation of HMA construction and
testing components.
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TABLE 4.1 Considerations in choosing agency or contractor data for acceptance

Agency Acceptance Tests Contractor Acceptance Tests 
• Agency must have sufficient resources to 

achieve testing frequency.  Also, tests must 
be performed when work is performed, 
versus after the project is complete. 

• Contractor and agency can use different
types of test without dictating each other's 
testing procedures.  For example, 
contractor uses coldfeed input gradation 
for control purposes while agency uses 
hot-mix gradation for acceptance. 

• Reduces possibility of contractor changing 
the production process with prior 
knowledge of when the test will be taken. 

• Quality control can occur as necessary 
without a mandated acceptance testing 
level, thereby providing greater contractor 
flexibility for conducting quality control. 

• Dispute Resolution System required if 
contractor questions agency test results. 

• Agency has worked in partnership with the 
contractor and has reasonable assurance of 
contractor’s honesty and integrity. 

• Agency can allocate limited resources 
across a greater number of projects. 

• Contractors must have sufficient resources 
for achieving lot size frequency. 

• Time-lag consideration for contractor QC 
testing frequency can influence desired 
sampling frequency. 

• A system of checks and balances is needed 
to determine the consistency of contractor 
test results. 

• Contractor and agency tests should be 
similar to have high degree of confidence. 

• Inconsistencies can occur between 
contractor and agency tests that affect 
assurances of the acceptance process. 

• Agency may be required to take additional 
tests to compare with contractor’s initial 
results. 

• Contractor test results disqualified for 
acceptance and substituted with agency 
tests may require that the agency have 
available resources for increased substitute 
testing. 

• A Dispute Resolution System is necessary 
if inconsistencies develop between tests. 

Figure 4.2. Relationship of agency and contractor data.



population quantities, such as the population mean and stan-
dard deviation.

Randomization is extremely important to the sampling
process. Although many QA specifications have specified pro-
cedures for random sampling, the essential purpose of ran-
domization must not be overlooked. Randomization ensures
that each part of the population has an equal chance of being
selected and it protects against unsuspected sources of bias.
Violation of the randomization principle can produce biased
samples that will inaccurately reflect the characteristics of
the population.

Violation of the random sampling principle may occur
when an overabundance of samples are collected and certain
samples are electively discarded or not tested. Samples could
be taken constantly during production; however, samples
should be collected with the presumption they will be tested.
The tested samples must align with the principles of simple
random sampling or a modified version (e.g., stratified ran-
dom sampling). Discarding certain samples from the popula-
tion because of insufficient testing resources can severely
violate the randomization principle. If samples are discarded,
the random sampling procedure must be taken into account.

Figure 4.3 provides an example where a high level of
samples are collected using stratified random sampling. A
4,000-ton lot is developed with equally sized 1,000-ton
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sublots, with four samples randomly collected within each
sublot (Figure 4.3 (a)). The agency decides that it is unable
to test all samples and chooses to discard several samples
from testing. The incorrect method of discarding samples is
shown in Figure 4.3(b). In this case, the number of samples
within each strata is unequal and the principle of random
sampling has been violated. Figure 4.3(c) shows the samples
correctly removed by random selection in accordance with
sampling principles.

An inconsistent sampling/testing frequency can show the
estimation of population properties and may not conform
with principles of random sampling or stratified random sam-
pling. If the sampling frequency is very high, and there are
insufficient resources to test the samples, then the sampling
rate may need to be modified to avoid violation of random-
ization principles.

4.3.2 Location

AASHTO recommends that hot-mix acceptance samples
be collected at the “roadway before compaction” (2). There
are two primary locations to sample hot-mix material for
acceptance: (1) at the plant and (2) at laydown operations.
Because obtaining representative samples is a requirement
for acceptance, a comparative evaluation can be helpful in

Figure 4.3. Examples of discarding samples.
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TABLE 4.2 Attributes for hot-mix sampling at plant and laydown operations

Attribute Plant Laydown Operation 
Material 
Characteristics 

• Material may segregate within 
the truck box at the sample face 
and introduce bias. 

• Sample may not represent AC 
absorption found immediately 
before compaction. 

• Segregation possible in paver 
hopper or on mat. 

• Sample has time to absorb AC 
and is considered to be more 
representative for compaction. 

Resources • Requires a reduced amount of 
resources. 

• Less time for overall sampling 
cycle. 

• Requires more resources 
(technician time and vehicle to 
transport sample). 

• More time for overall sampling 
cycle. 

Interaction of 
Construction 
Operations and 
Sampling 

• Possibility of changing plant 
settings immediately before or 
after sampling (over-
conscientious or over-eagerness 
to sample), creating dependency 
between plant operations and the 
sampling process. 

• Selecting a “more 
representative” truck in “trying 
to be fair” can introduce bias. 

• Trucking and paving operations 
are independent of sampling 
(bias of sampling process is 
minimized). 

• Removes (1) opportunity to 
change process immediately 
before or after sampling and (2) 
any dependency between plant 
operations and sampling 
process. 

 
Safety • Climbing into the truck box to 

obtain a representative sample 
presents a safety problem. 

• Unsafe sampling environment 
may influence the ability to 
obtain a representative sample. 

• Improved safety because 
sampling is made at ground 
level. 

• Safety concerns exist from 
moving equipment and projects 
paved under traffic. 

understanding the advantages and disadvantages of each
location. Table 4.2 lists attributes that should be considered
when choosing between samples collected at the plant or lay-
down operation.

On projects where samples are taken at the mix plant, bias
can be introduced if there is prior knowledge of when a sam-
ple will be taken. In the worst case, there exists a possibility
for the plant operator to interact with the sampling technician
and change plant settings immediately before or after sam-
pling that can greatly affect the ability to collect a represen-
tative sample. Taking samples within a truck box presents a
safety issue that can diminish the ability to collect a repre-
sentative sample, although this is the most common sampling
location for hot-mix. A sampling technician may lean over
the edge of the truck box and collect only that material within
reach, rather than entering the truck box and sampling mate-
rial from several locations, as stipulated in many material
sampling specifications.

Sampling at the laydown operation ensures that a more
representative sample will be obtained because (1) material
characteristics are believed to be more representative prior to
compaction, (2) dependence between the sampling process
and construction operation is removed, and (3) safety is
improved. An increase in resource levels may be necessary
to collect samples at the laydown operation, since an addi-
tional technician and vehicle may be required to handle and
transport samples.

It is recommended that agencies and contractors evaluate
these attributes and any other state-specific attributes when

selecting a sampling location. Based on an evaluation of these
attributes, and from observations during data collection, it is
recommended that hot-mix acceptance samples be collected
at the laydown operation. Contractor QC samples not used for
acceptance may be sampled from the plant to expedite the
sampling process. However, consideration must be given to
the effects of obtaining a representative sample. Also, if the
contractor and agency want to make a comparison of test
results, sampling in different locations will introduce addi-
tional sources of variation.

Obtaining representative samples for density testing is
also important. AASHTO recommends that density be sam-
pled at the “roadway” (2). Although there are no other loca-
tions at which to sample density, it is possible that core sam-
ples or nuclear density test sites may not be selected in
strictly random fashion. A randomly chosen location may be
substituted with a non-random location in an effort to “try to
be fair.” Such practices severely limit the ability to collect
unbiased samples and defeat the principle of collecting rep-
resentative samples, which, in turn, can lead to misinforma-
tion from the test results.

4.3.3 Collecting Acceptance Samples

The agency must be assured of the conditions surrounding
the sampling of the material and that the integrity of the QA
effort is maintained. AASHTO recommends that when split
samples are used, the qualified agency testing personnel be



witnesses when the contractor personnel obtain the sample
and split it (1). The agency personnel will witness or assist in
the sampling and splitting procedure and will take immedi-
ate possession of the agency portion of the split sample to
ensure the validity of the split-sample comparison (1). The
agency can choose later whether to test the sample, particu-
larly when contractor tests are used for acceptance, but they
must first obtain the sample.

Trust and cooperation must be established between the
agency and contractor during the sampling process. A dis-
pute may arise over the integrity of the samples and having
both parties witness the sampling event can reduce the like-
lihood of this happening. Agency witnessing of contractor
acceptance sampling also removes the remote chance of a
contractor substituting standard project samples with cata-
loged samples having predetermined material properties. It is
recommended that agencies either collect their own samples
or witness the contractor collect and split the sample and then
have the agency field representative immediately take pos-
session of the agency’s portion of the split sample.

4.3.4 Sampling Frequency

Sampling frequency is a fundamental component when
determining testing levels. Issues to consider include time
constraints and whether to use time or quantity for sampling
frequency.

4.3.4.1 Time Constraints

As a practical matter, time and staff to collect and test the
samples is a major consideration in determining sampling
and testing frequencies. Current HMA testing technology,
governed largely by physical tests, has imposed time con-
straints on the number of possible samples collected and
tested during a given production day. A limited amount of
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test data are available because of the inherent time to perform
the entire sampling and testing cycle, as shown in Figure 4.4.
A maximum of n equalling 4 hot-mix tests (e.g., aggregate
gradation, asphalt content, Rice, and bulk gravities) is pos-
sible within a 10-hr production day, given standard resources
found during the synthesis of current practices. It was pos-
sible to collect 10 samples within a day on three projects in
the study. However, it required 2.5 days to complete testing
at an equivalent staffing level. Doubling the testing resources
could accommodate more sampling and testing.

Some laboratories, however, may only be capable of n
equalling 3 tests per day. New Superpave™ technology can
increase the testing time estimates for plant mixing because
of greater material quantities and increased cooling dura-
tions. Density testing frequencies are much larger than mix
properties. Twenty cores can be sampled and tested within a
10-hr work day, while as many as 50 nuclear tests can be col-
lected (assuming one 4-min test duration at each test site).

It is possible that a larger number of samples could be
tested than that routinely collected. A staged sequence of
sampling/testing could be developed where a high frequency
of samples would be tested in an assembly-line manner. An
overlap of testing might also occur with multiple testing
equipment and operators.

4.3.4.2 Time or Quantity for Sampling Frequency

A fundamental decision to consider when determining
testing levels is whether to use time or quantity to sample the
material. AASHTO discusses the unit of measure for con-
tractor testing in the Implementation Manual for Quality
Assurance, when frequency schedules may be derived in
terms of time, quantity, or a combination of the two (1). A
schedule based on quantity may yield more samples than
desired when production rates are high, and fewer samples
than desired may result when production rates are low or
intermittent. Schedules based on time yield fewer samples

Figure 4.4. Minimum time requirements for typical HMA tests.



for high production and more samples for low production.
For example, if 4 samples per day are specified and 1,000
tons are produced at low production, each sample would rep-
resent 250 tons. A quantity-based sampling frequency of
1 per 1,000 tons would only yield one sample per day.

The six states selected for the study specified both time
and quantity for sampling frequency. Tables 4.3 and 4.4 pro-
vide a summary of sampling specifications for mix proper-
ties and density, respectively. The sampling frequency was
identified interchangeably with sublot size for all states.

Table 4.5 provides the relative advantages and disadvan-
tages when specifying either time or quantity for sampling.
A time-based sampling frequency has the advantage of eval-
uating a given production time, where material and project
characteristics may be better understood within time periods.
A typical lot size from time-based sampling is 1 day.

With quantity-based sampling, material from different
periods is assembled into one lot—the materials from these
periods may have different production features. Quantity-
based sampling has several advantages over time-based sam-
pling. A given quantity of material can be traced through
plant mixing and laydown operations, allowing for a discrete
evaluation of the material throughout construction. Mix stor-
age times may be an additional reason for selecting produc-
tion as a testing frequency denominator, because material in
storage for an extended period may not be tested with a time-
based sampling frequency. An important characteristic of
quantity-based sampling is that both small and large con-
tractors must sample material at the same rate—this produces
a testing specification that is fair to all parties.
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Agencies have developed different units of measure for mix
properties and density as identified in the synthesis of current
practices. Currently, mix property units vary within sublot and
lot sizes, where sublots are (1) time in hours and (2) pro-
duction in tons; lots are (1) time in days and (2) production
in tons. Units for density also vary for sublot and lot sizes,
where sublots are (1) production in tonnes, (2) length in
meters, and (3) area in meters2; density lots are (1) time in
days or shifts, (2) production in tonnes, (3) length in meters,
and (4) area in meters2. Tonnage is a measurement unit com-
mon to both mix properties and density for sublot and lot
sizes. For either plant mix properties or density, the sampling
frequency often becomes interchangeable with sublot size.
For example, 1 sample taken per 1,000 tons translates to a
sublot size of 1 test per 1,000 tons.

Referring again to Figure 1.1, AASHTO states that sublot
and lot sizes for acceptance of plant mixing and density are
“to be determined by the agency” (2). The following sections
provide a rational method for choosing frequencies for time-
based and quantity-based sampling. 

4.3.4.3 Time-Based Sampling Frequency

Time-based sampling frequencies can be easily obtained by
using the testing time requirements provided earlier or state-
specific time estimates. Aligning the testing time with sam-
pling frequency ensures that a maximum number of samples
can be collected and reasonably tested during production.
Using the longest testing duration yields a minimum testing

TABLE 4.3 Mix property specifications

State 
 

Measured 
Properties 

Sampling 
Location 

Sublot Size 
(Sampling Frequency) 

Lot Size 
 

Kentuckyc AC, AV, VMA Truck 1 per half day (≤ 1996) 
1 per 900 Mtons (1997) 

2 per day (≤ 1996) 
4 per 3,600 Mtons 
(1997) 

Arizonaa AG (19.5mm, 
9.5mm, 2.36mm, 
75µm), AC, AV 

Mat 1 per quarter day 4 per day 

Floridaa  AG (4.75mm, 
2.36mm, 300µm, 
75µm), AC 

Truck 1 per 900 Mtons 4 per 3,600 Mtons 

Wisconsinc AG (12.5mm, 
9.5mm, 4.75mm, 
2.36mm, 600µm, 
75µm), AC, AV, 
VMA 

Truck 1 per 600 tons, then 
increases cumulatively by 
300 tons: 900 1,200 1,500 

4-sample  Moving 
Average 

Minnesotac AG (12.5mm, 
9.5mm, 4.75mm, 
2.36mm, 75µm), 
AC, AV, VMA 

Windrow 1 per 1,000 tons 4-sample  Moving 
Average 

Ohioc  AG (12.5mm, 
4.75mm, 2.36mm, 
75µm), AC, AV 

Truck 1 per half day 3- or 4-sample  
Moving Average 

a Agency performs acceptance testing. 
c Contractor performs acceptance testing. 



frequency that is robust to worst-case conditions. If an average
testing time is used, it may not be possible to sample and test
the material and keep pace with production. More data are
desired to develop more reliable estimates, but this creates a
situation where allowable sampling and testing time exceeds
the sampling rates, resulting in an abundance of samples that
may never be tested. Testing could be performed in a staged
sequence. A greater number of resources (staff and equipment)
would be necessary to categorize and manage the samples.

Seldom is the sampling frequency spaced at discrete inter-
vals to match the testing time requirement. The random
selection of hot-mix samples during production creates the
possibility of two samples being collected within several
minutes of each other. Such an occurrence highlights the
need to design a sampling frequency while considering the
practical effects of testing time.

35

4.3.4.4 Quantity-Based Sampling Frequency

A practical way of determining a quantity-based sampling
frequency is to match sampling and testing time with con-
struction production rates. Production rates, as typically
defined in tons-per-hour, are used to express the rate at which
HMA is produced and placed. By applying the provided test-
ing times or state-specific estimates to an assumed 10-hr
production day, a reasonable estimate for sampling and test-
ing frequency can be calculated.

Similar to time-based sampling, using the longest testing
duration and maximum production rates will ensure a mini-
mum testing frequency that is robust to worst-case condi-
tions. If the average production rate is used, it may not be
possible for the sampling and testing process to match a max-
imum production level. Obviously, more data are desired to

TABLE 4.4 Density specifications

State 
 

Sampling 
Method 

Sublot Size 
(Sampling Frequency) 

Lot Size 
 

Kentucky Cores 1 per 2,500 feet 1 day (total varies on 
length paved) 

Arizona Cores No specified size 10 per day 
Florida Cores 1 per 300 meters 5 per 1,500 meters 
Wisconsin Nuclear Gauge No specified size 5 per 750 tonsa and 

7 per 750 tonsc 
Minnesota Cores No specified size 2 per 300 tons 

(lot increases for 
increased daily tonnage) 

Ohio Cores No specified size 10 per day 
a Agency performs acceptance testing. 
c Contractor performs acceptance testing. 

TABLE 4.5 Comparison of time and quantity for sampling

Advantages
Time 

• Evaluates an isolated period where 
process conditions can change between 
periods. 

• Separates production into time-based 
sequences where process levels can be 
understood from a daily perspective. 

• May be easier to account for work using 
days, rather than tonnage from multiple 
days. 

• Amount of material in each sublot and lot 
can vary creating an unequal evaluation 
of material quantities. 

• Smaller contractors producing a smaller 
tonnage will require more testing than 
larger contractors producing a larger 
tonnage. 

• If an insufficient number of samples are 
collected prior to a work stoppage, it may 
be difficult to collect the remaining 
samples in a random manner. 

Quantity 
• Same amount of material is used with 

each acceptance decision. 
• Testing frequency easily related to sublot 

and lot size. 
• Lot and sublot sizes can be managed to 

ensure samples are collected correctly. 
• Small and large contractors sample at the 

same rate. 

• Material from multiple days may have 
different characteristics and confound the 
statistical properties of the lot. 

• Combining days with unequal means and 
variances may provide incorrect statistical 
estimates. 

• Specification limits should acknowledge 
the possibility of added variation from 
combining material from different days. 

Disadvantages 



develop more reliable estimates, but this creates a situation
where production exceeds sampling and testing rates, result-
ing in an abundance of samples that may never be tested. This
could create a potential problem by incorrectly reassigning
samples to stratified sublots and violating randomization
principles.

When calculating a quantity-based sampling frequency,
the time (in hours) is multiplied by production rate (tons-
per-hour) to yield the testing frequency in tons. For exam-
ple, 2.5 hr for volumetric tests multiplied by a 300 ton-per-
hour production rate would yield a testing frequency of
750 tons (or 800 tons). In some states, the sampling and test-
ing procedure for hot-mix samples, including all the stan-
dard tests on the sample, may require 3 hr. This time require-
ment will result in an increased sampling frequency of every
900 tons or 1,000 tons.

Table 4.6 provides average production within a day, along
with the minimum and maximum tonnage, from the projects
in this study. Production from several of these projects were
based on an approximate 10-hr work day, and many of the
minimum production days were the result of intermittent
paving, caused by weather or plant delays. In some cases,
production data from a project, or from several days within a
project, could not be obtained.

Sampling frequency for hot-mix samples ranged from 444
to 1,654 tons. The estimates for Wisconsin projects were
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based on a 10-hr workday, when in fact the contractor
worked 13- to 15-hr workdays. Sampling frequency for den-
sity was estimated in a range of 89 to 331 tons. States may
elect to convert the density sampling tonnage to another mea-
surement unit, such as length (meters) or area (meters2).

Although these estimates may seem too high or too low,
they provide a method with which to design a sampling plan.
It is recommended that each state evaluate the production rates
of several contractors within a state when designing a sam-
pling plan. Testing levels should not dictate production rates.
Imposing a production constraint on contractors to satisfy a
predetermined sampling and testing frequency will cause an
immediate increase in operating and overall project costs.

4.4 CONTRACTOR QC TESTING LEVELS

This section describes a process for determining QC test-
ing levels. Testing levels were defined as the frequency of
sampling and testing necessary to provide satisfactory qual-
ity control and product acceptance. The experimental design
established in the work plan was not specifically designed to
adjust levels of QC inputs in an effort to understand result-
ing outputs. It was not feasible to adjust a contractor’s QC
operations for this study, so emphasis was placed on gather-
ing QC testing data from the field projects.

TABLE 4.6 Determination of quantity-based sampling frequency

   Daily Total 
Tonnage 

Maximum Plant Tests Density (cores) 

  Number    Production Estimated Sampling Estimated Sampling 
  of Paving    tons per test time, frequency, test time, frequency, 
Name of 
Project 

Days Min Avg Max hour hours tons hours tons 

Arizona          
 Phoenix 48 558 1,975 3,282 328 2.5 821 0.5 164 
 Topock  10 518 1,527 2,443 244 2.5 611 0.5 122 
 Wick. 9 2,728 3,464 3,788 379 2.5 947 0.5 189 
 Witt. 10 1,527 2,275 3,024 302 2.5 756 0.5 151 

Florida          
 Lake City  47 106 1,477 3,265 327 2.5 816 0.5 163 
 Panamaa 12 350 1,667 2,900 290 2.5 725 0.5 145 

Kentucky          
 Lexington  25 182 1,776 3,869 387 2.5 967 0.5 193 
 Florence  32 154 1,783 3,714 371 2.5 929 0.5 186 

Minnesota          
 Winona  19 202 1,463 3,651 365 2.5 913 0.5 183 

Ohio          
 Dayton 13 566 1,143 2,019 202 2.5 505 0.5 101 
 Findlay  19 683 1,315 1,774 177 2.5 444 0.5 89 

Wisconsinb          

 Plainville  20 359 3,499 6,617 662 2.5 1,654 0.5 331 
 Baldwin  37 155 2,088 5,043 504 2.5 1,261 0.5 252 

Days under 100 tons excluded from analysis.       
Data from Minnesota I-494 and Wisconsin I-94 unavailable.     
aEstimated by number of days to construct a 4,000-ton lot.       
bNuclear density gauge used on these projects.  Core times used for sample calculation only.  



The procedure development identified several interrelated,
yet discrete, variables that a contractor can evaluate when
determining QC testing levels. Testable hypotheses were
developed for several of these variables. Using conclusions
of the hypothesis tests, methods were developed for deter-
mining levels of aggregate gradation (raw materials), plant
mixing, and compaction.

4.4.1 Aggregate Gradation (Raw Materials)

Aggregate gradation samples were collected from three
Arizona drum-mix projects at two common sampling points:
(1) coldfeed belts and (2) behind the paver. Sufficient data for
both coldfeed and hot-mix aggregate gradation tests were not
available from the other 13 projects. Coldfeed belt samples
and mat samples were collected on a daily basis during pro-
duction from the Arizona projects. Stockpile data were also
collected on two of these projects. Stockpiles were built
before and during HMA production, and aggregate gradation
tests occurred as the stockpiles were being built.

The hypothesis test developed in the previous chapter was
used to determine if the mean and standard deviation were
equivalent between blended coldfeed samples (input) and mat
samples (output). The conclusion of this test pertains only to
data specific to those projects.

Hypothesis #1

HO: Mean of input and output aggregate gradation are
equal (µinput = µoutput).

HA: Mean of input and output aggregate gradation are not
equal (µinput ≠ µoutput).

37

Hypothesis #2

HO: Variation of input and output aggregate gradation are
equal (σ2

input = σ2
output).

HA: Variation of input and output aggregate gradation are
not equal (σ2

input ≠ σ2
output).

A statistical comparison of means was made using the 
t-test procedure, given in the AASHTO Implementation Man-
ual for Quality Assurance, to determine if there was a mean
difference between the two sampling locations. The F-test
procedure was used to determine if the variations between
sampling locations were equal or not. Small p-values would
suggest rejection of the null hypothesis, and the means and/or
standard deviations would be concluded to be different. The
mean and standard deviation for the three projects, along
with the p-values are shown in Table 4.7.

For the hypothesis test of the mean difference between
coldfeeds and mat samples, results of the t-test suggest rejec-
tion of the null hypothesis. There was strong evidence to con-
clude that coldfeed aggregate gradation tests have different
means than mat samples when evaluated across the entire
project.

The data show an increase in the mean between coldfeeds
and mat samples for nearly all sieve sizes. Shifts in the mean
are caused by one or more of four variation components: 
(1) materials, (2) production, (3) sampling, and (4) testing.
Production may cause shifts in the mean through aggregate
breakdown from the coldfeeds through the drum mixer. Sam-
pling the material at different locations can introduce bias
because a representative sample is not collected. Testing with
different laboratories can also introduce a systematic bias
between test results. On the Phoenix and Benson projects, the

TABLE 4.7 Summary statistics for aggregate gradation samples

    Mean of Percent Passing, % 
 Project Sampling Location n 19mm 9.5mm 2.36mm 75µm 
 Phoenix Coldfeed Blend 233 83.5 53.8 21.6 2.9 
 I-10 Hot-Mix  212 84.8 56.0 23.3 4.8 

p-value   0.000 0.000 0.000 0.000 
 Benson Coldfeed Blend 100 88.8 42.3 20.0 3.3 
 I-10 Hot-Mix  76 90.9 45.9 22.2 3.2 

p-value   0.000 0.000 0.000 0.162 
 Wicken. Coldfeed Blend 36 88.1 52.0 22.0 3.0 
 USH-60 Hot-Mix  36 85.0 52.6 23.3 3.7 
  p-value   0.000 0.525 0.016 0.000 
    Standard Deviation of Percent Passing, % 
    n 19mm 9.5mm 2.36mm 75µm 
 Phoenix Coldfeed Blend 233 2.64 3.57 3.06 0.84 
 I-10 Hot-Mix  212 3.80 5.66 2.36 0.51 

p-value   0.000 0.000 0.000 0.000 
 Benson Coldfeed Blend 100 4.39 4.95 1.99 0.63 
 I-10 Hot-Mix  76 3.20 5.06 1.82 0.54 

p-value   0.005 0.835 0.403 0.011 
 Wicken. Coldfeed Blend 36 2.09 1.86 1.54 0.23 
 USH-60 Hot-Mix  36 3.91 5.28 2.65 0.59 
  p-value   0.000 0.000 0.002 0.000 



contractor testing laboratory was used for the coldfeed tests
while Arizona DOT was used for hot-mix tests. The differ-
ence in the 19 mm sieve can be explained by testing bias
between laboratories, which was 1.5 percent (refer to Appen-
dix G of the research team’s final report for bias values). How-
ever, the smaller sieves (9.5 mm, 2.36 mm, and 75 µm) had
large differences between coldfeed and hot-mix samples that
cannot be explained by bias between laboratories. On the
Wickenburg project, the contractor laboratory was used for
both coldfeed and hot-mix testing, and a mean difference in
sieves was found for three of the four sieves.

Different mean levels cause concern when using coldfeeds
to control mean levels of the final hot-mix aggregate grada-
tion. Contractors must be aware that bias may be introduced
between the two sampling locations on other projects. If bias
can be attributed to production, contractors may typically add
a small percentage of baghouse dust during the mix design to
simulate the generation of dust from aggregates during mix-
ing. Contractors should continue to collect data to quantify
changes in coldfeeds and hot-mix samples for percentage
passing the sieves for a given aggregate type. Sampling at
different locations has a definite possibility of introducing
bias. Different test procedures for coldfeed and hot-mix aggre-
gates are a potential source of bias.

The hypothesis test for the variation between tests con-
cluded a rejection of the null hypothesis. The variation
between the two sampling locations was different for many
of the sieve sizes on these projects and no clear pattern was
observed. On the Wickenburg project, variation in hot-mix
samples was greater than coldfeed samples. In general, the
data indicate that input variation from coldfeeds will be
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transferred to output variation in the hot-mix samples to
some degree.

The large project data sets in the prior analysis resulted in
greater ability to detect differences. A t-test and F-test were
conducted for smaller data sets at the start of production to
understand if an initial difference exists from the mean and
standard deviation. Table 4.8 provides the summary statistics
from the start of production.

There was moderate evidence to conclude that coldfeed
and hot-mix tests will have different means with the smaller
sample sizes. There was no evidence that the standard devi-
ation between the tests was different, but it is apparent that
variation from coldfeeds is passed directly to the hot-mix
samples. This analysis suggests that detection of a difference
in mean level and standard deviation is more difficult to
determine with small sample sizes. Any difference becomes
more pronounced as additional data are collected throughout
the project.

An informal analysis of the stockpile data found that vari-
ation in stockpiles was transferred to the coldfeed belts and
drum mixer. Opportunities to control initial variation begins
with the stockpiles, and control of stockpile aggregate gra-
dation requires QC testing and visual inspection during crush-
ing, screening, belt transfer, trucking operations, and related
material handling operations. Bin loading practices, feed rates,
and belt transfer operations can generate additional variation,
and visual inspection and periodic testing are necessary to
control their effects on the hot-mix aggregate gradation. Accu-
mulated tests from each stockpile can be used to develop esti-
mates for the mean and standard deviation in order to under-
stand potential effects on the mix design and to anticipate

TABLE 4.8 Summary statistics from comparisons at start of production

     
 Project Sampling Location n 19mm 9.5mm 2.36mm 75µm 
 Mean of Percent Passing, % 
 Phoenix Coldfeed Blend 4 84.8 54.0 22.3 2.6 
 I-10 Hot-Mix  4 87.0 54.5 21.3 4.4 

p-value   0.044 0.845 0.551 0.015 
 Benson Coldfeed Blend 4 84.3 39.3 20.3 4.0 
 I-10 Hot-Mix  4 89.8 46.8 22.5 3.4 

p-value   0.035 0.087 0.189 0.418 
 Wicken. Coldfeed Blend 4 88.0 51.8 19.8 2.8 
 USH-60 Hot-Mix  4 87.0 54.2 23.4 4.1 
  p-value   0.594 0.204 0.035 0.048 
 Standard Deviation of Percent Passing, % 
    n 19mm 9.5mm 2.36mm 75µm 
 Phoenix Coldfeed Blend 4 0.50 4.08 2.63 0.95 
 I-10 Hot-Mix  4 1.41 2.64 1.74 0.34 

p-value   0.121 0.494 0.497 0.128 
 Benson Coldfeed Blend 4 3.20 5.38 1.89 1.00 
 I-10 Hot-Mix  4 2.50 4.99 2.38 0.49 

p-value   0.694 0.905 0.715 0.281 
 Wicken. Coldfeed Blend 4 1.15 1.50 1.71 0.43 
 USH-60 Hot-Mix  4 3.32 2.86 2.10 0.92 
  p-value   0.116 0.316 0.747 0.241 



variation sources prior to blending. Testing is also needed
when large amounts of new aggregates are added to replen-
ish stockpiles during production.

A contractor can use coldfeed samples to control aggregate
gradation. However, the dissimilar levels of the mean and
variation found between the two sampling locations create
concern when used throughout the entire project. A bias was
found for samples during the start of production, and this bias
carried through the entire project. The advantage of coldfeed
tests is that samples can be tested at a greater frequency than
hot-mix samples because of reduced testing time.

A quantity-based testing frequency is recommended for
controlling aggregate gradation to minimize aggregate par-
ticle size variation in the final mixture. The sampling fre-
quency should be calculated using the methodology described
earlier. It is also recommended that sample sizes of n equal to
4 or greater be collected to increase the power of the test.
Agencies should recommend in the specifications that this
procedure be performed by the contractor at the start of pro-
duction if the contractor chooses to use coldfeeds to control
final hot-mix aggregate gradation. Mandated testing levels for
quality control should not be specified; only recommenda-
tions should be made to disseminate this finding.

4.4.2 Plant Mixing

The primary purpose of QC testing of the plant-produced
mix is to ensure that specifications are met by achieving JMF
targets with minimal variation. If variation is to be con-
trolled, contractors need to discern between random variation
and variation that can be assigned to known project factors.
For example, is production variation between days signifi-
cantly different or not? How this information can be trans-
lated to practice is key to effective quality control.

4.4.2.1 ANOVA—Random Effects Model

A formal analysis of variance (ANOVA) was used to mea-
sure sources of variation found in the plant mixing data. By
conducting a formal ANOVA, it can be understood where
sources of variation are found. This information can then be
used to design testing levels that manage those sources of
variation.

The Random Effects Model, also known as the Model II
ANOVA, was used to analyze variation in the collected data.
The Random Effects Model is appropriate where there is a
single classification of data and no specific treatments are
applied to any of the data (25). The objectives of the Random
Effects Model are different from those of the Model I
ANOVA. The Model I ANOVA makes a deliberate compar-
ison among specific treatments. Because there are no specific
treatments in HMA construction, the Random Effects Model
was selected for the analysis.
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Figure 4.5 shows the hierarchical structure of the Random
Effects Model with testing data from one laboratory. Two
primary stages of sampling material to meet specification
requirements are lots and sublots. Lots are typically 1 day’s
production or a specified tonnage, and sublots are collec-
tively used to create lots. Sublots can be either one of several
tests within a day or equally sized tonnage within a predeter-
mined lot tonnage. The sublot sample can be split into two,
three, or four specimens for individual testing. Tests that
have multiple specimens are laboratory bulk-specific gravity
(Gmb) and laboratory air voids. Currently, there are two spec-
imen tests with the SuperpaveTM Gyratory Compactor that
produce two Gmb values. In Marshall testing, there can be
three or four specimens to determine Gmb. When using either
SuperpaveTM or Marshall testing, the individual Gmb speci-
mens are averaged to produce a single Gmb value. Likewise,
two laboratory air voids specimens are averaged to produce
a single air void value. Core sample testing produces only
one Gmb value, while nuclear gauge testing for density can
obtain multiple Gmb values for each sample (i.e., individual
test site). Variation of multiple specimen tests within each
sample provides a direct measure of testing variation.

An example of this hierarchical structure for the Arizona
I-10 (Phoenix) project is shown in Figure 4.6. The contractor
collected split-samples with the agency on April 21 through
23, 1997, and designated them as Lots 5 through 7, respec-
tively. During construction of Lot 6 on April 22, 1997, four
random samples (designated as sublots) were taken from
behind the paver during nighttime paving with the first sample
taken at 10:06 p.m. and the last taken at 2:06 a.m. The mate-
rial from Sublot 2 is divided into three 5,000-gm samples for
SuperpaveTM gyratory compaction. This example shows the
complete structure for Sublot 2 within Lot 6, but the same
concept applies for all other lots.

The hierarchical structure of this figure allows an alloca-
tion of variation to the lot, sublot, and specimen testing

Figure 4.5. Hierarchical structure of testing data for one
laboratory.



components. These variation components are defined using
Equation 4.1.

Yijk = µ + L i + S ij + Mijk (i = 1, … , I; j = 1, … , J;
k = 1, … , K)

(4.1)

where

Li ∼ N(0, σ2
L) Lot;

Sij ∼ N(0, σ2
S) Sublot; and

Mijk ∼ N(0, σ2
M) Specimen Testing.

Yijk is the observed k th subsample test of the j th sublot
from the ith lot. The term µ is the mean of all tests within a
project for a particular mix property (e.g., aggregate grada-
tion and asphalt content) or density. The term Li represents
the variation between the ith lots. Li is a random variable
with mean zero and variance σ2

L. The term Si j is used to
express the sublot for the jth test within each ith lot. This
term can be thought of as material variation measured on a
lot basis to determine compliance with specifications. The
distribution has mean zero and variance σ2

S. The term Mijk is
the specimen test for each kth Marshall or SuperpaveTM spec-
imen from the jth sublot and ith lot. The distribution of Mijk

has mean zero and variance σ2
M. This term is removed from the

model where no multiple specimen testing is used (e.g., aggre-
gate gradation and density cores). The terms Li, Sij, and Mijk

are assumed independent. Table 4.9 provides the ANOVA
table for each variance component, degrees of freedom, and
expression for the Expected Mean Square (EMS). The lot,
sublot, and testing variances are then estimated using the EMS.

Many HMA construction tests only include the variance
components for lot and sublot, such as aggregate gradation
and asphalt content. Specimen testing is only found with Gmb

and air voids tests, and some maximum specific gravity (Gmm)
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tests. Tests not having specimen testing eliminate this vari-
ance component from the model. Most of the analysis in the
study was conducted with only the lot and sublot components.

Of extreme importance in quality control is whether vari-
ation between lots is equal or different (days or tonnage).
From a practical viewpoint, this is of great interest when
designing testing levels for quality control. Because the goal
is to meet specification requirements by achieving design tar-
gets with minimal variation, it must be understood where the
greatest amounts of variation can be found during the plant-
mixing process so that testing levels can be allocated to those
areas. Many lots are created rather arbitrarily with a select
number of tests (i.e., n equal to 4 or n equal to 5), so the data
are partitioned into days to provide a practical way of inter-
preting the data. A fundamental question is whether varia-
tions between multiple days are similar or different from each
other. If between-day variation is equal, it would indicate that
the plant-mixing process may be a random process, having
discrete assignable causes of variation not primarily attrib-
uted to days. If, however, between-day variation is not equal,
this would suggest that variation can be attributed to a dif-
ference in characteristics found between days of production.

A hypothesis test was used to determine if variation between
days is significant.

Hypothesis #3

HO: Day-to-day variation is zero (σ2
Day = 0).

HA: Day-to-day variation is not zero (σ2
Day ≠ 0).

Two standard statistics were calculated and used to deter-
mine significance: (1) F-value and (2) p-value. The F-value
was calculated from the ratio of variances, and then plotted
on the F-distribution to determine a probability level of sig-
nificance, or p-value. Those p-values equal to or less than
0.10 would conclude rejection of the null hypothesis. Equa-
tion 4.2 shows how the F-value is calculated when there is
no specimen testing.

(4.2)

4.4.2.2 Results of ANOVA—Mix Properties

Table 4.10 provides a summary of mix properties analyzed
with the Random Effects Model. Lots were designated as
days, and many of the daily sample sizes were 2, 3, or 4 sam-

F
MS(Lot)

MS(Sublot)Lot =

Figure 4.6. Arizona I-10 data applied to hierarchical
testing structure.

TABLE 4.9 ANOVA table for one laboratory

Source Degrees of Freedom Expected Mean Square 
Lot  I-1 σ2

M + Kσ2
S + JKσ2

L 
Sublot I(J-1) σ2

M + Kσ2
S  

Specimen Testing IJ(K-1) σ2
M  

Total IJK – 1 ----- 



ples per day. Both contractor and agency data were evalu-
ated. The laboratory used for acceptance had the greater
number of tests on all projects. On six projects, there were
data from the three-way split-sampling between the contrac-
tor, agency, and Asphalt Institute.

Based on the data from these projects, the hypothesis test
concluded that there is significant variation between days.
Successive days of production could have no between-day
variation. However, a series of production days compared
within a project have between-day variation for one or more
mix properties. Most projects had numerous tests with sig-
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nificant between-day variation. At first this finding may seem
rather trivial or obscure, but when considering there are small
sample sizes (three or four tests per day) having diminished
sensitivity to detect differences, this variation is large.

A visual way of interpreting between-day variation is
shown in Figure 4.7. This figure illustrates where significant
between-day variation was found for air voids on the Wis-
consin USH-12 project. An upward trend was observed on
Day 4, downward trend on Day 5, and within-day variation on
Day 6. Variation was relatively consistent within days. How-
ever, the variation between days was relatively high from

TABLE 4.10 Summary analysis of mix properties between days

Aggregate Gradation

Project Lab n 12
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m
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V
M
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FA

AZ Phoenix Contractor 24 X X X X X X X x
I-10 Agency 24 x X x X X X X X

Asph. Inst. 24 X X
AZ Benson Contractor 16 x
I-10 Agency 136 x x X X X X X X X X X x X
AZ Topock Contractor 52 X X X X X X X X
I-40 Agency 52 x X X X X x X X X
AZ Wickenburg Contractor 36 x x x
USH-60 Agency 36 X
AZ Wittmann Contractor 40 x x X X X X
USH-60 Agency 40 x x X X X X X X
Florida Contractor 24 x x
I-10 Agency 24

Asph. Inst. 24 x X
Florida Contractor 34 x x X x x x x x x x
USH-321 Agency 27 x x X X X x X X X x
Kentucky Contractor 24 X X X
I-64 Agency 24 x x x x X x X x X

Asph. Inst. 24 x X X X X X X x X X x X
Kentucky Contractor 30 x
STH-18 Agency 21 X x
Minnesota Contractor 36 x x x X
I-90 Agency 26 X x
Minnesota Contractor 35 X X X X x X
I-494 Agency 34 X X x X x X x

Asph. Inst. 24 x x X x x
Ohio I-75 Contractor 41 x x X X
Dayton Agency 24 x x x x x x
Ohio I-75 Contractor 29 x x
Findlay Agency 17 x x

Asph. Inst. 17 x x x
Wisconsin Contractor 39 x X X X x x
STH-13 Agency 24 x x
Wisconsin Contractor 74 x x X X X X X x X X X x
USH-12 Agency 24 x x x x x

Asph. Inst. 24
Wisconsin I-94 Contractor 44 x x X x X x X
19.0mm Agency 25 x x x x x x
Wisconsin I-94 Contractor 45 x x X X X x
12.5mm Agency 25 x x x x x x x
X denotes Highly significant (p-value < 0.01).   Test unavailable for property
x denotes Significant   (p-value < 0.10).  



daily trends and different means (F equal to 5.07 and p-value
equal to 0.0435 computed with numerator and denominator
degrees of freedom of 7 and 2, respectively).

Figure 4.8 provides an illustration of the air voids data on
the Minnesota I-90 project where there was no significant
variation between days (F equal to 0.69 and p-value equal to
0.4911 computed with numerator and denominator degrees of
freedom of 7 and 2, respectively). There were smaller changes
in the daily mean, as compared with the Wisconsin project.
Test results were dispersed randomly at a level slightly below
the target value, with an upward trend on Day 11 and random
dispersion on the other days.

The analysis provides insight for contractor QC testing
levels. Contractors can expect significant variation in the

42

daily production of the plant-mixing process. A necessary
component when establishing testing levels for quality con-
trol is to detect assignable causes of variation on a daily basis.
Between-day variation can be attributed to several assignable
causes, such as material properties, environmental conditions,
personnel decisions, equipment, and construction methods.
Controlling variation requires constant feedback-testing to
identify discernible trends or variation and make appropriate
adjustments so that target levels are met.

This analysis demonstrated the ability to detect a source
of variation that was not highly visible when scanning the
data. The analysis was structured to meet an objective of the
study, determining a rational method for contractor QC test-
ing levels, but this same approach could be applied to other
random effects of the plant mixing process. Examples include
weather effects (e.g., moisture on stockpiles and removal of
fines from rainfall), loading practices (e.g., operator working
a different face at the stockpiles), belt speeds (e.g., oscillation,
bearing wear, and proportioning), and asphalt binder meter-
ing (e.g., pump condition and pressure surge).

A rational method to determine QC testing levels for the
plant mixing process is to allocate QC testing to the signifi-
cant sources of variation. If few testing resources are avail-
able, the contractor should ensure that samples are collected
and tested within each day of production, rather than high-
frequency testing on periodic days. In other words, daily test-
ing is recommended given the presence of significant between-
day variation. Specifications should be written that recommend
the contractor perform QC testing daily. It is recommended
that a time-based or quantity-based sampling frequency be
developed using the methodology provided earlier. It is fur-
ther recommended that contractors use control charts to
assist in discerning any trends or unusual behavior evident in
the process.

Figure 4.7. Significant between-day variation (Wisconsin USH-12
data).

Figure 4.8. No significant between-day variation
(Minnesota I-90 data).



4.4.2.3 Testing Variation

The ability to stay within specification limits is largely gov-
erned by the variability of the overall construction process,
including the variation components of materials, production,
sampling, and testing. Prior to laboratory testing, the sample
has been subjected to several variation sources, including
materials (e.g., aggregate size, aggregate composition, asphalt
content, and asphalt grade), production (e.g., bin percentages,
conveyor belt speeds, and asphalt flow rate), and sampling
(e.g., truck or mat and location within sampling region).
These variation components are further compounded with the
introduction of testing variation when laboratory tests are per-
formed on the sample.

A basic ANOVA model was developed to measure air
voids variation from two sources: (1) Materials + Produc-
tion + Sampling and (2) Testing. The production component
could not be measured directly because detailed records of
plant operations and process adjustments were not available
(e.g., coordination issues, accuracy of data, and lack of on-site
engineers to supervise data collection). If these data could
have been obtained systematically, it would have been pos-
sible to isolate and measure this variation component. The
sampling variation component could not be directly mea-
sured during field data collection because it was decided to
collect only split samples for comparing contractor and
agency test results. If the experiment had been designed to
isolate the sampling component, a direct estimate of sam-
pling variation would have been possible. Thus, the materi-
als, production, and sampling components were combined
and treated as one cumulative variation component: Materi-
als + Production + Sampling (MPS).

The testing variation component was derived from the
sample being split into two, three, or four specimens for indi-
vidual air voids testing. Currently, there are a minimum of
two specimen tests with the SuperpaveTM Gyratory Com-
pactor, and a minimum of three or four specimens with Mar-
shall testing. When using either SuperpaveTM or Marshall
testing, the individual air voids tests are averaged to produce
a single air voids test value. Variation of these multiple spec-
imen tests within each sample provides a direct measure of
testing variation.

MPS and Testing variation components are defined below
using Equation 4.3:

Yij = µ + MPS i + T ij (i = 1, … , I; j = 1, … , J) (4.3)

where

MPSi ∼ N(0, σ2
MPS) Materials + Production + Sampling; and

Tij ∼ N(0, σ2
T) Testing.

Yij is the observed j th specimen test from ith sample. The
term µ is the mean of all tests within the project for air
voids. The term MPSi represents the variation between the
ith samples from materials, production, and sampling, where
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MPSi is a random variable with mean zero and variance
σ2

MPS. The term Tij is used to express the j th Marshall or
SuperpaveTM specimen test within each i th sample, having a
distribution with mean zero and variance σ2

T. The terms MPSi

and Tij are assumed independent. Table 4.11 provides the
ANOVA table for each variance component, degrees of free-
dom, and expression for the EMS. The MPS and Testing
variances are then estimated using the EMS.

The estimated variance for MPS and Testing can deter-
mine the relative percentages of variation they provide to
total variation. A hypothesis test was conducted to determine
if testing variation is a smaller percentage of total project
variation. A value of 50 percent was chosen because it is nec-
essary to determine whether more individual samples, and
testing of those samples, are necessary to measure and con-
trol materials, production, and sampling variation, or whether
more testing on each individual sample is necessary to mea-
sure and control testing variation.

Hypothesis #4

HO: Testing variation is less than one-half of total project
variation.

HA: Testing variation is greater than one-half of total proj-
ect variation.

The laboratory with the largest project data set was
selected for the analysis. Some project data were not avail-
able or were incomplete. Table 4.12 provides the percentage
of variation for MPS and Testing from 13 projects.

Testing variation of air voids ranged from 6.4 percent to
38.6 percent of the total project variation. It can be concluded
that testing variation is a smaller percentage of total project
variation, and the null hypothesis is accepted. There appeared
to be more testing variation from the Marshall projects, with
the exception of two SuperpaveTM projects (Arizona I-10
Benson and Wisconsin I-94 19.0-mm mix). Many practi-
tioners generally agree that the precision (test repeatability)
of the SuperpaveTM Gyratory Compactor is much better than
the Marshall hammer. A noteworthy observation was the
Wisconsin STH-13 project where testing variation was 38.6
percent of total variation in air voids. The remaining varia-
tion was largely explained by changes in material passing the
2.36-mm sieve.

Based on these relative percentages of testing variation, it is
recommended that more samples be collected and tested,
rather than more subsample testing on each sample (for air
voids). Greater variation is found with materials, production,

TABLE 4.11 ANOVA table for laboratory air voids

Source Degrees of Freedom Expected Mean Square 
MPS I-1 σ2

T + Jσ2
MPS  

Testing  I(J-1) σ2
T  

Total IJ – 1 ----- 



    Gmb Density 
 Project  Significance Significance 
 Arizona I-10 Phoenix 190 X X 
 Arizona I-10 Benson 270 X X 
 Arizona I-40 Topock 130 X X 
 Arizona USH-60 Wickenburg 90 X x 
 Arizona USH-60 Wittmann 100 X X 
 Florida I-10 Lake City    
  12.5-mm mix 211 x X 
  9.5-mm mix 210 X X 
 Florida USH-231 Panama 143 X X 
 Kentucky I-64 Lexington 53   
 Kentucky STH-18 Florence 30   
 Minnesota I-90 Winona 143 X X 
 Ohio I-75 Dayton 130 X X 
 Ohio I-75 Findlay 90 X X 
 Wisconsin STH-13 Plainville 175 x x 
 Wisconsin USH-12 Baldwin 138 x x 
 Wisconsin I-94 Milwaukee    
  19.0-mm mix 634 X X 
  12.5-mm mix 627 X X 
 X denotes Highly significant   (p-value < 0.01).   
 x denotes Significant   (p-value < 0.10).   

n

and sampling, and a greater portion of limited testing resources
should be allocated to these three components of variation.

Performing a similar analysis on other tests, such as asphalt
content and aggregate gradation, would require multiple-
specimen testing similar to laboratory compaction of individ-
ual test specimens. This analysis was not performed because
of limited study resources. It is recommended that similar
analyses be conducted in future studies to determine the rela-
tive percentages of MPS and Testing variation for the other
common construction tests to understand their contribution to
total variation. Also, experiments can be specifically designed
to isolate and measure materials, production, and sampling
variation components. Using the results from these experi-
ments, the testing program (i.e., selection of properties to
measure, test methods to use, and number of samples to col-
lect) can be made on the basis of how much variation there
is in the results.

4.4.3 Density

Density data were analyzed with the Random Effects Model
in a way similar to that used for the mix property data. Density
lots were classified as days for QC purposes. The same hypoth-
esis test was used to determine if variation between days is
significant.

Hypothesis #3

HO: Day-to-day variation is zero (σ2
Day = 0).

HA: Day-to-day variation is not zero (σ2
Day ≠ 0).

Table 4.13 provides a statistical summary for analysis of
data from bulk specific gravity (Gmb) and density tests. Results
from the Gmb test were included to provide a comparison with
density tests, the density test result is two-dimensional having
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both Gmb and the maximum specific gravity (Gmm) in the test
calculation.

This analysis concludes that nearly all states participating
in the study had significant between-day variation for density.
Typical project density data found mean levels changing by
1 to 2 percent between days, with the standard deviation fluc-
tuating from 1.0 to 1.8 percent. Reviewing the Kentucky den-
sity data revealed relatively small sample sizes ranging from
1 to 5 cores per day, providing an insufficient sample size for
evaluation of density data. The results of the F-test for these
projects should be viewed with caution.

The data analysis provides insight for contractor QC test-
ing. Contractors can expect the compaction process to have
significant variation between days. Successive days of pro-
duction could operate at a consistent mean level with a cer-
tain degree of variation, but a series of production days
within a project will have days operating at different mean
levels, producing significant between-day variation. Factors
contributing to significant between-day variation are changes
in mix properties, compaction methods, and environmental
conditions. Day-to-day variation caused by changes in the
mean level can be expected when weather conditions change.
A day with constant external factors and little change in the
compaction process can expect to yield less variation. A nec-
essary component of establishing testing levels for contractor
density testing is to perform testing daily and allocate avail-
able testing resources to this variation source.

A method for determining daily density testing frequency
is found by applying principles of the average method. Con-
tractors typically do not use QLA-type specification methods
to control density, such as PWL. The PWL measure is multi-
dimensional and combines the mean, standard deviation, and
number of tests into one measure of quality. Rather, single-

TABLE 4.12 Percentages of MPS and testing variation for
air voids

 Project MPS, % Testing, % Test Method 
 Arizona    
  I-10 Phoenix 87.0 13.0 Superpave 
  I-10 Benson 76.2 23.8 Superpave 
  USH-60 Wickenburg 83.4 16.6 Superpave 
  USH-60 Wittmann 93.6 6.4 Superpave 
 Florida    
  I-10 92.4 7.6 Superpave 
  USH-231 82.2 17.8 Superpave 
 Kentucky    
  I-64 72.6 27.4 Marshall 
  STH-18 78.8 21.2 Marshall 
 Ohio    
  I-75 Dayton 75.6 24.4 Marshall 
  I-75 Findlay 72.1 27.9 Superpave 
 Wisconsin    
  STH-13 61.4 38.6 Marshall 
  USH-12 91.6 8.4 Marshall 
  I-94 19.0mm 75.7 24.3 Superpave 
  I-94 12.5mm 83.1 16.9 Superpave 

TABLE 4.13 Summary analysis of density tests between
days



dimensional estimates for both the mean and standard devi-
ation, having high reliability, are needed to monitor and con-
trol density.

It is recommended that Equation 4.4 be used as a starting
point to determine the number of daily density tests for qual-
ity control. There are four components to this equation that
contractors can specify: (1) confidence limits of the average,
(2) Z-statistic for the probability level, (3) estimated standard
deviation, and (4) number of tests. As this equation implies,
fewer tests are required when the confidence limits are
increased, when the probability level is reduced, or when the
standard deviation is small. Reasonable estimates for the
standard deviation can be found from data collected in this
study, at the start of paving on an individual project, or from
a prior Wisconsin density study that obtained reliable esti-
mates for the population standard deviation (26). Equation
4.4 is defined as:

(4.4)

where 

σ2 = production variance;
C.L. = Confidence Limits for the average;
zα / 2 = standardized normal statistic; and

n = number of tests in the moving average.

A practical application of how Equation 4.4 can be used to
set QC testing levels is shown in Table 4.14. As a starting
basis, the standard deviation of density found within the mat
is typically 1.2 percent to 1.8 percent for 1 day’s production,
so an average value of 1.5 percent may be chosen. A reason-

C.L. = z
nα

σ
/ 2

2
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able probability level would be 95 percent (Z-statistic equal
to 1.96). This table provides the relationship between num-
ber of tests, confidence limits for a 95-percent probability
level, and a known σDensity equal to 1.5 percent.

This table shows a decrease in the confidence limits as the
number of tests is increased. The greatest rate of change
occurs between 5 and 10 tests, where the interval is reduced
from ±1.31 percent to ±0.93 percent, respectively. If 20 tests
are taken, the interval drops to ±0.66 percent. However,
smaller confidence limits require more tests.

Nuclear density gauges can produce more tests than cores
because they require less testing time, and nuclear density
test results are in real time, thereby allowing proactive mod-
ifications in rolling operations to achieve target density. Con-
tractors have already included a nuclear density testing tech-
nician in their construction operations, and 10 to 20 nuclear
density tests within a day will not increase construction costs.
Core testing costs are substantially more than nuclear density
testing. The Wisconsin density study found that core testing
cost is about 5 times greater than nuclear testing cost for esti-
mating an equivalent mean confidence interval (26).

A rational way of obtaining unbiased density samples with
a nuclear density gauge is defining the rolling zone as a strat-
ified sublot. Density test sites would then be randomly cho-
sen within each rolling zone. Unbiased estimates for the
mean and standard deviation for a given day of production
would then be obtained by combining the individual rolling
zone tests into a single data set.

4.5 ACCEPTANCE TESTING LEVELS

A fundamental issue of this research was developing a
rational method to determine acceptance testing levels. Ear-
lier, the rational method was defined as the steps that should
be taken when developing the testing specification. The min-
imum level of testing was defined as the minimum testing
resources to allocate for a given project. Satisfactorily con-
structing an HMA overlay was defined as meeting the spec-
ifications with specified test properties, test methods, and
compliance measures.

Three fundamental measures for acceptance testing are 
(1) mix properties, (2) density, and (3) smoothness. AASHTO
currently recommends that agencies determine their own
sublot and lot sizes for mixture properties (aggregate grada-
tion, asphalt content, volumetric properties) and density (1).
Recommended testing levels for smoothness are 0.1 lane-
mile sections for sublots and the entire project for lots (1).

The work plan identified several interrelated, yet discrete,
variables that an agency and contractor can evaluate when
determining acceptance testing levels. Procedures were devel-
oped to evaluate specification limits, sample size, and the
actual pay factor. A testable hypothesis was developed for
distribution of samples within a lot. The following sections
describe processes that should be performed to determine
minimum testing levels for acceptance.

TABLE 4.14 Number of daily density QC Tests for
95-percent confidence limits and �Density = 1.5 percent

Number of Confidence 
Daily Tests Limit (+/-) for 

Mean Density, 
measured as a 

% TMD 
5 1.31
6 1.20
7 1.11
8 1.04
9 0.98

10 0.93
11 0.89
12 0.85
13 0.82
14 0.79
15 0.76
16 0.74
17 0.71
18 0.69
19 0.67
20 0.66



4.5.1 Specification Limits

Specification limits quantitatively define the allowable
limits for typical HMA production processes and are consid-
ered the determinate between acceptable and unacceptable
quality. If the limits span a narrow region about the target
value, an appreciable amount of testing would be out-of-
tolerance and more exhaustive testing would be necessary to
control the process and avoid exceeding the limits. Wider
specification limits make it easier to achieve design targets
and allow greater variation in test observations.

An analysis was conducted to evaluate specification limits
using variability found in actual production data. The standard
deviations measured from the field projects using the QLA
compliance measure were used to develop an expected pro-
duction range containing 90 percent of the tests. A 90-percent
range was chosen because many states have chosen an AQL
value of PWL equal to 90. The production range was devel-
oped from allowable deviations in the mean, as shown by
Equation 4.5:

(4.5)

where

P.R. = Production Range;
= mean;

zα / 2 = standardized normal statistic; and
σ = standard deviation for production.

Laboratory air voids are illustrated for this analysis; how-
ever, the same method could be applied to other test proper-
ties, such as aggregate gradations and asphalt content. A
comparison was made only using data from Arizona because
the type of compliance measure used by each state can affect
the contractor response to the specification limits. The Ari-
zona specification, which used the QLA method to measure
PWL, provided a pure measure of whether the contractor
could meet the limits. The other five states specified compli-

X

P.R. = ±X zα σ/ ( )2
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ance measures other than QLA. The QLA-type specification
evaluated the distribution of tests between limits, as opposed
to the other compliance measures, which used different sta-
tistical properties.

Table 4.15 provides the mean, standard deviation, and
total number of tests from the projects, along with the target
design value and specification limits. The 90-percent confi-
dence limits (production range) were then compared with the
range of the actual project specification limits. The coeffi-
cient of variation (cv) was calculated for these projects. The
cv ranged from 13.2 to 22.8, indicating somewhat stable val-
ues for this statistic.

The comparisons within Arizona found all contractor pro-
duction ranges could meet specification limits. However, the
production range was off target by 0.5 percent on two proj-
ects, resulting in some material to be measured outside the
specification limits.

This analysis exemplifies the need for agencies and con-
tractors to consider development of specification limits
accounting for the variation found in the production process.
Specification limits should be evaluated on a state-by-state
basis using variabilities from several contractors. A recom-
mendation in NCHRP Synthesis of Highway Practice 232
indicates that a specification writer should choose “typical”
variability on which to establish the specification limits, per-
haps slightly below the median variability value (23). An
appropriate specification range should be chosen that allows
for slight variations in the process mean and variability to
allow contractors to achieve PWL equal to 90 (100-percent
payment). Wide specification limits will permit a greater
range of test values and tolerate a correspondingly larger
variability from construction.

A reasonable basis to determine if specification limits are
correct is through collection of actual performance data.
Ideally, specification limits should be based on both pave-
ment performance and the ability of a contractor to meet the
specification limits. Because it has been difficult to accu-
rately translate the relationship between construction vari-

TABLE 4.15 Comparison of production range and specification limits

   Production Specification Production 

   Mean Std 
Dev 

C.V.a 90% Production Range Target Specification Limits, % greater than 

Project N % % % Lower Upper Range % Lower Upper Range Spec Limits 

Arizona             

 I-10 
Phoenix 

212 4.6 1.05 22.8 2.9 6.3 3.5 5.1 3.1 6.6 3.5 No 

 I-10 
Benson 

136 5.1 1.05 20.6 3.4 6.8 3.5 5.0 3.0 6.5 3.5 No 

 I-40 
Topock 

52 5.3 0.84 15.7 4.0 6.7 2.8 5.0 3.0 6.5 3.5 No 

 USH-60 
Wick. 

36 4.8 0.64 13.2 3.8 5.9 2.1 5.0 3.0 6.5 3.5 No 

 USH-60 
Witt. 

40 4.4 0.92 20.6 2.9 5.9 3.0 4.9 2.9 6.4 3.5 No 

aCoefficient of Variation is the standard deviation divided by the mean.       



ability and performance, a reasonable alternative is to set
specification limits using construction variability. As perfor-
mance data are collected, they should be compared with the
level of contractor variability used to construct the project
and, possibly, the limits should be revised.

4.5.2 Distribution of Samples within a Lot

An important consideration during the development of an
acceptance specification is the distribution of samples within
a lot. It was learned earlier that between-day variation is sig-
nificant for both plant mix properties and density, so this
effect could affect the distribution. Either time-based or
quantity-based sampling could be used to create the lot. Typ-
ical time-based lots are 1 production day, while quantity-
based lots are some arbitrary tonnage. In either lot configu-
ration, the acceptance plan must recognize how samples are
distributed so that necessary statistical assumptions are sat-
isfied. A key assumption of Statistical Quality Assurance
(SQA) specifications is that the data are normally distributed.

An experiment was conducted to test the normality assump-
tion on actual projects. Hot-mix sampling frequencies were
increased from normal levels to 10 daily samples to create
sufficient sample sizes to conduct the normality test. Maxi-
mum specified hot-mix sampling frequencies were typically
four per day. Current density sampling rates were 10 per day,
so additional sampling and testing were not necessary.

Data for the normality test were collected from three proj-
ects in the study: (1) Arizona I-10 (Benson), (2) Florida
USH-231, and (3) Ohio I-75 (Findlay). The agency or con-
tractor was requested to collect 10 hot-mix samples, within
1 day of plant production, using standard random-sampling
procedures. The agency tested the hot-mix samples on the
Arizona and Florida projects, while the Asphalt Institute
tested the 10 samples on the Ohio project. Arizona and Ohio
both specified 10 core samples per day, so additional core
sampling was unnecessary. Florida specified 5 cores per 1,500
lane-meters; in many cases, more than 3,000 meters were
paved within 1 day, allowing for 10 or more core samples to
be collected.
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A hypothesis test was conducted to determine if test data
are normally distributed within days as follows:

Hypothesis #5

HO: Test data are normally distributed within days.
HA: Test data are not normally distributed within days.

Two statistical procedures were used to determine normal-
ity: the Anderson-Darling Normality Test and Ryan-Joiner
Normality Test. A probability level of significance (p-value)
was chosen at 0.10 for both tests because of the relatively
small sample sizes. Results of the normality tests for the three
projects are provided in Table 4.16. The power of the test
to discriminate between normality and non-normality was
diminished with a sample size of n equal to 10. It is recom-
mended that, in future, normality tests should be done with
larger sample sizes so as to increase the power of the test.

It was concluded that both hot-mix and density test data
within 1 day’s production are normally distributed, based on
data from these three projects. There was evidence of non-
normality with the asphalt content and maximum specific
gravity (Gmm) tests on the Florida project. A review of the
Florida data found a somewhat skewed distribution, as shown
by the histograms in Figure 4.9. The inverse relationship of
asphalt content and maximum specific gravity was apparent,
because higher specific-gravity aggregates were displaced
with lower specific-gravity asphalt binder, thereby reducing
the overall specific gravity of the sample.

The limitation of the above procedure was that it only
hypothesized a normal distribution within days of produc-
tion. Hypothesis tests earlier concluded that mix properties
and density have significant variation between days. Succes-
sive days of production could have no between-day varia-
tion, but a series of production days within a project have
between-day variation. Given this fact, the question was
whether between-day samples are normally distributed. This
is a fundamental concern for quantity-based lots, where an
arbitrary number of samples from different days are used to
create a lot.

TABLE 4.16 Results of normality tests
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Arizona I-10 Benson X X X X X X X X X X X X X X X X
Florida USH-231 X X X X X x X x X x X X X X X
Ohio I-75 (Findlay) X X X X X X X X X X X X X X X X
X denotes normality for both Anderson-Darling and Ryan-Joiner tests (p-value > 0.10).
x denotes normality for either Anderson-Darling or Ryan-Joiner tests (p-value > 0.10).
aNormality tests conducted for several days on each project.  



A hypothesis test was conducted to determine if test data
(i.e., aggregate gradation, asphalt content, volumetrics, and
density) are normally distributed between days.

Hypothesis #6

HO: Test data are normally distributed between days.
HA: Test data are not normally distributed between days.

Only 10 hot-mix samples were available for a single day
on the three projects because of extremely high levels of test-
ing imposed on the respective laboratories. To overcome this
obstacle, data from adjoining days, each having three or four
samples, were combined to create 7- or 8-sample lots. A nor-
mality test was then conducted on these 7- and 8-sample lots.

The analysis found that about 5 percent of the reconfigured
lots using adjoining days did not meet the conditions of a nor-
mal distribution. Given this small percentage, it was con-
cluded that mix property data are normally distributed between
days. This determination was important because many states
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are using quantity-based lots that combine material between
days using discretional sizes. There will be lots, however,
constructed across days that will not meet the normality con-
dition. The power of the test to discriminate between nor-
mality and non-normality using sample sizes of n equal to 8
is diminished.

Combining some adjoining daily lots caused an increase
in the standard deviation. Figure 4.10 provides an example
where adjoining 4-sample lots were combined to create an 
8-sample lot. The histograms and statistics indicate that the
lots were somewhat different, and the distribution of com-
bined samples did not resemble the typical “bell-shape” of a
normal distribution. Results of the normality test for this 
8-sample lot concluded with marginal evidence that the lot
was normally distributed. Also, the standard deviation was
much larger for the 8-sample lot than both single-day lots.

A hypothesis test was conducted to determine if density
lots were normally distributed when tests between days were
combined into a single lot. The Arizona and Ohio projects
were used for the analysis because each state already sam-

Figure 4.9. Histograms for asphalt content and Gmm (Florida USH 231 data).

Figure 4.10. Histograms for air voids (Arizona I-10 Benson data).



pled 10 cores per day. Between-day lots were created with
the last 5 samples from a given day and the first 5 samples
from the next successive day. This configuration allowed a
normality test to be conducted having equivalent power to
the within-day lots. The analysis found that about 8 percent
of the lots configured using samples from adjoining days did
not meet the conditions of a normal distribution. Given that
92 percent of the lots met the normality assumption, it was
concluded that density test data were normally distributed
when combined between days. Similar to the earlier tests, the
power of the normality test was diminished with n equal to
10 sample sizes.

Figure 4.11 provides an example where 5 samples from
adjoining production days are combined into one 10-sample
lot. Histograms of the data from individual days and the com-
bined lot indicate that days are somewhat different. Results
of the normality test concluded that this single 10-sample lot
was normally distributed. However, combining material from
different days increased the overall standard deviation. This
characteristic was found on many lots during this analysis.

The results of the hypothesis test for both within-day lots
and between-day lots emphasized the importance of checking
whether samples within the lot met the distributional assump-
tions required by the particular acceptance plan. It is recom-
mended that an analysis of normality be performed on state-
specific data to ensure that the distribution of the sample data
satisfies the statistical requirements when combining mate-
rial. Tests for normality between days should include larger
sample sizes to ensure the test is made with high reliability.

Examples of combining material from different days of pro-
duction into a single lot were given. These examples illustrate
the inherent difficulties when combining material having dif-
ferent characteristics. Particularly, the combined samples may
not meet the assumptions of a normal distribution, and the
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standard deviation may increase from estimates found in
within-day lots. Many states elect to use quantity-based sam-
pling using material from different days, and it is recom-
mended that this type of analysis be performed so that both the
agency and contractor are aware of the potential consequences.

4.5.3 Pay Factors

Pay factors are a fundamental concern during the develop-
ment of testing levels. Goals of developing statistically based
QA specifications are to understand the effects of sample size
on the pay factor and to minimize (within practical limits) the
risks to both the agency and contractor. The risk of a con-
tractor having acceptable material rejected is computed at the
AQL. The agency risk of accepting what is actually unac-
ceptable material is computed at the RQL. A simplified pro-
cedure to measure these risks was developed using the data
generated from computer simulation.

First, population means and standard deviations were cal-
culated that would create a population distribution having
theoretical PWL of PWL equal to 90 for acceptance at the
AQL and PWL equal to 60 for acceptance at the RQL using
existing specification limits. Table 4.17 provides the popu-
lation mean and standard deviation for the Arizona DOT air
voids specification, where the range between lower and
upper specification limits was 3.5 percent. Individual spec-
ification limits are developed for each project based on the
JMF target value, however, the range remains constant
between lower and upper limits. Using computer simulation,
sample sizes of n equal to 4, 6, 8, and 10 were then sampled
independently from the population distribution to yield
5,000 estimates for the PWL that could be expected from

Figure 4.11. Histograms for density (Arizona I-10 Benson data).



this distribution. PWL estimates were computed using the
procedures found in the AASHTO Quality Assurance Guide
Specification (2) and FHWA Demonstration Project 89 Soft-
ware Manual (14).

Using the 5,000 PWL estimates for each sample size, the
mean and standard deviation of each pay factor were com-
puted. Pay factors were calculated using the three pay factor
equations presented earlier. The frequency of PWL and pay
factors at intervals of PWL equal to 10 and pay factors equal
to 10, respectively, were counted and an expected probabil-
ity was calculated. For example, the frequency of PWL
between PWL equal to 40.00 and PWL equal to 49.99 were
counted, between PWL equal to 50.00 and PWL equal to
59.99, between PWL equal to 60.00 and PWL equal to 69.99
and so forth. This type of analysis allowed an efficient way
of comparing the probabilities of PWL values that would be
expected for each sample size. Appendix C of this report
provides the computer program with summary output for this
procedure.
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4.5.3.1 Acceptance at AQL

Figure 4.12 shows the plot of sample size against the risks
or probability of rejecting the contractor’s work for the mod-
erate pay factor with pay factor less than 85 (PWL less than
60). Plots are provided for the three combinations of the pop-
ulation mean and standard deviation that will produce a theo-
retical PWL equal to 90. This plot suggests that the risk varies
for different combinations of the mean and standard devia-
tion, and the risk decreases as the sample size increases. For
example, a contractor producing any combination of the pop-
ulation mean and standard deviation at n equal to 4 has an
approximate 2.3-percent chance of having the work rejected,
while an approximate 0.3-percent chance exists at n equal to
8. The largest rate reduction in risk occurred between sample
sizes of n equal to 4 and n equal to 6, and the rate of increase
was much less for sample sizes from n equal to 6 to 8.

The reduction in risk is explained by less variation in esti-
mates of the sample mean and standard deviation with larger

TABLE 4.17 Population statistics for computing AQL and RQL

 
Quality Level 

Population 
Meana 

Population 
Standard Deviationa 

AQL 
(PWL=90) 

4.75 
4.20 
3.60 

1.0640 
0.9122 
0.4682 

RQL 
(PWL=60) 

4.75 
4.20 
3.60 

2.0790 
2.0030 
1.6646 

aMean and standard deviation computed from LSL equal to 3.0 and USL equal to 6.5. 

Figure 4.12. Contractor risk for moderate pay factor at the AQL.



sample sizes. When small sample sizes are selected from a
population distribution, the estimate for the sample mean and
standard deviation will have greater variation. Wide disper-
sion of these estimates produces greatly varying estimates for
the PWL and pay factor. Thus, there are increased chances,
or risks, for estimating percentages of material outside spec-
ification limits and rejecting what is acceptable work with
smaller sample sizes. This type of analysis provides real-
world implications when the contractor’s process capability
is equivalent to PWL equal to 90, and the resulting pay fac-
tors that will be produced. The agency and contractor must
decide which level of risk they are willing to tolerate.

4.5.3.2 Acceptance at RQL

Of great importance to the agency is how the pay factor
will perform at the RQL. The agency wants to reject work
below the RQL and make appropriate pay adjustments for
work that is accepted slightly above the RQL. However,
there are instances where the agency will make full or bonus
payment for defective work that is PWL less than 60. Figure
4.13 shows the plot of sample size against the probability of
accepting the contractors work at a pay factor greater than or
equal to 100 (PWL greater than or equal to 90) when the true
population is PWL equal to 60. Plots are provided for the
three combinations of the population mean and standard
deviation that will produce a theoretical PWL equal to 60.
Similar to the AQL analysis, the plot suggests that larger lot
sizes will result in a reduction in risk and greater ability to
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discriminate correct payment at the RQL and that the popu-
lation mean and standard deviation have little effect on risk
levels.

4.5.4 Decision Analysis

The conclusions provided by the hypotheses tests and the
analysis of both specification limits and pay factors offer sev-
eral issues to consider during development of testing levels.
Table 4.18 summarizes the hypotheses test conclusions as
they pertain to acceptance testing.

It is desired to know what sample size, and corresponding
lot size, to specify for acceptance. Clearly, it is to the advan-
tage of both the agency and contractor to reduce the amount
of risk with larger sample sizes. The effects of risk are
reduced with a greater leniency in the pay factor given that the
potential effect on life-cycle cost effects are reduced. The
agency and contractor may want to consider choosing a larger
sample size when operating under the severe pay equation.

This type of decision is important to consider when defin-
ing an appropriate pay factor for the severity of the project.
The lenient pay equation may be more appropriate when the
effect of construction quality has a lessened effect on the life-
cycle costs. For example, a temporary pavement or a high-
way with low AADT could be classified with lenient pay fac-
tors. Severe pay equations would be assigned to projects
having higher life-cycle costs, such as an interstate highway
having higher traffic levels AADT. Thus, when determining
testing levels, small or large sample sizes could be specified

Figure 4.13. Agency risks for moderate pay factor at the RQL.



for less critical projects, while larger sample sizes are needed
for more critical projects. It is recommended that the risk
between small and large sample sizes be evaluated during
this decision-making process.

The method for determining sampling frequencies pro-
vided earlier may require more samples per lot for the criti-
cal projects. A rational acceptance specification would be
established using the prior sampling methodology and the
sample size that tolerates an acceptable risk level, as shown
in Table 4.19.

The sublot size would correspond to the sampling fre-
quency, and the lot size would correspond to the risk level
that an agency and contractor are willing to tolerate for a par-
ticular project (based on criticality). The sublot size can be
adjusted to improve efficiency in field sampling, and the
sublot size will have no effect on the ability to achieve unbi-
ased estimates for the population mean and standard devia-
tion. For example, density sublots on high criticality projects
could be specified as 1 per 200 tons or 2 per 400 tons.

4.6 VERIFICATION TESTING

A fundamental decision that must be made during devel-
opment of any QA program is whether to use agency or con-
tractor tests for acceptance. If the contractor QC test results
are used for acceptance decisions, then the required amount
of agency testing can be reduced to the amount necessary to
validate the contractor’s results (1). The agency typically
verifies the reliability of the contractor tests through periodic
testing of verification samples. For purposes of this research,
verification is defined as the procedure where a comparison
is made between the agency or contractor tests using either
split samples or independent samples to determine whether
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the contractor tests are satisfactory for acceptance. A com-
monly specified procedure is one agency verification test for
each lot of contractor QC acceptance tests.

The AASHTO Implementation Manual for Quality Assur-
ance provides two procedures for making statistical compar-
isons between agency and contractor tests (1). AASHTO
procedures (Appendixes F and G in the AASHTO manual)
provide means to compare test results from the contractor
and agency, but in different ways. Appendix F, “Comparison
of Quality Control and Acceptance Tests,” provides estab-
lished statistical methods to compare test results with the use
of the F-test and t-test. The F-test is used to compare vari-
ances, while the t-test is used to compare means. This proce-
dure is largely concerned with determining whether con-
tractor QC and agency acceptance tests come from the same
population. However, a drawback of this procedure is that it
requires more than one agency test to determine whether the
contractor tests are similar to those of the agency. With lim-
ited agency resources, this procedure lacks the ability to reli-
ably perform a single agency verification test for several con-
tractor tests within a lot.

Appendix G of the AASHTO Implementation Manual for
Quality Assurance, “Procedure for Evaluating Quality Con-
trol Test Results of Aggregate Gradations, Asphalt Mixes,
and Portland, Cement Concrete,” describes a process for per-
forming verification testing. A series of equations are used
concurrent with “If-Then” logic statements to determine
whether contractor and agency tests are similar or dissimilar.
A quantitative comparison is made between a computed
interval of tests using the mean and range of contractor tests
and determining whether the agency test lies within this
interval. If the agency sample lies between the lower and
upper limits of the interval, the QC samples are considered
similar to the agency acceptance sample. A weakness of this
procedure is the use of the range. The range is the least stable
of conventional summary statistics (e.g., mean, standard
deviation, and median), particularly with small sample sizes,
and its use for comparing a small group of contractor and
agency tests can produce widely varying conclusions. 

A fundamental issue when determining verification testing
levels is whether to use split samples or independent samples
for comparing contractor and agency tests. Split-sampling
was used in the work plan to provide a more accurate com-
parison between test results. No explicit definition of split-
sampling was given in the AASHTO QA publications or

TABLE 4.18 Summary of hypotheses tests for acceptance testing

Hypothesis 
Number 

Conclusion 
 

5 Using data in this study, strong evidence that both hot-mix and density test 
data, within 1 day’s production, are normally distributed. 

6 Mix property data are normally distributed between days.  Combining some 
adjoining daily lots caused an increase in the standard deviation. 
Density data are normally distributed between days.  Combining adjoining n 
equal to 5 samples from different days to create a sample size of n equal to 
10 produced an increase in the standard deviation. 

TABLE 4.19 Acceptance specification for project criticality

 Project 
 Criticality 

Sublot Size Lot Size 

  Mix Properties 

 Low 1 per 1,000 tons 4 per 4,000 tons 
 High 1 per 750 tons 8 per 6,000 tons 

  Density 

 Low 1 per 400 tons 5 per 2,000 tons 
 High 1 per 200 tons 10 per 2,000 tons 



other QA literature. For purposes of this research, it is when
a single sample is taken from a predetermined time, tonnage,
and location of material, and then split into equal sizes for
testing by different laboratories. Split-sampling eliminates
the effects of materials, production, and sampling variation
caused by sampling at different locations within a truckbox
or mat and by sampling at different times during production.
Use of split-sampling makes the comparison between labo-
ratory tests more precise. Successive samples taken during
production will be subjected to different degrees of materi-
als, production, and sampling variation. These components
of variation are eliminated during the split-sample compari-
son of laboratories.

The definition of independent-sampling for this research is
when laboratories independently collect samples at a differ-
ent time, tonnage, and/or location. Unlike split-sampling,
independent-sampling does not eliminate the variation com-
ponents of materials, production, and sampling. Independent-
sampling will introduce these variation components to
some degree and comparison of laboratories will be obscured.
Although a rational basis exists for choosing the split-
sampling method, some states specify independent-sampling.
Independent-sampling allows the contractor and agency to
conduct the sampling process independent of each other.

The state highway agency must decide what it wants to ver-
ify. If the intent is to obtain an independent verification of the
contractor’s overall process, including material, production,
sampling, and testing, then independent-sampling is recom-
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mended. If the intent is to verify simply the contractor’s test-
ing process, then split-sampling is the most efficient approach.
If split-samples are used, then either their sampling and split-
ting must be observed by a state highway agency inspector, or
the agency must be willing to trust the pedigree (i.e., trust that
they really were obtained from the project and under proper
random sampling procedures and so forth) of the split samples
provided by the contractor to the agency. Thus, a necessary
component when using split-sampling is having some degree
of trust, cooperation, and partnership between the agency and
contractor.

There are different requirements for making comparisons
between laboratories when using split samples or independent
samples. Table 4.20 identifies the statistical requirements
when making a comparison between split samples and
independent samples. Split-sampling offers a minor advan-
tage: The normality assumption must be met for both con-
tractor and agency data sets with independent-sampling,
while this same assumption must be met for only the single
split-sample data set. Independent-sampling requires an
additional degree of independence, where sampling from
individual laboratories must be conducted independently.
The assumption of equal variances is not required with split-
sampling, while this assumption is required for independent
samples, but an approximate test procedure can be applied to
relax this requirement.

One of the most important attributes of this table is the
number of tests needed to compare agency and contractor

TABLE 4.20 Statistical requirements for split samples and independent samples

Attribute Split Samples Independent Samples 
Normality •  Difference between data sets (e.g., 

one data set of differences) 
•  Both contractor and agency data sets 

Independence •  Random sampling •  Random sampling 
•  Samples must be collected 

independently (no split-sampling 
allowed unless by random chance). 

Variances  No requirement  Equal variances for both labs 
Number of Tests 
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where, 
n = number of pairs; 
σ2

D= variance between pairs; 
Zα/2 = confidence level; 
Zβ = probability of detection; 
µD, HO = mean difference at null 

hypothesis; and 
µD, HA = mean difference at 
alternative hypothesis. 
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where, 
n = number of verification tests; 
σ2 = pooled variance between tests; 
Zα/2 = confidence level; 
Zβ = probability of detection; 
µHO = mean at null hypothesis; and 
µHA = mean at alternative hypothesis. 

Measure of 
Variation 

σ2
D= Var (XA - XC) 

 = VarXA + VarXC - 2Cov(XA ,XC) 
 
where, 
Var = Variance 
Cov = Covariance 
XA = Agency data set 
XC = Contractor data set 

2σ2 = Var (XA - XC) 
       = Var XA + Var XC  
           (assuming equal variances) 
 
where, 
Var = Variance 
XA = Agency data set 
XC = Contractor data set 



tests. Independent-sampling will simply require an equal or
greater number of tests than split-sampling. The number of
tests for either split-sampling or independent-sampling is
largely determined by the variance. When there is no correla-
tion between split-samples, the variance expression for split
samples (σ2

D) and independent samples (2σ2) is equal (σ2
D

equal to 2σ2). The advantage of split-sampling is realized
when there is a positive correlation between split samples,
which makes σ2

D less than 2σ2. If the correlation is small, there
may be an advantage to independent-sampling because of
more degrees of freedom in the test. However, there is a large
positive correlation found with split-sample data, and σ2

D less
than 2σ2, inferring that split-sample verification will require
fewer tests than independent-sampling for equivalent param-
eters of interest.

A statistical procedure was developed for making a verifi-
cation test comparison between split-sample test results
using variation found in actual field data and the true differ-
ence between the mean of contractor and agency tests. Using
the mean difference for verification testing with a testing tol-
erance table is a common practice in many QA programs,
particularly for states using contractor data for acceptance.
Testing tolerance tables are straightforward and do not require
elaborate statistical calculations during construction. The dif-
ferences between tests are considered acceptable if they do
not exceed the tolerances set forth in a developed table. Table
4.21 provides QA testing tolerances from four states in the
study. Arizona and Florida do not have testing tolerances
because agency acceptance testing and contractor QC testing
are performed independently.

A procedure was developed that calculates the testing tol-
erance using the standard deviation between laboratory tests
from historical data (σD). There are large amounts of split-
sample test data available to estimate σD. States should begin
organizing these data to provide population estimates for
the standard deviation of differences between laboratories
on individual projects. A primary purpose of collecting
24 split-sample tests on the field projects was to estimate σD.
Although there is variation among σD within states, a central
or median value could be selected. Appendix G of the con-
tractor’s final report provides the summary of σD values for
all projects in the research.
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The number of verification tests for a given lot is a func-
tion of the following: (1) variation between tests, (2) differ-
ence between means, (3) probability that the mean difference
is contained within a defined acceptable region, and (4) prob-
ability that the mean difference is accepted outside the defined
acceptable region. It is recommended that agencies use this
interrelationship when setting split-sample verification test-
ing levels. Equation 4.6 enables the number of verification
tests to be calculated. This equation is modified from the
equations given in Table 4.20 (Column 2) where d is substi-
tuted in the denominator. A single test, or the mean of a group
of tests, is used when making a comparison. Equation 4.6 is
given below:

(4.6)

where
n = number of tests;

σ2
D = variance between pairs (std. dev.)2;

Zα/ 2 = probability level of acceptable differences (95 per-
cent or higher suggested, Zα /2 = 1.96);

Zβ = probability level of acceptance in rejectable region
(80 percent or higher suggested, Zβ = 0.842); and

d = difference between means.

Table 4.22 provides a practical application of the devel-
oped procedure relating the number of verification tests and
the testing tolerances using a known standard deviation. Sup-
pose an agency verifies 1 of the contractor’s 4 acceptance
tests from a given lot for asphalt content (AC). Using Equa-
tion 4.6, there would be a 95-percent acceptance region for
mean differences and an 80-percent chance of detecting a
true mean difference of 0.6-percent AC between tests. If the
agency and contractor had a difference of 0.3-percent AC,
the probability of detecting a true difference would only be
about 30 percent. The ability to discriminate true differences
is diminished as the tests move closer together. Thus, a strong
statement can only be made for true differences when the
tests are further apart.

Another option would have the agency test all 4 split-
samples in the lot. Then, if the agency and contractor had a
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Kentucky Same equipment - - - - - - 0.5 - - 1.0 1.0
Different equipment - - - - - - - - 1.5 1.5

Minnesota AC extraction 6.0 6.0 5.0 4.0 - 2.0 0.5 0.030 0.019 - -
AC ignition  oven - - - - - - 0.2 - - - -

Ohio AC extraction - - 4.0 - - - 0.3 - - - -
Wisconsin - 6.0 6.0 5.0 4.0 3.5 2.0 0.5 0.030 0.020 - -  



mean difference of 0.3-percent AC, the probability of detect-
ing a true mean difference would be 80 percent, much higher
than the single-test probability (30 percent). As the number
of verification tests is increased for the comparison, the true
mean difference between tests is decreased.

This statistically based approach applies the concept of
“power.” Power is the level of probability necessary to detect
true differences between the contractor and agency test results.
Power is computed only from population values and generally
does not apply when the standard deviation is unknown. Sam-
pling data are not used in power computations. A common
question is what is an acceptable value to have for power?
Based on experience, values of 0.80, 0.90, or 0.95 are preferred
so there is reasonable assurance that a true difference is
detected (33). An example of a power curve that illustrates the
ability of the agency to detect true differences in the contrac-
tor tests results during split-sample verification is provided in
Figure 4.14. In this example σD is equal to 0.34-percent AC.

If the agency wants to achieve a high power value, or a rea-
sonable assurance of detecting a true difference between con-
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tractor and agency tests, the difference must be 1.0 percent
or higher. When a difference between contractor and agency
tests is at a typical tolerance limit of 0.5 percent, the ability
to detect a true difference is only 30 percent. Thus, the abil-
ity of the agency to verify contractor test results is greatly
diminished when considering the power of the test.

The method of increasing the number of tests can provide
a more accurate comparison of contractor and agency tests.
Figure 4.15 shows the power curve when the mean differ-
ence of 4 split-samples is compared between the contractor
and agency tests (σD equal to 0.34-percent AC). The ability
to detect differences is greatly increased. The agency is
now able to detect a true difference of 0.5 percent between
asphalt content tests at a power of 70 to 80 percent. The
power is diminished for smaller differences, such as 0.1- to
0.3-percent AC.

An interactive approach using project-specific data was ana-
lyzed, where a sample standard deviation (sD) was used to esti-
mate the population standard deviation of differences (σD). It
was found that a project-specific estimate for the variability of

TABLE 4.22 Number of verification tests and testing tolerances 
(Florida I-10 data)

  Standard Testing Tolerances for 

  Deviation Select Number of Tests 

 Test Between Tests n=1 n=2 n=3 n=4 

 12.5mm, % 4.50 12.6 8.9 7.3 6.3

 9.5mm, % 4.29 12.0 8.5 6.9 6.0

 4.75mm, % 2.52 7.1 5.0 4.1 3.5 

 2.36mm, % 1.07 3.0 2.1 1.7 1.5 

 600µm,% 0.64 1.8 1.3 1.0 0.9 

 75µm, % 0.39 1.1 0.8 0.6 0.5 

 AC, % 0.21 0.60 0.42 0.35 0.30 

 Gmb, sp.gr. 0.008 0.023 0.016 0.013 0.011 

 Gmm, sp.gr. 0.007 0.020 0.014 0.012 0.010 

 Voids, % 0.41 1.1 0.8 0.7 0.6 

Figure 4.14. Power curve for mean difference of tests 
(σd = 0.34%).



differences between laboratories (sD) is unreliable for small
sample sizes, and the normality assumption would most
likely not be met. Because of these facts, it would be difficult
to estimate the population of differences between laboratory
tests using a small group of samples at the start of produc-
tion. Developing a population estimate for σD would require
a substantial testing effort at the beginning of production
and bring into question the idea of periodic verification test-
ing, which would essentially become continuous verification
testing, to determine this estimate. Continuous verification
testing to develop this estimate may even continue until the
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conclusion of the project. If there is uncertainty in σD, it is
recommended that an agency calculate “n” and “d” for a
range of σD values. (Refer to Appendix J of the contractor’s
final report for further analysis concerning the relationship
between laboratories).

An additional reason for not adopting an interactive
approach to set tolerance limits was potential problems with
implementation. Knowledge of how the procedure will develop
testing tolerances in practice could create the remote possibil-
ity of laboratories increasing variation between tests at project
start-up to develop excessively wide tolerance limits. These

Figure 4.15. Example of variance test.
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TABLE 4.23 Conclusions from testable hypotheses

Index of 
Hypotheses 

Testing 
Specification 

Area Conclusion 
1 Test Properties Coldfeed aggregate gradation samples have different means 

than hot-mix samples. 
2 Test Properties Coldfeed aggregate gradation samples have different variation 

than hot-mix samples. 
3 Variation There is significant day-to-day variation for both hot-mix 

properties and density. 
4 Variation Testing variation is a small percentage of total project 

variation for air voids. 
5 Distribution of 

samples 
Both hot-mix and density test data within 1 day’s production 
are normally distributed. 

6 Distribution of 
samples 

Both hot-mix and density test data are normally distributed 
when tests are combined from different days (based on data 
from the three projects in this study). 

wide tolerance limits would be incapable of detecting any dif-
ferences between laboratory tests during continued production.

A process was developed to evaluate the project-specific
sD value during implementation. This procedure simply com-
pares the sample sD value with the population σD value. A
problem successfully overcome during the analysis was
ensuring that small sample sizes used to develop the sD esti-
mate met the assumptions of a normal distribution. Rather
than using the F-test to compare variances with lack of assur-
ances for a normal distribution, an alternative method known
as Levene’s Method was used. Levene’s Method was chosen
because it is quite robust to departures from normality (19).
The only assumptions needed are that the two samples are
randomly chosen and that they are independent of each other.
An example of this procedure is provided in Figure 4.15.

4.7 SUMMARY

This chapter provided important considerations for using
contractor or agency data for acceptance. A sampling method-
ology was given that determines the sampling frequency
using production rates and time to conduct tests. Methods
were developed for determining testing levels for contractor
QC and agency acceptance. Finally, a method was given for
verifying the contractor and agency tests.

Integral components of developing QC and acceptance
testing levels were conclusions drawn from the testable
hypotheses. The six hypotheses were tested from areas of the
testing specification that included test properties, variation,
specification limits, sample size, and pay factors. Conclusions
from these testable hypotheses are provided in Table 4.23.



5.1 INTRODUCTION

This chapter describes the process to determine minimum
inspection levels for HMA overlay construction. The fol-
lowing sections are found in this chapter: (1) identifying
inspection tasks, (2) determining important inspection tasks,
and (3) evaluating methods to establish minimum inspection
levels. 

The process, shown in Figure 5.1, begins by identifying
inspection tasks found during HMA production defined by
process, location, activity, and task. Next, important inspec-
tion tasks identified using information gained in the literature
review are combined with observed field data collected from
projects in this study. Then, methods are given to set mini-
mum inspection levels through analysis of current HMA prac-
tices and applying nationally accepted QC methods. 

5.2 IDENTIFYING INSPECTION TASKS

The first step toward minimizing inspection levels is to
understand all relevant inspections in HMA construction.
Information previously discussed in the literature review of
HMA trade publications was consulted, along with contractor
input to identify inspection locations, activities, and tasks.
HMA construction inspection was structured into a 4-division
hierarchy: (1) process, (2) location, (3) activity, and (4) task.
This hierarchical structure provided a simple, organized for-
mat for data analysis.

The construction processes have four parts: (1) raw mate-
rials, (2) plant mixing, (3) mix transport, and (4) laydown.
There are 12 physical locations that fit within those four
processes, and these are locations during construction where
inspection activities and tasks are possible, as shown in Fig-
ure 5.2. These locations are numbered and include the fol-
lowing: (1) aggregate stockpiles, (2) asphalt binder, (3) aggre-
gate blending, (4) asphalt binder delivery, (5) mix plant, 
(6) dust collector, (7) mix storage, (8) load-out, (9) weigh
scale, (10) base condition, (11) paving, and (12) rolling. Each
of these locations has specific inspection activities that can
be identified, as well as specific inspection tasks within those
activities. Figure 5.3 provides an example of each of the four
divisions of HMA inspection with examples of an inspection
process, location, activity, and task. 
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The data collection format was developed with the assis-
tance of two contractors while visiting a mix plant and observ-
ing laydown operations. This was done to ensure that the data
collection was comprehensive and in a usable format. The
contractors were also helpful in providing practical insight
into field practices, so that data collection would be complete
and provide useful information. 

The information gained from literature review and con-
tractor input are summarized in Appendix B of this report. A
list is included of the identified inspection tasks and a descrip-
tion of each as they occur by process. The descriptions are
necessary to clarify the inspection task characteristics as they
pertain to HMA construction. Appendix B is also provided
as a reference to be used throughout the process to determine
minimum inspection levels. For the descriptions to fulfill this
purpose, they must be thorough and address every aspect of
the inspection task. This was done using a system of analy-
sis known as “process evaluation.” Process evaluation is a
systematic way of defining activities and tasks within an oper-
ation by asking basic questions: (1) where, (2) what, (3) who,
(4) when, (5) how, and (6) why (13). The operation in this
case is HMA construction, and inspection activities and tasks
are described in the table as they answer these questions. By
answering these questions, a complete description of the
inspection tasks was possible.

5.3 DETERMINING IMPORTANT 
INSPECTION TASKS

It is necessary to find those inspection tasks believed to be
most important in producing quality HMA, using the inspec-
tion task descriptions as a starting point. Important inspec-
tions are determined in this section using collected field data
and information from the literature. 

5.3.1 Collection of Field Data

To provide a comprehensive view of current practices, it
was necessary to include both observed agency and contrac-
tor field data of both mix-plant and laydown inspection. A
member of the research team was present at 13 projects to
collect and document field inspections and practices for both
the agency and contractor. This information was synthesized

CHAPTER 5 
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by reviewing the contractor’s QC plan, interviews with agency
and contractor personnel at each project, and observed prac-
tices. Tables were developed to summarize agency and con-
tractor inspection separately so that separate recommenda-
tions could be made. 

5.3.2 Synthesis of Field Data 
and Literature Review

The information described in the literature review and col-
lected during field data collection provides a summary of
those inspection tasks thought to be important to producing an
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HMA quality overlay by agencies and contractors. Virtually
every aspect of production can have an effect on the quality
of the final product. However, there are limited resources to
conduct the inspection tasks, so it is necessary to understand
where the maximum benefit can be obtained. HMA trade
publications and observed field practices provide valuable
insight on where resources should be focused.

Inspection task importance is based on whether it is
thought that the task is necessary for a quality pavement and
if it was frequently found among the literature review and the
collected field data. It is thought that if these tasks are per-
formed during construction, agencies and contractors will
have the ability to monitor and assess the quality of the mix
or compacted pavement, thereby allowing corrective action,
if necessary. 

Each of the HMA trade publications was studied to iden-
tify inspection tasks. If an inspection task was found in a par-
ticular source, it was recorded in a table. Inspection tasks
were also recorded in the table if they were observed during
field data collection. This was done to provide an overview
of each data source in common terms. Table 5.1 shows an
example of how inspection tasks were recorded. 

If a handbook discussed the importance of maintaining
separation between different aggregate stockpiles, an “x”
was marked in columns 5 and 6 of Table 5.1. Contractors
were also observed inspecting their stockpiles for appropri-
ate separation during field data collection. This is recorded in
column 9. A compiled list of the inspection tasks based on
these sources can be found in Appendix L of the research
team’s final report.

Table 5.1 also provides an example of the method used to
determine importance. It was assumed for analysis purposes
that inspection tasks are important if found in at least three

Figure 5.1. Process for determining minimum inspection levels.

Figure 5.2. Inspection of HMA construction processes.



of the four possible source areas (AASHTO et al., NAPA,
observed agency field data, and observed contractor field
data). Tasks are also important if given a NAPA impact rat-
ing of five or greater. For example, “Stockpile Separation” is
an important inspection task because it was found in three of
the four source areas. “Fines Return Location” is an important
inspection task because it was given a NAPA impact rating of
eight (which is greater than the cutoff value of five). Each of
the inspection tasks was evaluated using this method. Table
5.2 provides a listing of those inspection tasks that are con-
sidered important. This list will be used as a reference when
making recommendations for minimum inspection levels. 

5.4 EVALUATING METHODS TO ESTABLISH
MINIMUM INSPECTION LEVELS

The important inspection tasks list provides an organized
knowledge base for use in determining minimum inspection
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levels. It is now possible to evaluate established QC methods
and apply them to this list and HMA field practices. Current
practices are evaluated relative to project characteristics.
This information can be used to show agencies and contrac-
tors where there is opportunity for increased efficiency.
Nationally accepted QC methods were used: (1) Juran seri-
ousness classification, (2) Pareto analysis, and (3) fishbone
diagrams. A fourth method used was resource allocation using
data collected from the projects in this study.

5.4.1 Juran Seriousness Classification

Juran seriousness classification is a method of identifying
those inspection tasks that have the greatest effect on final
pavement quality using the expertise of those closely involved
in HMA construction. The seriousness classification developed
by J.M. Juran provides a method of emphasizing inspection

Figure 5.3. Four divisions of HMA construction inspection.

TABLE 5.1 Method for determining important inspection tasks

 
Hierarchical Inspection Divisions 

  
NAPA 

Observed Field 
Data 

 

Process Location Activity Task 

AASHTO, 
FAA, 

FHWA, 
NAPA, 

U.S. Army 
Corps of 

Engineers 
Handbooks 

Hand-
books 

Impact 
Rating Agency Contractor Total a 

Raw 
Materials 

Aggregate 
Stockpiles 

Maintain 
Stockpile 
Quality 

Pile 
Separation 

x  x - - X 3 

Plant 
Mixing 

Dust 
Collector 

Equipment 
Conditions 

Fines 
Return 
Location 

x  x 8 - - 2 b 

a  Sum of columns [(5)+(6)+(8)+(9)].   
b These inspection tasks have a NAPA impact rating greater than or equal to 5. 
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TABLE 5.2 Important inspection tasks for achieving HMA construction quality

Process  Location Activity Task
Raw Materials Aggregate Stockpiles Aggregate Quality Particle Size/Shape 

Gradation 
Specific Gravity 
Absorption 
Moisture Content 

  Stockpile Construction Pile Separation 
  Maintain Stockpile Quality Segregation 

Contamination 
Consistency 

 Asphalt Binder Check Quantity Verify Delivery Invoice 
Plant Mixing Aggregate Blending Loading Practices Bin Contamination 

Bin Levels 
Segregation 

  Proportioning Feed Rates 
  Equipment Conditions Bin and Belt Condition 

Belt /Weigh Scale Calibration 
 Asphalt Binder Delivery Binder Proportioning Check Flow 
  Equipment Condition Pump and Pipeline Calibration 
   Pump and Pipeline Condition 
 Mix Plant Plant Operations Burner Efficiency 

Mix Discharge 
RAP operations 
Plant Efficiency 

  Mix Quality Mix Temperature 
 Dust Collector Equipment Conditions Proper Housings/Cover 
   Fines Return Location 
 Storage Storage Operations Storage Duration 
   Loading Method (Segregation) 
  Mix Quality Mix Temperature 
   Moisture Content 
Mix Transport Load-Out Loading Practices Multiple Drops (Segregation) 

Use Tarps 
  Truck Conditions Clean Beds 

Proper Release Agents 
  Mix Quality Mix Temperature 
 Weigh Scale None Identified as Important 
Laydown Base Condition  Surface Condition Dry Surface 

Clean and Uniform Surface 
  Tack Coat Tack Coat Temperature 

Uniform Tack Coat 
 Paving Mix Delivery Check Truck Ticket  

Calculate Yield 
Mix Temperature 

    Equipment Conditions Proper Working Order (Maintenance) 
  Pavement Specifications  Establish Grade Reference 

Grade Control 
Depth Checking 
Slope Accuracy 
Width 

  Paver Operations Constant Paver Rate 
Paving Inconsistencies 
Crown 
Joint Construction 

  Pavement Quality Crown 
 Joint Construction 

 Rolling Rolling Operations Mat Temperature 
Establish Rolling Pattern 
Maintain Rolling Pattern 
Consistent Crown 
Joint Construction 

  Pavement Quality Density 
Smoothness 



tasks so that operators, inspectors, and supervisors understand
where to allocate available inspection resources. It may be
possible that some of the inspection tasks commonly per-
formed do not affect pavement quality as greatly as other less-
frequently performed inspection tasks. Using this method
provides a basis to reduce or eliminate some inspection tasks,
allowing an allocation of resources to the more critical areas.

The Juran seriousness classification uses a system devel-
oped by Bell Telephone Laboratories, entitled the Bell Sys-
tem. The Bell System uses three basic steps: (1) determine
the number of classes to be used (e.g., the Bell System has
four classes), (2) define each of those classes, and (3) clas-
sify each defect within a class (11). The specific definitions
of the Bell System’s four classes are shown in Table 5.3. The
Bell System has been useful for other industries to structure
seriousness classifications specific to those industries, such
as machinery fabrication or food processing companies. An
interdepartmental committee should develop seriousness
classifications, according to the Bell System. This concept
could be applied to HMA construction through joint agency/
contractor technical committees responsible for evaluating
and modifying the QA program. 

When developing the seriousness classification for HMA
construction, the Bell System’s four classes were reduced to
three more distinct classes by removing the Moderately Seri-
ous classification. This was done by the research team in an
attempt to make the classification simpler and more appro-
priate to HMA construction. Table 5.4 includes definitions of
these three classes that may be used for seriousness classifi-
cation of HMA overlay inspection. 

Table 5.5 shows an example of how seriousness classifica-
tion was used to classify inspection tasks under the particular
inspection activity, “stockpile quality.” They are all “Class
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A—Very Serious” inspection tasks. They are assigned to this
class because, according to HMA literature, at least one of the
definitions given for “Class A—Very Serious” is fulfilled. If
aggregate stockpile quality inspection tasks are not com-
pleted, defects in the mix may occur that “Will surely lead to
problems with the mix quality and lead to pavement failure.”
These tables provide a tool for agencies and contractors to
evaluate inspection tasks and focus inspection resources on
the tasks that are Very Serious and Serious and place less
emphasis on those inspection tasks classified as Not Serious. 

Appendix M of the research team’s final report presents by
process, location, and activity, how the list of inspection
tasks for HMA construction could be assigned according to
the seriousness classes. According to the suggested classifi-
cation, most of the inspection tasks are classified as Very
Serious. These classifications may vary among agencies and
contractors, so this list should be used as a starting point for
individual seriousness classifications. The seriousness clas-
sification system should give direction for changes and
improvements in current practices based on what are thought
to be Very Serious or Serious inspection tasks.

The table of important inspections can be used by agencies
and contractors when assigning tasks to the seriousness clas-
sification. Helpful insight may be found through comparison
of which inspection tasks are currently thought to be impor-
tant by the HMA industry and those that an agency or con-
tractor classified as Very Serious or Serious. For example,
Table L.4, in Appendix L of the research team’s final report,
lists “tack coat temperature” and “uniform tack coat” as impor-
tant inspection tasks at the “base condition” location. Table
M.4, in Appendix M of the research team’s final report, clas-
sifies “tack coat temperature” as Very Serious and “uniform
tack coat” as Serious. When comparing the two tables, an

TABLE 5.3 Seriousness classification of defects (11)

Class 
and 

Description 
 
 
 

 

Cause 
operating 

failure 
 
 
 

 

Cause 
intermittent 
operating 
trouble 

difficult to 
locate in 
the field 

Cause 
substandard 
performance 

 
 
 

 

Involve 
increased 

maintenance 
or 

decreased 
life 

 

Cause 
increased 

installation 
effort by 
customer 

 
 

Appearance, 
finish, or 

workmanship 
defects 

 
 

 
A 
 

Very 
Serious 

 

Will Surely 
(Not readily 
corrected in 
the  field) 

Will Surely - - - - 

B 
 

Serious 
 
 

Will Surely 
(Readily 
corrected in 
the field) 

- Will Surely Will Surely 
Major 

Increase 
- 

C 
Moderately 

Serious 

May 
Possibly 

- Likely To Likely To 
Minor 

Increase 
Major 

D 
Not 

Serious 
Will Not - Will Not Will Not - Minor 



agency or contractor may conclude that both of the tasks are
thought to be important to the final quality of the pavement,
although more emphasis should be placed on completing the
inspection task, “tack coat temperature,” based on the seri-
ousness classification. 

5.4.2 Pareto Analysis

The seriousness classification can now be used to modify
current inspection practices to meet the specific needs of the
agency and contractor. To do this, it is necessary to identify
field practices for individual projects that allow opportunities
for increased efficiency. Pareto analysis is a visual tool used
for finding areas in production with the greatest potential for
improvement. As a general rule, a process can be broken
down into a “vital few” areas with the bulk of improvement
potential (27). An injection molding process can be used as
an example. The defects that may be encountered on a molded
part could be black spots, scratches, or flow lines. Over one-
half of the defects found while sampling the product were
due to only one of the defects, black spots (27). This infor-
mation provided a way to allocate a limited amount of
resources on correcting the primary defect, black spots. 

Pareto analysis was applied to the four HMA processes to
provide information on where effort is currently expended.
Appendix N of the research team’s final report summarizes
the completed inspections for each of the projects for both
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agency and contractor personnel. Four of the projects used
agency data for acceptance, and the nine remaining projects
used contractor data for acceptance. Inspection data were not
collected for three of the projects. The Pareto analysis was
performed separately for agency and contractor acceptance
data projects so that inspection task emphasis could be com-
pared among the four processes, as well as between agency
acceptance and contractor acceptance projects. The percent-
ages of completed tasks are similar for projects, regardless of
whether agency or contractor acceptance data were used.

Table 5.6 shows a portion of Table N.4 found in Appen-
dix N of the research team’s final report. This table presents
the inspection tasks completed by the agency during the lay-
down process. This table consists of the four projects that
used agency acceptance data. 

The tables in Appendix N reveal that during the laydown
process, 16 inspection tasks were completed. When the com-
pleted inspection tasks are summed for all four processes
(i.e., raw materials, plant mixing, mix transport, and lay-
down), the total number of completed inspection tasks is 29.
Therefore, the percentage of inspection tasks completed dur-
ing the laydown process is 55 percent (16 divided by 29).
This is nearly more than one-half of the total completed
inspection tasks, which is due in part to a greater number of
possible inspection tasks to complete during this process.
This 55 percent is shown in Figure 5.4 along with the per-
centages for the other three processes for both agency and
contractor acceptance projects. 

TABLE 5.4 Seriousness classification for HMA inspection tasks

Class and 
Description 

Definition 
 

A 
 

Very 
Serious 

Will surely lead to problems with mix quality and lead to pavement failure; 
Will surely lead to pavement not meeting specifications; 
Will surely lead to production downtime; 
Will surely lead to problems difficult to correct in the field during laydown; and 
Will surely lead to problems difficult to correct after paving is completed. 

B 
 
 

Serious 

Will probably lead to problems with the mix and lead to pavement failure; 
Will surely cause a problem during mix plant production that is easily corrected during  

laydown construction; 
Will surely cause a problem that is easily corrected after paving is completed; 
Will surely lead to a  problem less serious than downtime such as a substandard  

performance; 
Will likely cause increased maintenance or decreased life of the final pavement; and  
Will lead to pavement construction not meeting specifications. 

C 
 

Not Serious 

Will not affect production or the life of the pavement; 
Will lead to minor defects in pavement appearance; and 
Will lead to management problems regarding material and money, but will not directly  

affect pavement quality. 

TABLE 5.5 Seriousness classification for aggregate stockpile quality

Class 

Process Location Activity A – Very Serious  B – Serious C – Not Serious 
Raw 
Materials 

Aggregate 
Stockpiles 

Maintain 
Stockpile 
Quality 

Segregation 
Contamination 
Discoloration 
Loading Rotation 

None Defined None Defined  



Figure 5.4 illustrates that agencies are performing the great-
est percentage of inspection tasks during laydown. This may
be due to laydown being a more visual part of construction.
By having an inspector at the laydown process, the agency can
check that the pavement width, grade, depth, and slope are as
specified. An inspector can also monitor difficulties with mix
delivery during laydown such as segregation and mix tem-
perature. If problems such as these occur with the mix, the
inspector can discuss them with the contractor. 

The percentages of completed inspection tasks are signif-
icantly less for the remaining three processes. In addition to
there being fewer tasks to complete during plant operations,
a possible reason for a lower percentage of plant-mixing
inspection tasks is that agencies effectively use test results to
monitor the plant-mixing processes. Field observation indi-
cated that many agency project staff viewed plant operations
as being more of a contractor responsibility, which would
explain the lower percentage of inspection tasks. 

Pareto analysis was also performed for contractor inspec-
tion data. Figure 5.5 illustrates that the greatest percentage of
completed inspection tasks for contractors occurs during
plant mixing, followed closely by laydown. This seems log-
ical, given that the contractors have control of the mix dur-
ing the plant operations, as compared with agencies that have
more QA activities during laydown. A significant percentage
of the total completed inspection tasks were also performed
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during laydown. This indicates a desire to ensure agency
specifications are met. 

Pareto analysis provides agencies and contractors with
information to make potential changes or improvements in
current practice. It also identifies those processes that are
consuming the most resources. The seriousness classification
of the inspection tasks can be applied to determine if suffi-
cient resources are being allocated to important tasks. From
the Pareto analysis, agencies can see that most inspection
tasks occur during laydown. This information can be used by
agencies to identify opportunities for reallocation of inspec-
tion resources. Likewise, contractors can use the information
to evaluate their resources expended on inspection tasks dur-
ing both plant mixing and laydown. 

5.4.3 Fishbone Diagrams 

Fishbone diagrams, or cause-and-effect diagrams, are a
helpful tool to show the influence of external factors on the
completion of inspection tasks. These diagrams are tools that
enable the user (agency or contractor) to systematically apply
a graphical representation leading to the root cause of a par-
ticular quality concern (27). The diagrams provide emphasis
in the locations most likely to provide solutions to problems at
the root cause level, rather than symptoms. Fishbone diagrams

TABLE 5.6 Inspection tasks completed by agency on agency acceptance data projects (laydown
process)
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Contractor - - - - - - - - - - - - - - - - 1 P 1 Arizona I-
10 
(Phoenix) 

Agency C C - - - 1 1 - - - - 1 C C - - C - - 

Contractor - - - - 1 - - - - - - - P - - - 1 P P Arizona I-
10 
(Benson) 

Agency - 1 C 1 - - C - 1 C 1 C C - - - 1 1 - 

Contractor - 1 - - - - - P 1 - - 1 - - - 1 - 1 1 Arizona 
USH-60 
(Wittman) 

Agency - 1 - - - C 1 - - - 1 - - - - 1 - 1 - 

Florida I-10 Contractor - 1 1 - - P - - - - - - - - - 1 1 - 1 

 Agency C C 1 - - 1 - - - - 1 - - 1 - 1 1 - - 
a Denoted with “C”if identified during agency interview as important, but no agency completion observed.    
b Denoted with “P” if identified in QC plan or during contractor interview as important, but no contractor completion observed. 

c Bolded when both identified and observed by agency or contractor.          



also provide focus and a clear measure of the knowledge cur-
rently available on a particular problem (27). If changes or
improvements are to be made, understanding the factors
affecting the inspection task completion is required. 

Four different factors—personnel, method, machine, and
environment—were chosen as the main factors that can
affect quality. They were chosen because they best answer
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the questions: “What causes the problem?” and “Why do we
think that’s a problem?” (27). 

The four factors were defined for HMA inspection as fol-
lows. Personnel affects the inspection task if lack of moni-
toring by a staff member, or human error, contributes to a
task being completed improperly. Methods are a factor if the
common practices of a contractor are causing a problem or

Figure 5.4. Pareto diagram of inspection tasks completed by agency.

Figure 5.5. Pareto diagram of inspection tasks completed by contractor.



defect in the material. Machines are considered a factor if a
problem can be attributed to malfunctioning equipment or
equipment that is not in proper working condition. Environ-
mental factors are those factors that are produced by the envi-
ronment, but independent of equipment working correctly or
people conducting the inspection correctly. 

By categorizing inspection tasks by these four factors, direc-
tion is provided for agencies and contractors on the issues they
may encounter when making any changes or improvements in
the field. For example, if it is known that a particular HMA
process is driven by personnel factors, the completed inspec-
tion tasks for that process should be addressed with improved
training and/or management of personnel.

Fishbone diagrams illustrate how the four factors affect an
inspection task using a specific diagramming technique. A
large box contains the inspection task to be analyzed, and
smaller boxes contain any of the four factors affecting an
inspection task. Figure 5.6 provides an example of a fishbone
diagram for aggregate stockpile separation. There are two
factors that may affect the mixing of aggregates among dif-
ferent stockpiles, including personnel (loader operator) and
method (stockpile construction). The loader operator has the
ability to remedy these problems by preventing the mixing of
aggregates between piles. Mixing of aggregate between piles
can be minimized with simple methods, such as constructing
the piles with appropriate spacing or using barrier walls.

Figure 5.7 provides an example of a fishbone diagram for
paving equipment condition and illustrates how method and
equipment factors affect that inspection task. Problems could
be caused by equipment malfunctioning during production
causing downtime or problems with the pavement. Contrac-
tor methods are a factor because equipment conditions depend
on monitoring and scheduled maintenance. If the contractor
does not plan, schedule, and execute maintenance of equip-
ment, it is likely that this will eventually lead to equipment
malfunctions, reduced productivity, and perhaps substandard
quality.

It is recommended that fishbone diagrams be completed
for each inspection task so that the effects of the four factors

66

can be visualized. Appendix O of the research team’s final
report summarizes how each of the observed inspections could
be arranged according to these factors, using the fishbone dia-
gram. Table 5.7 shows some of the information found in
Appendix O. Both personnel and method affect the inspection
task “aggregate stockpile separation.” Therefore, pile separa-
tion is found under both the personnel and method factors.
Also shown is the inspection task “equipment condition” for
the “paving” location. Because both methods and equipment
affect it, it is listed under both of these factors in the table.

It is useful to apply the four factors to the inspection tasks
performed by the agencies and contractors to provide knowl-
edge of those factors affecting the greatest number of inspec-
tion tasks. The data provided in Appendix O are graphically
presented in Figure 5.8. 

The calculations for Figure 5.8 are similar to those used in
the Pareto analysis, except that the data are not separated by
who performs the acceptance testing. For example, when the
number of inspection tasks completed by the agency are
added together for all four processes (i.e., raw materials, plant
mixing, mix transport, and laydown) for the 13 projects, the
total number of completed inspection tasks is 113. Personnel
factors affect 68 of the inspection tasks that were completed
during laydown. The 68 tasks include inspection tasks com-
pleted at more than one of the 13 projects. For example, if the
inspection task, “clean and uniform surface,” was observed
at three different projects, it would be counted as a personnel
inspection task three times. The percentage shown in Figure
5.8 is found by dividing the 68 personnel inspection tasks by
the total number of completed inspection tasks, 113, which
equals 60 percent. The same calculations are used to find all
of the percentages shown in Figure 5.8. The percentages do
not add up to 100 percent because some of the inspection
tasks were classified under more than one factor.

Most agency inspection tasks were personnel-related—the
other three factors were not as significant. This means that
when evaluating the effectiveness of current inspection prac-
tices, agencies should begin first by evaluating their person-
nel. There is little that can be done with the other three factors

Figure 5.6. Fishbone diagram for aggregate stockpile separation.



because of the small number of inspection tasks performed.
Inspectors must be aware of quality issues and have the
knowledge, skill, and attitude to proficiently conduct inspec-
tion tasks considered important by the agency. Inspectors
must be aware of the important inspections such as those
identified as Important or Very Serious. It is important for
agencies to ensure that personnel have the proper training,
instructions, and procedures to conduct each inspection task. 

Figure 5.9 illustrates that the largest percentage of inspec-
tion tasks performed by the contractor is also personnel-
related. Method and equipment inspection tasks were also
frequent during plant mixing and laydown, which is where
most inspection tasks take place.

In addition to personnel, contractors must also address
methods and equipment. Contractors must ensure that their
methods of operations coincide with their own list of impor-
tant inspections, based on seriousness classification. Exam-
ples of inspection tasks affected by contractor methods are
plant calibration, equipment condition, and establishing a
rolling pattern. Inspection tasks affected by contractor method
require planning, scheduling, and execution of tasks. The
effect of these factors ultimately has an influence on the qual-
ity of HMA overlay. Contractors must acknowledge person-
nel, method, and equipment factors when considering changes
and improvements to current inspection practice. 

5.4.4 Resource Allocation

Resource allocation is a method to determine minimum
inspection levels considering limited resources. With an idea
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of where the largest number of inspection tasks are com-
pleted, field practices can now be evaluated in terms of person-
hours and project characteristics. There could be nearly con-
tinuous inspection tasks performed on a project if it were not
for time, staffing, and project-specific constraints. A summary
is provided of observed agency and contractor inspection task
completion based on (1) person-hours, (2) AADT, (3) ton-
nage, and (4) whether agency or contractor data are used for
acceptance. 

5.4.4.1 Person-Hours

Observed inspection levels are analyzed first in terms of
person-hours. Person-hours were recorded during field data
collection using crew balance charts, a graphical means to
show the percentage of time spent performing specific activ-
ities. They were prepared for each day that an inspector was
observed. The number of person-hours for inspection on a
project is then calculated by summing the number of hours
worked on a given day for each project staff member. For
example, if two inspectors were on a project 1 day and they
each worked for 8 hr, this created a total of 16 person-hours.
Inspection time was analyzed as a percentage of person-
hours per day to normalize the data from different projects.
There were differences in the data, including production, dif-
ferent numbers of inspectors, and variable number of hours
worked per day. 

Inspection time was divided into four categories: (1)
inspection-direct, (2) inspection-indirect, (3) non-inspection
productive, and (4) non-productive. The four categories and

Figure 5.7. Fishbone diagram for paving equipment conditions.

TABLE 5.7 Factors affecting aggregate stockpile separation

  Factor 
Process Location Personnel Method Equipment Environment 

  Task 
Raw Materials Aggregate Stockpiles Pile Separation Pile Separation - - 
Laydown Paving - Equipment Condition Equipment 

Condition 
- 



the activities for each are shown in Table 5.8. Agency
inspection-direct time included activities such as plant obser-
vation, sampling/testing, travelling to the laboratory, and con-
tractor sampling/testing observation. Base condition, paving,
and rolling inspection are also included under this category.
Contractor inspection-direct time activities were sampling/
testing, plant and laydown observation, and density testing/
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monitoring. These are all activities that relate directly to the
inspection of the HMA overlay. 

Those inspections not directly related to the overlay,
including documentation, traffic control, and other construc-
tion inspection, were classified as Inspection-Indirect time.
Time spent in meetings, in the field office, or on other proj-
ects was considered productive, but not classified as direct-

Figure 5.8. Agency-completed inspection tasks per factor.

Figure 5.9. Contractor-completed inspection tasks per factor.



inspection. A fourth category was created for non-productive
activities such as time spent idle, off site (not on other proj-
ects), waiting between trucks during ticket collection or sam-
pling, on-site travel, or delays due to rain. 

These categories were chosen so that agencies and contrac-
tors could understand where inspectors spend time in the field.
Percentages indicating productive inspection time were used
to provide agencies and contractors with a better understand-
ing of how and where inspectors are expending person-hours.
Areas for improvement are clearer when productive time is
separated from non-productive time and non-productive activ-
ities are identified. These categories provide a way to see
clearly productive and non-productive time for field personnel.

The breakdown of observed inspection time for agencies
is shown in Figure 5.10. A significant percentage of non-
productive person-hours is illustrated in this figure. This is
time spent idle, traveling on site, or waiting between trucks,
that may be minimized with the knowledge that it is occur-
ring. An effort should be made to increase the percentage of
time spent performing productive activities and to find ways
to minimize those that are non-productive.

Figure 5.11 provides a breakdown of observed contractor
inspection time percentages. Much of the contractor inspec-
tion person-hours were allocated to productive activities,
with a small percentage of time spent waiting for trucks or
rain delays. This shows that there is opportunity for improve-
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ment. However, there is a much greater minimization of non-
productive activities by the contractor than by the agency.

5.4.4.2 Project AADT

Project AADT was investigated because it is an important
project characteristic defining the service-level of the pave-
ment. A relationship was found between time allocation to
inspection-direct time (see Table 5.8) and project AADT
with the collected field data. Figure 5.12 is a scatter plot of
the observed agency allocation to inspection-direct time dur-
ing laydown and project AADT. The total number of data
points equals 13. Three ranges of AADT were developed by
the research team: low (<15,000), medium (16,000 to 39,000),
and high (>40,000). These ranges were chosen using engi-
neering judgment, because they provided an equal grouping
among the data and a basis from which to define pavement
service-level. Agency laydown inspection time is shown, but
agency plant inspection time is not. This is because no trend
was observed between plant inspection and project AADT. 

The plot suggests that as project AADT increases, inspection-
direct time also increases. This may indicate that inspections
related directly to the HMA overlay during laydown are cur-
rently thought to be more important for projects having
higher AADT. The increase in agency laydown inspection is

TABLE 5.8 Inspection category descriptions

Time Category Agency  Contractor 
Inspection-Direct   

Plant Travel to Lab/Materials Transport Sampling/Testing (Mix  and 
Gradations) 

 Plant Observation Observation 
 Sampling/Testing  

 Observe QC Sampling/Testing  

Laydown Base Condition (milling, inspection in  
front of paver) 

Sampling (Mix) 

 Paving  (HMA/paving observations,  
ticket collection, mix 
temperature, yield calculation) 

Material Transport 

 Rolling  (density testing/observation,  
rolling observation) 

Density Testing/Core Sampling 

 Sampling/Testing  (sampling at  
mat, core layout) 

Observation 

Inspection-Indirect Docu mentation Documentation 
 Traffic Control  
 Other Construction  

Non-Inspection Productive Meetings Other Projects 
 Field Office  
 Other Projects  

Non-Inspection Non-
Productive 

Rain Delay Rain Delay 

 Idle Waiting for Trucks  
(between sampling and 
density testing) 

 Off-Site  
 Travel On-Site  
 Waiting for Trucks (between ticket  

collection and sampling) 
 



logical, because a higher AADT is generally a higher profile,
or a more important, project, so there is possibly a greater
concern for the quality than with a lower AADT project.
Higher AADT projects presumably have higher visibility
and risk if unacceptable quality is achieved. Because agen-
cies currently conduct more inspection during laydown than
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at the plant, it is logical that an inspection increase would
appear during laydown more so than at the plant.

Figure 5.13 shows contractor inspection-direct time versus
project AADT for both the plant and laydown on higher
AADT projects. This figure indicates that an increasing per-
centage of inspection-direct time occurs independent of proj-

Figure 5.10. Agency inspection time percentages by category.

Figure 5.11. Contractor inspection time percentages by category.



ect AADT. Perhaps there are other factors causing the increase
in inspection-direct time; however, project AADT does not
appear to be a factor. 

5.4.4.3 Project Tonnage

In addition to project AADT, project tonnage is a charac-
teristic that can indicate how inspection time will be expended
on a project. Figure 5.14 shows the relationship between con-
tractor non-productive time and project size. Three discrete
ranges of tonnage volumes were created: low (less than or
equal to 40,000), medium (41,000 to 74,000), and high
(greater than or equal to 75,000). As project tonnage increases,
the contractor non-productive time shows an increase as well.
This may be the result of more time spent waiting between
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trucks for sampling or rollers during density testing, as well as
greater travelling distances. Many of the observed data points
are 0 percent, because contractors are allocating most of their
inspection time in productive ways. Very few of the contrac-
tor employees observed spent a significant amount of time idle
or performing non-productive activities. No graphs are shown
for inspection-direct and inspection-indirect time versus proj-
ect size, because no clear relationship between them was
observed. There is also no graph shown for agency inspection
time and project size for the same reason. 

5.4.4.4 Agency and Contractor Acceptance Data

Along with the previously mentioned project inspection-
time indicators, whether to use agency or contractor data 

Figure 5.12. Agency laydown inspection-direct time versus project AADT.

Figure 5.13. Contractor inspection-direct time versus project AADT.



for acceptance is also significant for allocating inspection
resources. Table 5.9 shows how inspection time was allo-
cated in total person-hours for plant and laydown when either
agency or contractor data were used for acceptance. Not all 
13 projects are shown under each category for the contractor
because of data unavailability.

Agency inspectors spend more time at the plant inspecting
if contractor QC data are used for acceptance. The additional
plant inspection time is directly attributed to the increase in
amount of time that the plant inspector spends observing con-
tractor sampling and testing procedures. The explanation for
this is that contractor sampling and testing procedures are
more critical to an agency using contractor data; therefore,
more time would be spent inspecting their procedures.
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Contractors should monitor the production process through
quality control, even if the agency is conducting independent
acceptance testing. Well-managed HMA contractors are con-
ducting the maximum number of tests possible in a day, so
they have no reason to change their testing levels. Therefore,
their time allocated to the mix plant does not change.

The observed data used to form the previous conclusions
can be found in the tables in Appendix P of the research team’s
final report. These tables summarize the observed agency
and contractor inspection levels based on person-hours, proj-
ect AADT, and project tonnage volumes. The observed
inspection tasks are summarized according to the inspection
locations previously described. It is important to view the
specific number of people, inspection-time allocation, and

Figure 5.14. Contractor non-productive time versus project size.

TABLE 5.9 Range of inspection time based on agency or contractor
acceptance testing

 Contractor Inspection Time 
(person-hours per day)  

Agency Inspection Time  
(person-hours per day) 

Project Plant Laydown Plant Laydown 
Agency Acceptance Testing 

Arizona  I-10 (Phoenix) 9 9 2 27 
Arizona I-10 (Benson) - 10 0 20 
Arizona USH-60 (Wittman) - 10 0 19 
Florida I-10 27 9 1 33 
Range 9-27 9-10 0-2 19-33 

Contractor Acceptance Testing 
Kentucky STH-18 30 12 1 10 
Minnesota I-90 18 10 4 18 
Minnesota I-494 20 - 2 24 
Ohio I-75 (Dayton) 10 10 8 8 
Ohio I-75 (Findlay) 10 10 1 8 
Wisconsin I-94 11 11 0 27 
Wisconsin STH-13 - 14 1 28 
Wisconsin USH-12 26 0 0 28 
Range 10-30 0-14 0-8 8-28 
Kentucky I-64 data were not included due to incomplete set of data. 
Not all 13 projects are shown under each category for the contractor because data 
were not collected on all projects. 



inspection tasks completed for each project type. Specific
recommendations are made using these data. 

5.5 SUMMARY

A process to determine minimum inspection levels was
described by identifying all possible inspection tasks, deter-
mining which inspection tasks are important, and using four
methods to determine an appropriate inspection level. Twelve
physical locations were identified where detailed inspection
tasks could be conducted. Within each location, all possible
tasks were enumerated. A procedure was developed to iden-
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tify important inspection tasks. A synthesis of field data and
review of both HMA trade publications and QC literature were
used to make this determination. Then, four methods were
researched that could assist in determining minimum inspec-
tion levels: (1) Juran seriousness classification, (2) Pareto
analysis, (3) fishbone diagrams, and (4) resource allocation
analysis. The first three methods used established QC tech-
niques to interpret the collected field data and then make rec-
ommendations of those inspection tasks thought to influence
pavement quality. The fourth method, resource allocation,
investigated the use of project attributes, including available
staff, project AADT, and tonnage to optimize limited inspec-
tion resources for the construction project. 



6.1 INTRODUCTION

Recommendations have been provided in the prior sec-
tions for developing rational methods to determine testing
and inspection levels for HMA overlay construction. These
recommendations are the result of data collected and ana-
lyzed from the HMA overlay projects selected for the study.
The following two sections provide detailed recommenda-
tions specific to testing and inspection.

6.2 TESTING LEVELS

Table 6.1 provides summary recommendations for test-
ing levels based on the research in this study. Then, more
detailed recommendations are given for contractor quality
control, acceptance, and agency verification of contractor
acceptance tests.

6.2.1 Quality Control

6.2.1.1 Aggregate Gradation (Raw Materials)
Testing Levels

A statistical comparison of means was made using the t-test
procedure, given in the AASHTO Implementation Manual
for Quality Assurance, to determine if there was a mean dif-
ference between the two sampling locations. The F-test pro-
cedure was used to determine if the variation between sam-
pling locations was equal or not. As would be intuitively
expected, the data indicated that input variation from cold-
feeds is transferred to output variation at the plant discharge.

There was strong evidence that coldfeed aggregate grada-
tion tests will have different means than hot-mix samples when
evaluated across the entire project. Data show an increase in
the mean between coldfeeds and hot-mix samples for nearly
all sieve sizes on three projects studied. Shifts in the mean are
caused by one or more of four variation components: (1) mate-
rials, (2) production, (3) sampling, and (4) testing. Produc-
tion may cause shifts in the mean through aggregate break-
down from the coldfeeds through the plant. Sampling the
material at different locations can introduce bias by not col-
lecting a representative sample. Different testing procedures
for coldfeed and hot-mix samples can introduce a systematic
bias between test results.
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Different mean levels cause concern when using coldfeeds
to control mean levels of the final hot-mix aggregate grada-
tion. Contractors must be aware that bias may be introduced
when sampling from two different locations. If bias can be
attributed to production, contractors may typically add a small
percentage of baghouse dust during the mix design to simu-
late the generation of dust from aggregates during mixing.
Sampling at different locations has a definite possibility of
introducing bias. Different test procedures for coldfeed and
hot-mix aggregates are a potential source of bias. Contractors
should continue to collect data to quantify changes in cold-
feeds and hot-mix samples for percentage passing the sieves
for a given aggregate type.

A quantity-based testing frequency is recommended for
controlling aggregate gradation to minimize aggregate parti-
cle size variation within the final mixture. The sampling fre-
quency should be calculated using the methodology described
earlier. It is also recommended that sample sizes of n equal
to 4 or larger be collected to determine if a difference exists.
Agencies should recommend in the specifications that this
procedure be performed by the contractor at the start of pro-
duction if the contractor chooses to use coldfeeds to control
final hot-mix aggregate gradation. Mandated testing levels
for quality control should only be specified when contractor
data are used for acceptance.

6.2.1.2 Plant Mix Testing Levels

A formal ANOVA was used to measure sources of varia-
tion found in the plant-mixing data. The data analysis con-
cluded that between-day variation is significant. Contractors
can expect significant variation in the daily production of the
plant-mixing process. A necessary component when estab-
lishing testing levels for quality control is to detect assignable
causes of variation on a daily basis. Between-day variation
can be attributed to several assignable causes, such as mater-
ial properties, environmental conditions, personnel decisions,
equipment, and construction methods. Controlling variation
requires constant feedback-testing to identify discernible
trends or variation and make appropriate adjustments so that
target levels are met.

A rational method of determining QC testing levels for the
plant-mixing process is to allocate QC testing to the significant

CHAPTER 6 

RECOMMENDATIONS



TABLE 6.1 Summary recommendations for testing levels

Implementation 
Issue 

Recommendation 
 

Agency or 
Contractor Data 
for Acceptance 

• Agency has worked in partnership with the contractor and has 
reasonable assurance of contractor’s honesty and integrity. 

• From a resource perspective, the testing alternative that minimizes the 
cumulative number of contractor and agency tests on a given project is 
by using contractor data for acceptance.  Several considerations were 
given when selecting agency or contractor tests for acceptance. 

• This decision will directly affect the resource level requirements for 
the agency on any project. 

• If contractor data are used for acceptance, the agency can allocate 
limited resources across a larger number of projects as well as specify 
specific items to be included in the Quality Control plan. 

Sampling • Choose a location that provides the best opportunity to collect a 
representative sample of the work.  Consider the four sampling 
attributes (material characteristics, resources, interaction of 
construction operations and sampling, and safety) and other state-
specific attributes during this decision. 

• Hot-mix acceptance samples should be collected at the laydown 
operation to provide the most representative sample. 

• Perform all sampling in strict accordance with randomization 
principles to obtain unbiased statistical estimates. 

• Agencies should either collect their own samples or witness the 
contractor collect and split the sample and have the agency field 
representative immediately take possession of their portion of the 
split-sample. 

• Review the relative advantages and disadvantages of time-based and  
quantity-based sampling. 

• Determine sampling frequency using estimated times to complete each 
test. 
Time-based:  sampling rate  longest testing time 
units = samples-per-hour 
Quantity-based:  sampling rate  maximum production rate 
units = samples-per-tons (convert to area or length as desired) 

• Collect samples with the presumption they will be tested to comply 
with randomization principles.  If not all samples are tested, remove 
them in accordance with randomization principles. 

Quality Control 
Testing Levels 

• Perform an independent-sample t-test and F-test between coldfeed and 
plant-produced aggregate gradation to determine if both locations 
provide a similar mean and standard deviation for quality control. 

• Stockpiles - Use quantity-based sampling and testing when building 
stockpiles to ensure aggregate particle sizes are consistent and 
variation is minimized.  Use production rates to determine a quantity-
based sampling frequency.  Use control charts to provide visual 
interpretation of particle size when building stockpiles. 

• Plant Mixing - Develop a sampling and testing frequency using the 
sampling methodology.  Daily testing is recommended since variation 
changes between days.  If there are minimal testing resources 
available, the contractor should ensure that samples are collected and 
tested within each day of production, as opposed to high-frequency 
testing on periodic days.  Use control charts to provide a visual 
interpretation of the process. 

• Density - Develop a sampling and testing frequency using the 
sampling methodology.   Significant variation was found between 
days.  If there are minimal testing resources available, the contractor 
should ensure that samples are collected and tested within each day of 
production, as opposed to high-frequency testing on periodic days.  
Use Equation 4.4 as a starting point to determine the number of daily 
density tests for quality control.  Define the rolling zone as a sublot 
and then randomly collect samples within each rolling zone to obtain 
unbiased statistical estimates of the compaction process. 

• Apply the Analysis of Variance models to the plant mixing and 
compaction processes to determine if variation is random or if 
variation can be assigned to days of production.  Work with 
consultants to interpret the data if no available expertise exists within 
the organization. 

• It is recommended that more samples be collected and tested, rather 
than more subsample testing on each sample.  For example, a larger 
percentage of project variation for air voids is found with materials, 
production, and sampling than testing. 



sources of variation. If there is a minimum amount of testing
resources available, the contractor should ensure that sam-
ples are collected and tested within each day of production,
as opposed to high-frequency testing on periodic days. In
other words, daily testing is recommended given the pres-
ence of significant between-day variation. As a starting point,
it is recommended that a minimum of n equal to 3 complete
hot-mix tests be made per day for quality control. This min-
imum testing level is derived from the time one technician
can comfortably complete three tests within 1 production day.
The number of daily tests may be increased to n equal to 4 if
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the same technician can perform the tests without increasing
costs. More tests may require an additional technician, possi-
bly require more laboratory space and equipment, and exceed
the current lag times for test results.

Specifications should be written that recommend the con-
tractor perform QC testing on a daily basis. It is recommended
that a time-based or quantity-based sampling frequency be
developed using the methodology provided earlier. It is fur-
ther recommended that contractors use control charts to
assist in discerning any trends or unusual behavior in the
process. Control charts are well documented and a descrip-

TABLE 6.1 (Continued)

Acceptance 
Testing Levels 

• Evaluate project data to determine if specification limits can be 
achieved by the contractor.  Until a clear relationship is found 
between construction variability and performance, a reasonable 
alternative is to set specification limits using construction variability. 

• An appropriate specification range should be chosen that allows for 
slight variations in the process mean and variability to allow 
contractors to achieve PWL equal to 90 (100-percent payment). 

• It is recommended that an analysis of normality be performed on state-
specific data to ensure that the distribution of the sample data satisfies 
the statistical requirements when combining material.  Tests for 
normality should include large sample sizes (10 or more) to ensure the 
test is made with high reliability. 

• Combining material from different days of production into a single lot 
that have different statistical characteristics can produce lots that are 
not normally distributed.  Also the standard deviation may increase 
with material from different days.  An analysis is recommended to 
understand these characteristics when determining sample size for the 
lot. 

• Goals of developing statistically based QA specifications should be to 
understand the effects of sample size on the pay factor and to 
minimize, within practical limits, the risks to both the agency and 
contractor. 

• An analysis of risks associated with sample size should be performed 
using computer simulation with either the program provided in 
Appendix C of this report or the FHWA Demonstration Project 89 
Software (28).  Perform an analysis at both the AQL and RQL. 

• A rational acceptance specification would be established using the 
prior sampling methodology and the sample size that tolerates an 
acceptable risk level.  The sublot size would correspond to the risk 
level that an agency and contractor are willing to tolerate for a 
particular project (based on a project’s criticality). 

Verification 
Testing Levels 

• Split-sample testing is recommended over independent-sample testing  
because the number of samples required for a comparison is less, and 
the variation from materials, production, and sampling is removed 
from the comparison.  If an agency and contractor choose to perform  
independent-sampling, the appropriate number of samples necessary  
to enable a credible comparison could be approximately doubled, 
provided all other variables are equal.  Trust, cooperation, and a 
partnership are an absolute requirement between the agency and 
contractor when performing split-sample verification testing. 

• The number of verification tests for a given lot is a function of the 
following: (1) variation between tests, (2) difference between means, 
(3) probability that the mean difference is contained within a defined 
acceptable region, and (4) probability that the mean difference is 
accepted outside the defined acceptable region. 

• Create a testing tolerance table using Equation 4.6. 
• Collect and evaluate several split-sample test results at the beginning  

of production to evaluate the project-specific sD value with the 
population σD value. 



tion is provided in the AASHTO Implementation Manual for
Quality Assurance. 

6.2.1.3 Density Testing Levels

A formal ANOVA was used to measure sources of varia-
tion found in the density data. The data analysis concluded
that between-day variation is significant. It is apparent that
within-day variation exists, but variation between days also
contributes to overall project variation. Contractors can expect
the compaction process to have significant variation between
days. Successive days of production could operate at a con-
sistent mean level with a certain degree of variation, but a
series of production days within a project will have days oper-
ating at different mean levels, producing significant between-
day variation. Factors contributing to significant between-day
variation are changes in mix properties, compaction methods,
and environmental conditions. Day-to-day variation caused
by changes in the mean level can be expected when weather
conditions constantly change while the compaction process is
kept constant. A day with constant external factors and little
change in the compaction process can expect to yield less
variation. A necessary component of establishing testing lev-
els for contractor density testing is to perform testing on a
daily basis and apply limited testing resources to this signif-
icant variation source.

It is recommended that contractor density testing be per-
formed on a daily basis to understand and control the com-
paction process. Without daily testing, between-day varia-
tion can go undetected, thus several tests are needed within a
day to control production levels so that targets are met and
variation is minimized. If minimal testing resources are avail-
able, the contractor should ensure that density tests are col-
lected and tested within each day of production.

A rational method of determining daily density testing
levels is to apply principles of the average method. It is rec-
ommended that Equation 4.4 be used as a starting point to
determine the number of daily density tests for quality con-
trol. There will be an increased confidence in the daily average
as the number of tests is increased, while variation remains
constant.

A rational way of obtaining unbiased density samples with
a nuclear density gauge is defining the rolling zone as a strat-
ified sublot. Density test sites would then be randomly cho-
sen within each rolling zone. Unbiased estimates for the mean
and standard deviation for a given day of production would
then be obtained by combining the individual rolling zone
tests into a single data set.

6.2.2 Quality Acceptance

There are several interrelated, yet discrete, variables that
an agency and contractor can evaluate when determining
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minimum acceptance testing levels. These variables include
(1) specification limits, (2) distribution of samples within a lot,
and (3) pay factors. Within each of these variables, sample size
and corresponding lot sizes should be analyzed.

6.2.2.1 Specification Limits

An analysis was conducted to determine if the specifica-
tion limits are achievable during production. The standard
deviations measured from the field projects were used to
develop an expected production range containing 90 percent
of the tests. A 90-percent range was chosen because many
states have chosen an AQL value of PWL equal to 90. The
results concluded that specification limits are achievable dur-
ing production.

It is recommended that specification limits be evaluated
using state-specific production data and experience during
QA program development. Because it has been difficult to
translate the relationship between construction variability
and performance accurately, a reasonable alternative is to set
specification limits using known construction variability. As
performance data are collected, they can then be compared
with the level of contractor variability used to construct the
project.

6.2.2.2 Distribution of Samples Within a Lot

Either time-based or quantity-based sampling could be
used to create the lot. Typical time-based lots are 1 produc-
tion day, while quantity-based lots are an arbitrary tonnage.
In either lot configuration, the acceptance plan must recog-
nize how samples are distributed so that necessary statistical
assumptions are satisfied. An experiment was conducted to
test the normality assumption on actual projects. It was con-
cluded with strong evidence that both hot-mix and density
test data within 1 day’s production, and samples combined
from adjoining days, are normally distributed.

It is recommended that an analysis of normality be per-
formed on state-specific data to ensure that the distribution
of the sample data satisfies the statistical requirements when
combining material. Tests for normality between days should
include large sample sizes (10 or more) to ensure the test is
made with high reliability.

Combining material from different days of production into
a single lot that has different statistical characteristics can
produce lots that are not normally distributed. The standard
deviation may increase from estimates found in within-day
lots. Many states elect to use quantity-based sampling using
material from different days, and it is recommended that this
type of analysis be performed so that both the agency and
contractor are aware of the potential consequences.



6.2.2.3 Pay Factors

The relationship of pay factors with sample size was inves-
tigated to demonstrate how the number of samples could be
specified for a lot. Three pay factor equations currently spec-
ified by the states were used in the analysis. Goals of devel-
oping statistically based QA specifications should be to
understand the effects of sample size on the pay factor and to
minimize (within practical limits) the risks to both the agency
and contractor. An analysis of risks associated with sample
size should be performed using computer simulation with
either the program shown in Appendix C or the FHWA
Demonstration Project 89 Software (28). This should include
performing the analysis at both the AQL and RQL values.

6.2.2.4 Decision Analysis

The severity of the pay factor will assist in developing the
testing level. A lenient pay scale may be more appropriate
where the impact of construction quality has a lessened
impact on the life-cycle costs. Severe pay scales should be
assigned to projects having higher life-cycle costs, such as an
interstate highway having higher traffic levels (AADT). Con-
sider when determining testing levels that either small or large
sample sizes could be specified for less critical projects, while
larger sample sizes are needed for more critical projects.

A rational acceptance specification would be established
using the prior sampling methodology and the sample size
that tolerates an acceptable risk level. The sublot size would
correspond to the risk level that an agency and contractor are
willing to tolerate for a particular project (based on a proj-
ect’s criticality).

6.2.3 Verification

A fundamental issue when determining verification test-
ing levels is whether split samples or independent samples
should be used to compare contractor and agency tests.
Independent-sampling will require approximately twice as
many tests as split-sampling for making a comparison, pro-
vided all other variables are equal and there is no covariance
between laboratories.

A statistical procedure was developed for making a verifi-
cation test comparison between split-sample test results using
pre-determined testing tolerances. It is recommended that
testing tolerances be developed using the standard deviation
between laboratory tests from historical data (σd). There are
large amounts of split-sample test data available to estimate
σd, and states should begin organizing these data to provide
population estimates for the standard deviation of differences
between laboratories on individual projects.

The number of verification tests for a given lot is a func-
tion of the following: (1) variation between tests, (2) differ-
ence between means, (3) probability that the mean difference
is contained within a defined acceptable region, and (4) prob-
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ability that the mean difference is accepted outside the defined
acceptable region. Use Equation 4.6 to set the number of ver-
ification tests based on these input variables. A single test, or
the mean of a group of tests, can be used when making a
comparison.

An implementation procedure was developed for the ver-
ification process. This procedure evaluates the split-sample
variability between laboratories at project start-up. It is rec-
ommended that this procedure be performed on all projects
at the start of production to confirm that similar variabilities
are found between sample project data and historical data.

6.3 INSPECTION LEVELS

Recommendations are provided for minimum inspection
levels based on the research summarized in this report. The
recommendations shown in Table 6.2 were made from infor-
mation gained using the four methods selected for analysis
of inspection data.

The following recommended inspection levels are pro-
vided for both the agency and contractor. Agency recommen-
dations are based on four limiting factors: (1) project start-up
inspection requirements, (2) available project staff, (3) AADT,
and (4) whether agency or contractor data are used for accep-
tance. Contractor recommendations are based on the avail-
ability of two technicians, one at the plant and one at lay-
down, with limited time allotted for inspection in addition to
testing functions.

6.3.1 Agency Recommendations

Recommendations for agency inspection levels are based
on important inspection tasks from the literature, seriousness
classifications, and observed trends. Inspection levels also
depend on project-specific characteristics and limited agency
resources. Specific recommendations are given below for
project start-up, available project staff, and project AADT. 

6.3.1.1 Project Start-Up

Project start-up requires additional inspection to ensure
that a project begins satisfactorily. Table 6.3 lists suggested
inspection tasks to be completed by an agency inspector at
the plant and laydown during project start-up and the esti-
mated time to complete each task. A total of 3 hr for one
inspector is suggested for the completion of agency project
start-up inspection. From a practical point of view, it is rec-
ommended that one-half-day be allocated. This one-half-day
would be in addition to any normal production inspection.

6.3.1.2 Available Project Staff

Many times an agency will be required to make project
staffing decisions based on the available staff for a particu-
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TABLE 6.2 Summary of recommendations for inspection

Method Purpose Recommendation 
Juran 
Seriousness 
Classification 

• Provide resources for 
inspection tasks classified as 
“Very Serious” and “Serious”  

• Agency and contractor personnel together 
should classify tasks according to 
seriousness classification using 
experience and expertise 

• Make improvements by comparing 
current practices with suggested 
inspection task emphasis  

Pareto Analysis • Provide information on HMA 
processes with bulk of 
improvement potential 

• Agency:      Focus on laydown process  
• Contractor:  Focus on plant-mixing and  

        laydown processes  
Fishbone 
Diagrams 

• Improve inspection task 
completion based on four 
factors:  
1. Personnel  
2. Method  
3. Equipment  
4. Environment 

• Agency:      Focus on personnel factors  
• Contractor:  Focus on personnel, method  

        and equipment factors  

Resource 
Allocation 

• Use observed practices to find 
trends between inspection time 
and project characteristics 

Considerations: 
• Person-hours 
• AADT 
• Tonnage 
• Agency/Contractor acceptance data 

TABLE 6.3 Recommended project start-up inspection for the agency

 
 

Process 

 
 

Location 

 
 

Activity 

 
 

Task 

 
Estimated 

Time 
 (Min) 

Raw 
Materials 

Aggregate Stockpiles Stockpile Construction Clean foundation 
Dry foundation 
Pile Separation 

2 
2 
2 

 Asphalt Binder Equipment Conditions Clean Tank 
Dry Tank 
Proper Working Condition 

2 
2 
2 

Plant 
Mixing 

Aggregate Blending Equipment Conditions Bin and Belt Condition 5 

   Belt/Weigh Scale Calibration  5 
   Scalping Screen Condition/Use 5 

 Asphalt Binder Delivery Equipment Conditions Pump and Pipeline Calibration 5 
   Pump and Pipeline Conditions 5 
 Mix Plant Equipment Conditions Proper Working Condition 5 
   Calibration 5 
 Dust Collector Equipment Conditions Proper Housing/Cover 5 

   Fines Return Location 5 
   Proper Working Condition 5 

Mix 
Transport 

Weigh Scale Equipment Conditions Calibration 5 

   Proper Working Condition 5 
Laydown Paving Equipment Conditions Proper Working Condition 5 
 Rolling Rolling Operations Establish Rolling Pattern 120 

  Equipment Conditions Proper Working Condition 5 
   Total Time for Project Start-Up 

Inspection 
202 a 

a 202 minutes is approximately 3 hr, which can be rounded up to 4 hr or one-half-day. 



lar day. The following assumptions were made regarding
the available time per agency inspector for a particular day:
(1) 10-hr work day, (2) 45-min productive work hour, and
(3) 20 percent of the work day allocated to other productive
activities (indirect-inspection or productive non-inspection).
The 20 percent of the work day for other productive activi-
ties is an average from the observed project data. The balance
of the productive time is allocated for inspection-direct time
to directly complete the recommended inspection tasks.

To determine the inspection level possible with an avail-
able number of inspectors, it is necessary to estimate the time
required to complete each agency inspection task. Table 6.4
provides estimates of the time, in 2- to 10-min increments,
necessary for agency inspection tasks. These increments are
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reasonable estimates for completing the particular inspection
task based on field observations.

Table 6.5 provides the suggested inspection level when
project staffing is limited to one inspector. This table pro-
vides the number of tasks an inspector can perform based on
estimated times. The more important inspections from the
seriousness classification and important inspection table were
chosen to be completed first when only one inspector is avail-
able. The required productive time for given inspection tasks
is equal to, or less than, the number of productive hours avail-
able in a 10-hr work day for one inspector. For example,
there are 8 hr of productive time available for one inspector.

Suggested inspection tasks for two inspectors are provided
in Table 6.6. One inspector should complete each inspection

TABLE 6.4 Estimated task times for agency inspections

 
Process 

 
Location 

 
Activity 

 
Task 

Estimated 
time 

(Min) 
Raw 
Materials 

Aggregate Stockpiles Stockpile Construction Pile Separation 2 

Stockpile Quality Segregation 2 
 Contamination 2 
 Discoloration 2 
 Loading Rotation 2 

Plant 
Mixing 

Aggregate Blending Loading Practices Bin Contamination 2 

 Bin Levels 2 
 Segregation 2 
Proportioning Feeder Rates 5 

sphalt Binder 
Delivery 

Binder Proportioning Verify Meter Reading 5 

 Mix Plant Mix Quality Contractor 
Sampling/Testing  

Procedures a 

10 

 Dust Collector Dust Collector Operations Dust Carry Out 5 
 Storage Storage Operations Loading Method 5 

 Storage Duration 5 
Mix 
Transport 

Load-Out Loading Practices Multiple Drops to Truck 5 

  Truck Conditions Tarp Usage 5 
 Clean Beds 5 

   Proper Release Agents 5 
  Mix Quality Mix Temperature 5 
Laydown Base Condition Surface Condition Surface Temperature 5 

 Dry Surface 5 
   Clean and Uniform Surface 5 
  Tack Coat Tack Coat Temperature 5 
   Uniform Tack Coat 5 

Paving Mix Delivery Collect Truck Ticket 1 
 Mix Temperature 5 
 Calculate Yield 5 
Pavement Specifications Slope 5 
 Grade 5 
 Width 5 
 Depth 5 
Paving Operations Inconsistencies/Segregation 5 

  Constant Paver Rate 5 
Rolling Rolling Operations Maintain Rolling Pattern 5 

 Joint Construction 5 
 Consistent Crown 5 
 Continuous Roller 

Movement 
5 

 Pavement Quality Surface Texture 5 
  Contractor Density Testing 5 

a Depends on whether agency or contractor data are used for acceptance. 



TABLE 6.5 Agency inspection tasks with one inspector

 
 
 
 

Process 

 
 
 
 

Location 

 
 
 
 

Activity 

 
 
 
 

Task 

 
Number of 

tasks per 10-
hour work  

day 

Estimated time 
for 10-hr work 

day (min) 
Raw Materials - - - - - 
Plant Mixing Storage Storage Operations Storage Duration As needed - 
Mix Transport Load-Out Loading Practices Tarp Usage As needed - 
Laydown Base Condition Surface Condition Clean and Uniform 

Surface 
10 50 

   Dry Surface As needed - 
 Paving Mix Delivery Collect Truck Ticket 90 90 
  Pavement  Grade 10 50 
  Specifications Width 10 50 
   Depth 10 50 
   Joint Construction As needed - 
  Paver Operations Inconsistencies/ 

Segregation 
10 50 

 Time required to complete inspection tasks, (minutes) 340 
 Time required to complete inspection tasks, (hours) a 6 
 Time for other productive activities, (hours) b 2 

 Required productive time c (sum of previous 2 rows), 
hours 

8 

a All inspection times assume a 10-hr work day with a 45-min productive work-hour. 
b Based on an average of 20 percent of 10-hr work day found from observed data. 
c Productive time includes time for direct inspection, indirect inspection, or productive non-inspection. 

TABLE 6.6 Agency inspection tasks with two inspectors

Process Location Activity Task 

 
Number of 

tasks per 10-
hour work 

day 

 
Estimated time 
for 10-hr work 

day (min) 

Raw 
Materials 

Aggregate 
Stockpiles 

Stockpile Quality Segregation 1 2 

Inspector One   Contamination 1 2 
   Discoloration 1 2 
   Loading Rotation 1 2 

Plant Mixing Aggregate 
Blending 

Proportioning Feeder Rates 1 5 

Inspector One  Loading Practices Bin Contamination 1 2 
   Bin Levels 1 2 
   Segregation 1 2 
 Mix Plant Mix Quality Contractor 

Sampling/Testing  
Procedures 

Variable  

 Storage Storage Operations Storage Duration As needed -

-

 
Mix 
Transport 

Load-Out Loading Practices Tarp Usage As needed - 

Inspector One   Multiple Drops to 
Truck 

1

  Truck Conditions Clean Beds 1 5

5

 
   Proper Release Agents 1 5 

Laydown Base 
Condition 

Surface Condition Clean and Uniform 
Surface 

10

 Inspector One  Dry Surface As needed - 
  Tack Coat Uniform Tack Coat 2 10 
   Collect Truck Ticket 90 90 

20  Paving Mix Delivery Calculate Yield   
(Inspector One) 

4

 Inspector Two Pavement 
Specifications 

Grade(Inspector One) 20 100 

  Width          20 100 
   Depth            20 100 

100 

   Slope  10 50 

50 

   Joint Construction  As needed - 
  Paver Operations Inconsistencies/ 

Segregation   
20

   Surface Texture  2 10 
  Time required to complete inspection tasks, (minutes) 664 
  Time required to complete inspection tasks, person-hours a   11 
  Time for other productive activities, person-hours b  4 
  Required productive time c (sum of previous 2 rows), person-hours 15 

a All inspection times assume a 10-hr work day with a 45-min productive work-hour. 
b Based on an average of 20 percent of 10-hr work day found from observed data. 
c Productive time includes time for direct inspection, indirect inspection, or productive non-inspection. 



task that falls under the processes of raw materials, plant mix-
ing, and mix transport. This same inspector would also have
time during the day to complete the inspection tasks at the
laydown operation, including the base condition location,
calculating yield, and monitoring the grade at the paving
location. The second inspector could be responsible for
ensuring the construction specifications are met, including
width, depth, slope, segregation, and surface texture.
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Table 6.7 provides suggested inspection tasks when there
are three inspectors available. Inspector number one is respon-
sible for inspecting the raw materials, plant mixing, and mix
transport processes. Given that these three processes do not
have extensive inspection requirements, this inspector can
also inspect at the base condition location, collect truck tick-
ets, and calculate yield during the laydown process. Inspec-
tor number two can measure the mix temperature during mix

TABLE 6.7 Agency inspection tasks with three inspectors

Process Location Activity Task 

Number 
of tasks 

per 10-hr 
work day 

Estimated 
time for 

10-hr 
work day 

(min) 
Raw Materials Aggregate 

Stockpiles 
Stockpile Quality Segregation 

Contamination 
2 
2 

5 
5 

Inspector One   Discoloration 2 5 
   Loading Rotation 2 5 

Plant Mixing Aggregate 
Blending 

Proportioning 
Loading Practices 

Feeder Rates 
Bin Contamination 

2 
2 

10 
4 

Inspector One   Bin Levels 5 4 
   Segregation 5 4 
 Mix Plant Mix Quality Contractor Sampling/Testing  

Procedures 
Variable -  

 Storage Storage Operations Storage Duration As needed - 
   Loading Method 1 5 

Mix Transport Load-Out Loading Practices Tarp Usage As needed - 
Inspector One   Multiple Drops to Truck 2 10 

  Truck Conditions Clean Beds 2 10 
   Proper Release Agents 1 5 
  Mix Quality Mix Temperature 2 10 

Laydown Base Condition Surface Condition Clean and Uniform Surface 10 50 
 Inspector One  Dry Surface As needed - 
  Tack Coat Tack Coat Temperature 2 10 
   Uniform Tack Coat 10 50 
 Paving Mix Delivery Collect Truck Ticket 90 90 
  Inspector One Calculate Yield 10 50 

75   Mix Temperature  
(Inspector Two) 

15 

  Pavement Spec.’s Grade  20 100 
  Inspector Three Width  20 100 

   Depth  20 100 
   Slope  20 100 
   Joint Construction  As needed - 
  Paver Operations Inconsistencies/Segregation 20 100 
  Inspector Two Constant Paver Rate As needed - 
 Rolling Roller Operations Maintain Rolling Pattern  5 25 

 Inspector Two  Continuous Roller Movement  5 25 
  Pavement Quality Surface Texture 5 25 

   Density (monitor contractor)  2 10 
 Time required to complete inspection tasks, (minutes) 992 
 Time required to complete inspection tasks, person-hours a  17 
 Time for other productive activities, person-hours b    6 
 Required productive time c (sum of previous 2 rows), person-hours 23 

a All inspection times assume a 10-hr work day with a 45-min productive work-hour.
b Based on an average of 20 percent of 10-hr work day found from observed data.
c Productive time includes time for direct inspection, indirect inspection, or productive non-inspection.



delivery and conduct inspection tasks for the following activ-
ities: (1) paver operations, (2) roller operations, and (3) pave-
ment quality. Inspector number three can complete each of
the inspection tasks for the pavement specification activity
concurrent with inspector number two.

6.3.1.3 Project AADT

Project AADT can be used as a guide for staffing levels. The
number of staff increases with the number of inspection tasks.
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Low and medium AADT ranges (<15,000 and 16,000 to
39,000) require two inspectors, while high AADT (>40,000)
requires three inspectors. 

Tables 6.8 through 6.10 list suggested inspection tasks
depending on the project AADT range. The data collected
from the projects in this study suggest that inspection-direct
time increases as project AADT increases. Therefore, the
recommended number of inspection tasks increases with proj-
ect AADT. The same assumptions were made for these rec-
ommendations regarding the available time per day per inspec-
tor, with the exception that the percentage of time for other

TABLE 6.8 Agency recommendations for low level AADT (<15,000)

 
 
 
 

Process 

 
 
 
 

Location 

 
 
 
 

Activity 

 
 
 
 

Task 

 
Number of 
tasks per 

10-hr work 
day 

Estimated 
time for 

10-hr 
work day 

(min) 
Raw Materials Aggregate 

Stockpiles 
Stockpile Quality Segregation 1 2 

Inspector One   Contamination 1 2 

   Discoloration 1 2 
   Loading Rotation 1 2 

Plant Mixing Aggregate 
Blending 

Loading Practices Bin Contamination 1 2 

Inspector One   Bin Levels 1 2 

   Segregation 1 2 
  Proportioning Feeder Rates 1 5 
 Mix Plant Mix Quality Contractor Sampling/Testing  

  Procedures 
Variable -  

 Storage Storage 
Operations 

Storage Duration As needed - 

Mix Transport Load-Out Loading Practices Multiple Drops to Truck 1 5 
Inspector One   Tarp Use As needed - 

Laydown Bas e 
Condition 

Surface Condition Clean and Uniform Surface 10 50 

 Inspector One  Dry Surface As needed - 

 Paving Mix Delivery Collect Truck Ticket  90 90 
 Inspector Two  Calculate Yield 4 20 

  Pavement  
  Specifications 

Slope 10 50 

   Grade 10 50 
   Width  10 50 
   Depth  10 50 
  Paving Operations Inconsistencies/Segregation  10 50 
 Rolling Rolling 

Operations 
Maintain Rolling Pattern 5 25 

 Inspector One Pavement Quality Surface Texture 5 25 

  Time required to complete inspection tasks, (minutes) 484 
  Time required to complete inspection tasks, person-hours  8 

  Number of people recommended to complete inspection 
tasks a 

2 

a Number of people assumes a 10-hr work day with a 45-min productive work-hour.  The second person 
would be required for only a partial day. 



productive activities is based on the average time for that
specific AADT class from collected field data. 

6.3.2 Contractor Recommendations

Contractor recommendations for inspection are different
from the agency because quality control serves a different
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function than quality assurance. Most practitioners recog-
nize that the contractor should be performing quality con-
trol. There is an opportunity for certain inspection tasks 
to be performed by plant and density technicians both at 
the plant and laydown. Those suggested inspection tasks
would provide contractors with a formal way of monitor-
ing the construction process. Because the technicians are
not in constant contact with each other throughout the day,

TABLE 6.9 Agency recommendations for medium level AADT (16,000–39,000)

 
 
 
 

Process 

 
 
 
 

Location 

 
 
 
 

Activity 

 
 
 

 
Task 

 
 

Number of 
tasks per 

10-hr work 
day 

Estimated 
time for 

10-hr work 
day (min) 

Raw Materials Aggregate 
Stockpiles 

Stockpile Quality Segregation 1 2 

Inspector One   Contamination 1 2 
   Discoloration 1 2 
   Loading Rotation 1 2 

Plant Mixing Aggregate 
Blending 

Loading Practices Bin Contamination 1 2 

Inspector One   Bin Levels 1 2 
   Segregation 1 2 
  Proportioning Feeder Rates 1 5 
 Mix Plant Mix Quality Contractor Sampling/Testing 

Procedures 
Variable  

 Storage Storage Operations Storage Duration As needed -

-

 
Mix Transport Load-Out Loading Practices Multiple Drops to Truck 2 10 
Inspector One   Tarp Use As needed - 

  Truck Conditions Clean Beds 2 10 
   Proper Release Agents 2 10 

Laydown Base Condition Surface Condition Clean and Uniform Surface 10 50 
 Inspector One  Dry Surface As needed - 
 Paving Mix Delivery Collect Truck Ticket  90 90 
 Inspector Two  Mix Temperature  10 50 
   Calculate Yield  5 25 
  Pavement 

Specifications 
Slope  10 50 

   Grade  10 50 
   Width  10 50 
   Depth  10 50 
  Paving Operations Inconsistencies/Segregation  10 50 
 Rolling Rolling Operations Maintain Rolling Pattern 5 25 
 Inspector One  Joint Construction As needed - 
   Continuous Roller 

Movement 
5 25 

  Pavement Quality Surface Texture 10 50 
   Contractor Density Testing 5 25 
  Time required to complete inspection tasks, (minutes) 639 
  Time required to complete inspection tasks, person-hours  11 

  Number of people recommended to complete inspection tasks a 2 
a Number of people assumes a 10-hr work day with a 45-min productive work-hour.  



Process Location Activity Task 

Number 
of tasks 

per 10-hr 
work day 

Estimated 
time for 

10-hr 
work day 

(min) 
Raw Materials Aggregate Stockpiles Stockpile Quality Segregation 2 4 
Inspector One   Contamination 2 4 

   Discoloration 2 4 
   Loading Rotation 2 4 

Plant Mixing Aggregate Blending Loading Practices Bin Contamination 2 4 
Inspector One   Bin Levels 2 4 

   Segregation 2 4 
  Proportioning Feeder Rates 2 10 
 Mix Plant Mix Quality Contractor Sampling/ 

Testing   Procedures 
Variable  

 Storage Storage Operations Storage Duration As needed -

-

   Loading Methods 2 10 
Mix Transport Load-Out Loading Practices Multiple Drops to Truck 2 10 
Inspector One   Tarp Use As needed - 

  Truck Conditions Clean Beds 2 10 
   Proper Release Agents 2 10 

Laydown Base Condition Surface Condition Clean, Uniform Surface 20 100 
 Inspector One  Dry Surface As needed - 
  Tack Coat Uniform Tack Coat 10 50 
   Tack Coat Temperature 5 25 
 Paving Mix Delivery Collect Truck Ticket 90 90 
  Inspector One Calculate Yield 10 50 
   Mix Temperature  

(Inspector Two) 
5 25 

Pavement 
Specifications 

Slope 100 

Inspector Three Grade 100 
 Width 20 

20 

20 

100 
 Depth 20 100 

100 Paving Operations 
Inspector Two 

Inconsistencies/ 
Segregation 

20 

 Rolling Rolling Operations Maintain Rolling Pattern 5 25 
Inspector Two Joint Construction As needed - 

 Continuous Roller 
Movement 

5 25 

  Pavement Quality Surface Texture 10 50 
Inspector Two Contractor Density 

Testing 
5 25 

 Time required to complete inspection tasks, (minutes) 1043 
 Time required to complete inspection tasks, person-hours  17.5 

 Number of people recommended to complete inspection tasks a 3 
a Number of people assumes a 10-hr work day with a 45-min productive work hour.  

they would be able to make independent and objective
observations.

Table 6.11 summarizes inspection tasks that can be com-
pleted by plant and density technicians in their respective
locations. These inspection tasks and times are limited by the
available time of these two technicians. Given that much of
their time is spent collecting samples and performing tests,
the inspection tasks listed in the table are provided with the
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assumption that testing responsibilities would be completed
first, and then any available time may be allocated to per-
forming additional tasks listed in the table.

The observed data on some projects show that plant techni-
cians allocate time during the day to observe plant processes.
Observations of processes may be made, particularly if there
are concerns from test results. These recommendations pro-
vide the plant technician with an organized and standardized

TABLE 6.10 Agency recommendations for high level AADT (>40,000)



 
 

Process 

 
 

Location 

 
 

Activity 

 
 

Task 

Estimated 
Time (Min) 

Plant Technician 
Raw 
Materials 

Aggregate Stockpiles Stockpile Quality 
 

Contamination  
Consistency 
Segregation 
Loading rotation 

2 
2 
2 
2 

Plant 
Mixing 

Aggregate Blending Loading Practices Bin contamination 
Bin levels 
Segregation 

2 
2 
2 

  Proportioning Feeder rates 5 
  Equipment Condition Proper working condition 5 

 Asphalt Binder 
Delivery 

Binder Proportioning Flow 5 

  Binder Temperature Temperature 5 
  Equipment Condition Proper working condition 5 
 Mix Plant Plant Operations Mix discharge 5 
  Equipment Condition Proper working condition 5 
 Storage Storage Operations Loading methods 5 
   Storage duration - 
  Mix Quality Mix temperature 5 
Mix 
Transport 

Load-Out Loading Practices Multiple drops 
Use tarps  

5 
- 

  Truck Conditions Clean 
Proper release agent 

5 
- 

  Time Required to Complete Inspection Tasks 69 
Density Technician 

Laydown Base Condition Surface Condition Clean and uniform surface 5 
  Tack Coat Tack coat temperature 5 
 Paving Paving Operations Truck to paver discharge 

Paver rate 
Paving inconsistencies 

5 
- 
- 

 Rolling Rolling Operations Mat Temperature 5 
   Continuous Movement As needed 
   Maintain Rolling Pattern  
  Roller Conditions Adequate Release Agent  
   Impact Spacing  
  Equipment 

Conditions 
Proper working condition 5 

  Time Required to Complete Inspection Tasks 25 

list of tasks, which would allow for more systematic com-
pletion of this inspection. Density technicians may have time
while waiting between tests. Non-productive time could be
allocated to conducting brief visual inspection tasks related
to the paving and rolling locations.

It is recommended that contractors use this table as a start-
ing point to adjust additional plant and density technician
inspection responsibilities according to contractor-specific or
project-specific requirements. 
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6.4 SUMMARY

This chapter summarized study recommendations for both
testing and inspection levels. Specific recommendations
were given for quality control, quality acceptance, and veri-
fication testing levels. For inspection levels, recommenda-
tions were provided for important inspection tasks and those
projects where a limited number of agency inspectors are
available.

TABLE 6.11 Contractor recommendations for daily inspection
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CHAPTER 7 

IMPLEMENTATION

7.1 INTRODUCTION

This chapter provides guidelines and a case application of
how the research results can be applied to actual projects in
practice. Practical issues to consider when implementing the
research results into practice are also provided.

7.2 GUIDELINES

Testing and inspection levels for any highway construc-
tion work evolve through decisions made by the agency dur-
ing the life cycle of a project. The project life cycle can be
viewed as consisting of four interdependent phases: (1) plan-
ning, (2) design, (3) construction, and (4) operation and main-
tenance, as shown in Figure 7.1. During each phase, deci-
sions are made that influence testing and inspection levels,
whether directly or indirectly. A systems approach was used
that methodically applies a rational method for determining
testing and inspection levels to satisfactorily construct HMA
overlay projects.

7.2.1 Planning

A project begins at the planning stage. Fundamental plan-
ning components addressed for the highway facility during
this stage include (1) current pavement condition, (2) fore-
casting future demands of the facility, and (3) performing an
economic analysis of rehabilitation alternatives. This study
is concerned with how these planning components can affect
testing levels to satisfactorily construct HMA overlays.

7.2.1.1. Current Pavement Condition

Measuring the current pavement condition is accom-
plished by collecting field distress data and synthesizing the
data to identify appropriate alternatives for rehabilitation or
reconstruction. Many agencies have pavement management
systems (PMS) to assist with data collection, evaluation, and
decision-making during this process. The present service-
ability index (PSI) is a common tool for quantifying infor-
mation concerning the serviceability of the pavement. A pri-
mary factor used in establishing the PSI is the roughness of

the surface profile. The PSI can also include standard distress
criteria such as rutting, fatigue cracking, and thermal crack-
ing. The Strategic Highway Research Program (SHRP) has
adopted these criteria as consensus properties for establish-
ing pavement performance.

Testing and inspection levels are important to this process
because key distress criteria describing current pavement
condition can be compared with as-built construction data.
The PMS should attempt to establish relationships between
design parameters, field construction data, and actual pave-
ment performance. By establishing a certain level of testing
and inspection, agencies are assured that data will be avail-
able to understand actual performance achieved from design
and construction inputs. These data become vital to the PMS
and provide a continuous feedback system that allows for
improved designs and construction methods. They define
reasonable targets and allowable variation for tests known to
have a significant influence in constructing satisfactorily per-
forming pavements.

7.2.1.2. Forecasting Demands

Forecasting traffic demands on the highway facility is
another primary function of planning. Projected service levels
of the highway facility are found using forecasted traffic vol-
ume and highway capacity information. Quantifying future
traffic volumes can be described with Equivalent Single-Axle
Loads (ESAL) or AADT. How an agency incorporates these
data into the planning stage is unique to each project.

Forecasting the demands on the pavement has an impact
on testing and inspection levels. HMA overlays serving a
short-term life (e.g.,1 or 2 years) may not have the same level
of testing and inspection as an overlay serving a longer ser-
vice life (e.g., 10, 15, or 20 years).

7.2.1.3. Life-Cycle Cost Analysis

An emerging method for planning pavement rehabilitation
or reconstruction using economic analysis is known as Life-
Cycle Cost Analysis (LCCA). LCCA is a process for evalu-
ating the total economic worth of a usable project segment
by analyzing initial costs and discounted future costs (e.g.,



maintenance, reconstruction, rehabilitation, restoring, and
resurfacing costs) over the life of the project segment (29).
LCCA analysis periods should be sufficiently long to reflect
long-term cost differences associated with reasonable design
strategies. In general, the analysis period should be longer
than the pavement design period, except in cases of long-
lived pavements. As a rule of thumb, the analysis period
should be long enough to incorporate at least one rehabilita-
tion activity. The FHWA’s Final LCCA policy statement
recommends an analysis period of at least 35 years for all
pavement projects, including new or total reconstruction proj-
ects, as well as rehabilitation, restoration, and resurfacing
projects (29).

LCCA can directly influence testing and inspection levels.
Overlays that have a higher economic value that must meet
a certain life period will require more stringent construction
requirements. A means to measure and enforce these require-
ments is through testing and inspection and QA specifica-
tions. Results must reflect the impact of quality through pay
factors. More severe pay factors may require increased test-
ing levels to ensure more reliable estimates.

Defining different life-cycle costs for various overlay com-
ponents within a project can influence testing and inspection
levels. Mainline overlays, which include the driving lane or
passing lane for 4-lane roadways, typically require more test-
ing and inspection than shoulder overlays or base patching.
For density testing, mainline overlays usually require higher
design targets than shoulders, thereby resulting in closer
scrutiny of density test results.

7.2.2 Design

The second phase of a project is design. Project scope and
objectives developed during the planning phase are trans-
lated to functional designs. Fundamental requirements of the
facility are specified, design issues are described in detail,
and both preliminary and final drafts are prepared. During
the design phase, three primary components influence test-
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ing levels: (1) contracting method, (2) pavement design, and
(3) specification design.

7.2.2.1 Contracting Method

The standard and emerging contracting methods available
for highway construction include Methods, QA, Design/
Build, Design/Build/Operate, Warranty, and Multi-Parameter.
Each of these methods has an influence on testing and inspec-
tion levels and the degree of agency involvement in the design
and construction phases. This study was concerned with QA
contracting, and the testing and inspection levels for agencies
and contractors necessary to satisfactorily construct HMA
overlays.

A potential misconception is believing that the ability to
satisfactorily construct an HMA is a function of the contract-
ing method. The potential surely exists with new contracting
methods, such as warranties, but quality improvement must
be an integral component of the contractor’s way of doing
business. As many practitioners and researchers would agree,
quality in itself cannot be tested into the product—quality
must be built into the product. When QA contracting is cho-
sen over a warranty, this does not guarantee that a satisfac-
tory HMA overlay will be constructed. What these contract-
ing methods do stipulate is the responsible party for the work
during operation and maintenance. Contractor responsibili-
ties under QA contracting typically last 1 year, while war-
ranty responsibilities may last 3, 5, or 8 years. Current war-
ranty durations represent only a portion of the operation and
maintenance phase and do not extend across the entire life-
cycle period. The responsibilities for a design/build/operate
contract may last throughout the overlay life-cycle period
and encompass design through operation and maintenance
phases.

Under different contracting methods, the agency and con-
tractor share different degrees of risk in operation and main-
tenance. The agency must ensure that the final product meets
the expectations and life-cycle period of the operation and

Figure 7.1. Four basic project phases.



maintenance phase, as set forth during the planning phase.
With new warranty contracting methods, agency risk has
been shifted to the contractor. The contractor’s risk has been
increased only during a specified period of operation and
maintenance, while agency risk remains for the latter half of
the phase.

The important question for QA contracting is how much
testing and inspection is needed by both the agency and con-
tractor during construction to ensure that a satisfactory HMA
overlay has been constructed. Agencies are employing QA
contracting methods with the responsibility to ensure that
quality has been constructed. In some cases, the expectation
of quality construction may not be met, and the agency uses
a penalty to cover expected losses, usually in the form of con-
tractor pay adjustment. On-site agency inspections document
any deficient construction practices so that future disputes
may be resolved quickly.

7.2.2.2 Pavement Design

A second component of the design phase that influences
testing and inspection levels is pavement design. It is during
this stage that structural requirements and loading criteria are
specified. The design must satisfy technical engineering and
economic considerations for alternate combinations of sub-
base, base, and surface material providing an adequate load-
carrying capacity. In HMA overlays, designs for the base (i.e.,
milling or existing surface), lower lift, surface lift, and/or fric-
tion course require careful consideration.

7.2.2.2.1 Testing Levels. Mixture type is one pavement
design factor that may directly affect testing levels. Those
mixes specified for higher volume roadways, where life-cycle
costs are greater, may require greater testing and inspection to
ensure satisfactory construction. Wisconsin DOT specifies
three primary types of mix types: (1) Low Volume (Type-
LV), (2) Medium Volume (Type-MV), and (3) High Volume
(Type-HV). Mean density target levels are increased for traf-
fic volume. A higher mean may require increased testing and
inspection to ensure that the target is met.

Temporary pavement designs may require different levels
of testing than traditional overlay designs. Because of lower
life-cycle costs, temporary pavements may not require the nor-
mal frequency of standard mix testing. In an effort to reduce
construction costs, these pavements may not be required to sat-
isfy the rigorous pavement base and mix designs normally
specified on a project.

7.2.2.2.2 Inspection Levels. During the pavement design
phase, it is possible to determine inspection levels with
known project characteristics. Figure 7.2 provides guidelines
to follow during pavement design. 

An agency can begin by considering project AADT, proj-
ect tonnage, and any other project-specific characteristics
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(Step #1). The standard specifications are also considered
(Step #2), as well as the decision to use agency or contractor
data for acceptance (Step #3). The choice of whether to use
agency or contractor data for acceptance provides a decision
point where one of two paths is followed. The paths include
the same steps, but the actual implementation is different.

Step #4 determines what inspection tasks should be com-
pleted and how frequently. A staffing plan can be developed
from these inputs, or the inspection tasks can be adjusted for
the available staff. If, for example, contractor data are used
for acceptance, more emphasis will be placed on inspecting
contractor sampling and testing procedures than if agency
data are used. 

The guidelines are for normal production days and shown
in one-half-day increments for ease of planning. It is also
assumed that for field implementation, one-half-day allot-
ments are practical from a scheduling point of view. There
are certain project types that require less than 2 hr of inspec-
tion at the plant for a given day and are typically the low
AADT or tonnage projects. For these projects, it is recom-
mended that one inspector make a brief stop at the plant to
conduct the required inspection tasks.

Tables 7.1 and 7.2 provide inspection-level guidelines
based on three different AADT ranges combined with whether
agency or contractor acceptance data are used. Table 7.1 rec-
ommends that the number of inspection tasks increase as
AADT and tonnage increase. This table is for projects using
agency acceptance data and, therefore, small increments of
time are suggested for inspection tasks at the plant. Table 7.2
recommends longer increments of plant inspection for obser-
vation of contractor sampling and testing procedures, because
contractor data are used for acceptance. It is recommended
that the number of inspection tasks, staffing, and amount of
inspection time increase with project AADT.

As these tables indicate, inspection levels increase as proj-
ect AADT increases. Plant inspection is also emphasized
more on projects where contractor test results are used for
acceptance. These tables can be used by agencies as a starting
point to determine the necessary staffing level for their spe-
cific project characteristics. Agencies should adjust inspec-
tion levels to accommodate their policies and project-specific
situations.

The design stage would also be an appropriate time to cre-
ate a QC plan for the project. The importance of QC plans
can be supported with observed field data. Inspection tasks
identified and completed by contractor and agency staff are
summarized. 

A QC plan increases the awareness among project staff,
through communication and standardization. If project staff
are told what is important and what to specifically watch for,
they are more likely to complete that specific task. It is rec-
ommended that agencies and contractors make an effort to
create QC plans. A sample QC plan from an observed project
is provided in Appendix Q of the research team’s final report.



7.2.2.3 Specification Design

The specification component of the design phase is central
to establishing testing levels in this study. First, plans and
specifications are developed from design inputs, then the QA
program is inserted into the project documents. It is during
this development of the QA documents that both agency 
and industry are needed to successfully design a comprehen-
sive QA testing program. There are four fundamental issues
to evaluate for when developing the testing specification:
(1) practical issues, (2) statistical issues, (3) economic issues,
and (4) equity issues.

7.2.2.3.1 Practical Issues. The practical issues in HMA
testing impose explicit constraints when establishing testing
levels. Resources, particularly time and people, are practical
constraints to any testing program. Available technology, gov-
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erned largely by physical tests, has imposed time constraints
on the ability to collect a large number of mix samples during
a given production day. The maximum daily sample size for a
complete mix property test ranged from 4 to 5 in this study,
depending on available resources. The normality testing on the
Arizona I-10 project, where 10 samples within a day were col-
lected, required 2.5 days and 3 technicians to complete testing.
Laboratory space can also limit the number of tests. In portable
construction testing trailers, there may be space for only one or
two technicians to perform testing procedures adequately.

The available staffing has imposed an additional con-
straint when determining appropriate testing levels. Many
agencies have gone through rapid downsizing, thus limiting
their ability to collect samples and complete the tests. This
constraint has been difficult to overcome, and many agencies
have shifted from using agency acceptance data to contrac-
tor QC data for acceptance.

Figure 7.2. Agency guidelines for inspection-level implementation during design
phase.



7.2.2.3.2 Statistical Issues. Statistical attributes of the
specification are a fundamental concern when establishing
testing levels. The previous analysis of specification compli-
ance measures illustrated the different approaches for obtain-
ing statistical estimates of the construction work. This study
focused on the statistical procedures in the QA publications,
namely the QLA method. States have also chosen the Absolute
Average Deviation, Average, and Moving Average methods
to determine specification compliance.

The practical aspects of a testing specification impose con-
straints on the sample size and the ability to obtain statistical
estimates of the work. Because the number of samples is lim-
ited, attention must be placed on how the samples are grouped
to create lots. The lot becomes a stand-alone declaration of
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the work, so decisions regarding the lot formulation are
important.

7.2.2.3.3 Economic Issues. The economic aspects of testing
costs must be considered during the development of QA test-
ing specifications. Specifying certain levels of testing results
in requirements for time and money, and careful thought must
be given when establishing these levels. Particularly, the
agency must be made aware of these costs, given that they are
responsible for enforcing the specification and incur both
agency and contractor costs. From interviews and field obser-
vations, QC testing is considered a strict cost item with little
or no incentive for profit. This cost is passed directly to the
agency during preparation of project estimates and final bids.

TABLE 7.1 Agency inspection guidelines when agency data are used for acceptance

 Inspection Tasks 
 AADT  

Process Low (<15,000) Medium (16,000-39,000) High (>40,000) 
Raw Materials Segregation Segregation Segregation 

 Contamination Contamination Contamination 
 Discoloration Discoloration Discoloration 
 Loading Rotation Loading Rotation Loading Rotation 

Plant Mixing Bin Contamination Bin Contamination Bin Contamination 
 Bin Levels Bin Levels Bin Levels 
 Segregation Segregation Segregation 
 Feeder Rates Feeder Rates Feeder Rates 
 Storage Duration Storage Duration Storage Duration 
  Contractor 

Sampling/Testing  
Procedures 

Loading Methods 
Contractor 
Sampling/Testing 

   Procedures 
Number of Inspectors 

Required at Plant 
1 for 30 minutes 1 for 30 minutes 1 for 60 minutes 

Mix Transport Multiple Drops to Truck Multiple Drops to Truck Multiple Drops to Truck 
 Tarp Use Tarp Use Tarp Use 
  Clean Beds Clean Beds 
  Proper Release Agents Proper Release Agents 

Laydown Clean, Uniform Surface Clean, Uniform Surface Clean, Uniform Surface 
 Dry Surface Dry Surface Dry Surface 
 Collect Truck Ticket Collect Truck Ticket Uniform Tack Coat 
 Calculate Yield Mix Temperature Tack Coat Temperature 
 Slope Calculate Yield Collect Truck Ticket 
 Grade Slope Mix Temperature 
 Width Grade Calculate Yield 
 Depth Width Slope 
 Inconsistencies/ 
Segregation 

Depth  Grade 

 Maintain Rolling Pattern Inconsistencies/ 
Segregation 

Width 

 Surface Texture Maintain Rolling Pattern Depth 
  Joint Construction Inconsistencies/ 

Segregation 
  Continuous Roller  

Movement 
Maintain Rolling Pattern 

  Surface Texture Joint Construction 
  Contractor Density Testing Continuous Roller  

Movement 
   Surface Texture 
   Contractor Density Testing 
Number of Inspectors 
Required at Laydown 

2 per day 2 per day 3 per day 



7.2.2.3.4 Equity Issues. A primary goal when designing a
QA testing specification is one that is fair and equitable to
both the agency and contractor. Contractors are motivated to
reduce the variance in the mean value of the tested property
when bonus opportunities exist. Agencies desire a quality
work product, typically described with tests as having mini-
mal amount of variation and meeting the specified design tar-
gets. Thus, when establishing testing levels, variation and
meeting target levels are goals shared by both the agency and
contractor. These needs must be defined interchangeably
with the statistical element of the specification. Key elements
of an equitable specification include specification limits and
pay factors.
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Specification limits have evolved from years of construc-
tion experience, agency studies, and recommendations from
AASHTO. Specification limits have a direct effect on deter-
mining the level of HMA quality and appropriate testing lev-
els. If the specification limits are stringent, an appreciable
number of tests will be outside the limits. With large specifi-
cation limits, there would be a wide range of tests found
within limits. Most QA specifications have developed limits
considered equitable to, and achievable by, the contractor.

Pay factors are an important element of an equitable spec-
ification. In theory, pay factors should represent the differ-
ence in life-cycle costs from design and as-built construction.
The pay factor translates to a reduced service life from the as-

TABLE 7.2 Agency inspection guidelines when contractor data are used for acceptance

 Inspection Tasks 
 AADT 

Process Low (<15,000) Medium (16,000-39,000) High (>40,000) 
Raw Materials Segregation Segregation Segregation 

 Contamination Contamination Contamination 
 Discoloration Discoloration Discoloration 

 Loading Rotation Loading Rotation Loading Rotation 
Plant Mixing Bin Contamination Bin Contamination Bin Contamination 
 Bin Levels Bin Levels Bin Levels 

 Segregation Segregation Segregation 
 Feeder Rates Feeder Rates Feeder Rates 
 Storage Duration Storage Duration Storage Duration 

 Contractor 
Sampling/Testing 
Procedures 

Contractor 
Sampling/Testing 
Procedures 

Loading Methods 
Contractor 
Sampling/Testing 

   Procedures 
Number of Inspectors 

Required at Plant 
1 for 60 minutes 1 for 60 minutes 1 for 4 hours 

Mix Transport Multiple Drops to Truck Multiple Drops to Truck Multiple Drops to Truck 
 Tarp Use Tarp Use Tarp Use 
  Clean Beds Clean Beds 
  Proper Release Agents Proper Release Agents 
Laydown Clean and Uniform 

Surface 
Clean and Uniform 
Surface 

Clean and Uniform 
Surface 

 Dry Surface Dry Surface Dry Surface 
 Collect Truck Ticket Collect Truck Ticket Uniform Tack Coat 
 Calculate Yield Mix Temperature Tack Coat Temperature 
 Slope Calculate Yield Collect Truck Ticket 

 Grade Slope Mix Temperature 
 Width Grade Calculate Yield 
 Depth Width Slope 
 Inconsistencies/ 

Segregation 
Depth  Grade 

 Maintain Rolling Pattern Inconsistencies/ 
Segregation 

Width 

 Surface Texture Maintain Rolling Pattern Depth 
  Joint Construction Inconsistencies/ 

Segregation 
  Continuous Roller 

Movement 
Maintain Rolling Pattern 

  Surface Texture Joint Construction 
  Contractor Density Testing Continuous Roller 

Movement 
   Surface Texture 
   Contractor Density 

Testing 
Number of Inspectors 
Required at Laydown 

2 per day 2 per day 1 for  4 
hours 

2 per day 



built and measured construction materials. It is likely that
pay factors will remain at set levels until further data are
available to warrant any changes. In addition, decisions are
made whether to apply different pay factors to different classes
of pavement mixes. For example, more testing may be spec-
ified for high traffic-level roadways.

7.2.3 Construction

Testing and inspection levels developed during the design
phase are executed during the construction phase. Prior to
construction, it is clearly defined which party is responsible
for acceptance testing so that the highway can be constructed
with minimal disruption. However, there is one primary issue
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that can influence the level of inspection, namely available
staff. Another important issue during construction is docu-
mentation and feedback.

7.2.3.1 Available Staff

For a specific HMA overlay project, issues may arise that
cannot be foreseen during the design phase. When consider-
ing inspection of HMA construction on a particular day, avail-
able staffing may not match the original staffing plan from the
design stage. This results in revising the staffing plan, along
with the inspection tasks that should be completed.

Figure 7.3 illustrates the steps an agency could follow to
revise the original staffing plan. The number of available

Figure 7.3. Agency inspection guidelines during construction.



 Inspection Tasks 
 Staff Available 

Process  1 2 3 
Raw Materials Contractor Sampling/ 

Testing Procedures 
Segregation Segregation

 Storage Duration Contamination Contamination 
  Discoloration Discoloration 
  Loading Rotation Loading Rotation 

Plant Mixing None Bin Contamination Bin Contamination 
  Bin Levels Bin Levels 
  Segregation Segregation 
  Feeder Rates Feeder Rates 
  Contractor Sampling/Testing 

Procedures 
Contractor Sampling/Testing 
Procedures 

  Storage Duration Storage Duration 
   Loading Method 

Number of 
Inspectors 

Required at Plant 

1 as needed 1 for 30 minutes 1 for 60 minutes 

Mix Transport Tarp Use Tarp Use Tarp Use 
  Multiple Drops to Truck Multiple Drops to Truck 
  Clean Beds Clean Beds 
  Proper Release Agents Proper Release Agents 
   Mix Temperature 

Laydown Clean, Uniform Surface Clean and Uniform Surface Clean and Uniform Surface 
 Dry Surface Dry Surface Dry Surface 
 Collect Truck Ticket Tack Coat Temperature Tack Coat Temperature 
 Grade Collect Truck Ticket Uniform Tack Coat 
 Width Calculate Yield Collect Truck Ticket 
 Depth Grade Mix Temperature 
 Joint Construction Width Calculate Yield 
 Inconsistencies/ 
Segregation 

Depth  Grade 

  Slope Width 
  Joint Construction Depth 
  Inconsistencies/Segregation Slope 
  Surface Texture Joint Construction 
   Inconsistencies/Segregation 
   Constant Paver Rate 
   Surface Texture 
   Density (monitor contractor) 
   Maintain Rolling Pattern 
   Continuous Roller Movement 

Number of 
Inspectors 

Required at 
Laydown 

1 per day 2 per day 3 per day 

staff should be considered first, then whether agency or con-
tractor data are used for acceptance. A revised plan of what
should be inspected and how often should then be deter-
mined and implemented. 

Tables 7.3 and 7.4 provide guidelines that the agency may
follow based on whether agency or contractor data are used for
acceptance, respectively. Inspection time at the plant increases
when contractor data are used for acceptance. Inspection tasks
increase in number and frequency as the available project staff
increases.
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7.2.3.2 Documentation and Feedback

Documentation and feedback are critical during HMA
construction. Feedback should be provided to understand
how the testing and inspection plan are performing during
actual construction. This will allow the agency and contrac-
tor to make appropriate adjustments using the considerations
defined during development of the specification.

It is recommended that agencies and contractors create
their checklists to standardize the data collection process. A

TABLE 7.3 Agency inspection guidelines when agency data are used for acceptance
(available project staff)



 Inspection Tasks 
 Staff Available 

Process  1 2 3 
Raw Materials None Segregation Segregation 

  Contamination Contamination 
  Discoloration Discoloration 
  Loading Rotation Loading Rotation 

Plant Mixing Contractor Sampling/ 
Testing  Procedures 

Bin Contamination Bin Contamination 

 Storage Duration Bin Levels Bin Levels 
  Segregation Segregation 
  Feeder Rates Feeder Rates 
  Contractor Sampling/ 

Testing Procedures 
Contractor Sampling/ Testing  
Procedures 

  Storage Duration Storage Duration 
   Loading Method 

Number of 
Inspectors 

Required at Plant 

1 as needed 1 for 4 hours 1 for 4 hours 

Mix Transport Tarp Use Tarp Use Tarp Use 
  Multiple Drops to Truck Multiple Drops to Truck 
  Clean Beds Clean Beds 
  Proper Release Agents Proper Release Agents 
   Mix Temperature 

Laydown Clean,Uniform Surface Clean, Uniform Surface Clean, Uniform Surface 
 Dry Surface Dry Surface Dry Surface 
 Collect Truck Ticket Uniform Tack Coat Tack Coat Temperature 
 Grade Collect Truck Ticket Uniform Tack Coat 
 Width Calculate Yield Collect Truck Ticket 
 Depth Grade Mix Temperature 
 Joint Construction Width Calculate Yield 
 Inconsistencies/ 
Segregation 

Depth  Grade 

  Slope Width 
  Joint Construction Depth 
  Inconsistencies/Segregation Slope 
  Surface Texture Joint Construction 
   Inconsistencies/Segregation 
   Constant Paver Rate 
   Surface Texture 
   Density (monitor contractor) 
   Maintain Rolling Pattern 
   Continuous Roller Movement 

Number of 
Inspectors 

Required at 
Laydown 

1 per day  1 for  half day   1 per 
day 

 1 for half day   2 per 
day 

sample checklist for plant inspection is provided in Appen-
dix R of the research team’s final report. Similar checklists
can be modified for all inspection levels. The Hot Mix Asphalt
Construction Participant Manual provides a sample check-
list for the inspection of base conditions. Checklists are also
helpful for conducting inspections of equipment conditions.
Sample checklists for inspection of base conditions and
equipment maintenance are also provided in Appendix R of
the research team’s final report (13).

Daily diaries provide the agency inspector with the means
to record daily events. If early pavement failure or a dispute
between the agency and contractor occur, such a diary would
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be valuable in resolving any questions concerning a particu-
lar day of paving. For this reason, it is recommended that
both the contractor and agency field personnel complete
daily diaries. Appendix S of the research team’s final report
contains a sample daily diary.

7.2.4 Operation and Maintenance

The final phase of the project is the operation and mainte-
nance phase (O&M). This phase could also be considered the
performance period, where the project must perform as a

TABLE 7.4 Agency inspection guidelines when contractor data are used for acceptance
(available project staff)



functional facility to meet the needs and expectations of the
end-user.

When developing a rational method for determining testing
and inspection levels to satisfactorily construct an HMA over-
lay, tests and observations collected during the construction
phase should be used in conjunction with pavement perfor-
mance data. Through the PMS or some other type of data
analysis, the construction data can be compared with in situ
pavement performance. For example, in the context of design
for pavement density, the mean and standard deviation of
plant-produced air voids and density test results can be com-
pared with in situ rut depths. A feedback system would then
be developed to determine which tests, and testing levels, are
necessary to satisfactorily construction an HMA overlay.

Many states are beginning Long-Term Pavement Perfor-
mance (LTPP) monitoring programs that collect field per-
formance data, as well as climate, maintenance, and traffic
data. For those projects not under the formal LTPP program,
a wealth of construction data are available from QA projects.
These data can be combined with the PMS and used through-
out the continuous life cycle of projects.

The Pareto analysis of inspection tasks completed and the
factors that affect those inspection tasks can be considered
when examining final pavement quality. It was found when
evaluating observed field data that most inspection tasks are
performed during the laydown process for the agency, and dur-
ing plant-mixing and laydown processes for the contractor.
Factors affecting the inspection tasks during these processes
are primarily personnel-related for the agency and contractor.
The level of these factors from inspection observation can be
compared with in situ performance data to understand their
significance for future changes and improvements.

7.2.5 Summary of System Concept 
for Determining Testing Levels

The systems approach for determining testing and inspec-
tion levels provides a holistic viewpoint of different phases
of a project, and components of each phase, that may influ-
ence testing and inspection levels. The conceptual represen-
tation of the project phases can be modified to include the
components within each phase. Figure 7.4 illustrates the phase
components within the testing system.

7.3 CASE APPLICATION

A case application was provided that leads an agency
through the steps to establish appropriate testing and inspec-
tion levels for an actual project. Data from the Minnesota I-90
project are used for this example application. Estimated val-
ues were provided when there were no actual data from this
project (or state).
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7.3.1 Testing Levels

7.3.1.1 Sampling Frequency

Determining the sampling frequency can be accomplished
using the steps outlined in Figure 7.5

Step 1. A thorough consideration is given to the sampling
attributes of hot-mix samples in Table 4.2. These attributes
include material characteristics, resources, interaction of
construction operations and sampling functions, and safety.
It is decided to collect hot-mix samples behind the paver.

Step 2. The minimum time requirements to perform typical
HMA tests are collected from meetings with agency district
representatives and contractors at technical meetings. Fig-
ure 4.4 provides average time requirements and number of
possible tests during a 10-hr work day. These times are
based on current testing procedures and must be adjusted to
the unique consideration of each individual state.

Step 3. The agency and contractor choose quantity-based
sampling after considering the attributes in Table 4.5.

Step 4. Production data are collected from several con-
tractors throughout the state to analyze current production
rates and develop a rational sampling frequency. Ta-
ble 7.5 provides the calculations of sampling frequency
using the minimum testing time requirements and col-

Figure 7.4. System concept for testing and inspection
levels.



lected production rates (estimated production rates were
used). Sample projects A and B represent construction by
mid-sized contractors, Project C represents a smaller con-
tractor at a lower production rate, and Projects D and E rep-
resent larger contractors.

Step 5. Sampling frequencies are selected on the basis of an
evaluation of state-specific production data. To select a
sampling frequency that is fair to both size contractors,
sampling frequencies for hot-mix samples would be 1 per
1,000 tons and density samples would be every 1 per 200
tons. The density sampling frequency may later be changed
to a length or area consistent with the tonnage. It may be
plausible that the sampling frequencies be slightly increased
for more critical projects having higher life-cycle costs. For
example, the hot-mix sampling frequency would be 1 per
800 tons, and density would be 1 per 150 tons.
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7.3.1.2 Quality Control

7.3.1.2.1 Aggregate Gradation (Raw Materials). Fig-
ure 7.6 outlines the process to determine sampling location
for aggregate gradation quality control.

Step 1. Testing levels of aggregate gradation (raw materi-
als) are determined independently of acceptance testing,
assuming that hot-mix aggregate gradation will be used for
acceptance. The contractor chooses to perform coldfeed
gradation tests to provide an indication of the final output
gradation for QC purposes only.

Step 2. The contractor collects several samples at the start
of production to determine if the coldfeed aggregate gra-
dation will provide a prediction of hot-mix aggregate gra-
dation. Table 7.6 provides gradation data from the first 3
days of production on the project.

Step 3. The independent-sample t-test is used to compare
the mean of the two sampling locations. The F-test is used
to compare variation. Those p-values greater than 0.10
would indicate no statistical difference. Figure 7.7 pro-
vides the calculations for the t-test and F-test.

Step 4. The t-tests concluded no significant difference
between the mean and standard deviation, except for the
75-µm sieve. The contractor should run coldfeed testing
with reasonable confidence for the larger sieves to provide
an indication of final hot-mix aggregate gradation. The
results of coldfeed tests for the 75-µm sieve will not pro-
duce a reliable prediction of the final hot-mix aggregate
gradation tests since a mean difference exists in both the
mean and standard deviation.

The F-test concluded that the 75-µm sieve will provide
a different amount of variation between coldfeed and hot-
mix samples. There is also marginal evidence that the
12.5-mm and 4.75-mm sieves will provide a different esti-
mate of variation.

7.3.1.2.2 Plant Mixing. Figure 7.8 provides the steps to
determine QC testing levels for plant mixing.

Figure 7.5. Determining sampling frequency.

TABLE 7.5 Calculation of suggested sampling frequencies

  Daily Total Tonnage Maximum Plant Tests Density (cores) 
     Production  Sampling  Sampling 
     tons per Test time, frequency, Test time, frequency, 
 Name of Project Min Avg Max hour hours tons hours tons 
 Project A 200 1,500 3,600 360 3 1,080 0.5 180 
 Project B 400 1,100 2,500 250 3 750 0.5 125 
 Project C 250 1,300 1,750 175 3 525 0.5 88 
 Project D 360 3,500 4,500 450 3 1,350 0.5 225 
 Project E 155 2,100 4,200 420 3 1,260 0.5 210 



  Sample Test Aggregate Gradation Percent Passing, % 
 Date Location Number 12.5mm 95mm 475mm 236mm 75µm 
 7/30 coldfeed 1 92 86 60 37 2.6 
 7/30 coldfeed 2 87 76 46 26 2.5 
 7/31 coldfeed 3 84 72 44 27 2.8 
 8/1 coldfeed 4 81 74 43 25 2.5 
 7/30 extraction 50 90 84 57 35 2.3 
 7/30 extraction 51 90 81 52 29 3.6 
 7/30 extraction 52 85 76 46 25 2.6 
 7/31 extraction 53 87 78 48 26 3.7 
 7/31 extraction 54 88 80 48 26 3.1 
 7/31 extraction 55 83 71 43 25 3.3 
 8/1 extraction 56 87 78 46 26 3.3 
 8/1 extraction 57 87 77 48 27 3.8 
 8/1 extraction 58 85 75 49 26 2.9 

Step 1. Use the sampling frequency calculated earlier.

Step 2. Collect historical data from other projects for those
plant-mix properties that will be used during quality control. 

Step 3. Conduct an analysis of variance to determine if
there is significant between-day variation in the historical
data. Use the models developed in Chapter 4. Work with
consultants within or outside the contractor’s organization
during this effort.

Apply data from other components of the project to
understand where the variation is being produced. Exam-
ples include weather effects (e.g., moisture on stockpiles
and removal of fines from rainfall), loading practices (e.g.,
operator working a different face at the stockpiles), belt
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speeds (e.g., oscillation, bearing wear, and proportioning),
and asphalt binder metering (e.g., pump condition and pres-
sure surge).

Step 4. If there is variation between days, allocate testing
to each day of production to ensure that there is daily test-
ing during production, rather than high-frequency testing
on periodic days when the technician is available. There is
most likely a full-time plant technician available for the
project.

Step 5. Plot the test data on control charts to visually
understand the process.

7.3.1.2.3 Density. Figure 7.9 outlines the steps to deter-
mine density testing levels for quality control.

Step 1. Use the sampling frequency calculated earlier.

Step 2. Collect historical density data from other projects. 

Step 3. Conduct an analysis of variance to determine if there
is significant between-day variation in the historical data.
Use the developed models in Chapter 4. Work with consul-
tants within or outside the company during this effort.

Step 4. Apply data from other components of the com-
paction process to understand where the variation is being
produced. Examples include changes in mix properties
(e.g., resulting compaction from air voids and asphalt con-
tent within a particular sublot), compaction methods (e.g.,
3-pass, 5-pass, or 7-pass), and environmental conditions
(e.g., cooling rates and mat thickness).

Step 5. The contractor should assemble production data
from paving projects to determine current process capa-
bility. Table 7.7 provides density data from the Minnesota

Figure 7.6. Flow diagram of steps to determine sampling
location of aggregate gradation.

TABLE 7.6 Aggregate gradation data from initial production



I-90 project. Process data indicate that the standard devia-
tion of density ranges from 0.82 percent to 1.98 percent for
1 day’s production. A median value of 1.5 percent is cho-
sen from this table.

The starting point for determining a minimum level of
daily density testing for quality control is Equation 4.4. The
selected probability level is set at 95 percent (Zα / 2 = 1.96).
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Table 7.8 provides the relationship between the confidence
limits for the mean and number of density tests.

The contractor could select nine density tests per day
and have confidence limits of ±0.98 percent. Thus, if a con-
tractor estimates a mean density of 92 percent, the mean
can be found anywhere from 91.02 percent to 92.98 per-
cent at a confidence level of 95 percent. For more critical

Figure 7.7. Statistical calculations for comparing sampling locations.



projects, where the target density level must be met, a
great number of density tests should be taken.

Step 6. A rational way of obtaining unbiased density sam-
ples is defining the rolling zone as a stratified sublot. Den-
sity test sites would then be randomly chosen within each
rolling zone. Unbiased estimates for the mean and stan-
dard deviation for a given day of production would then be
obtained by combining the individual rolling zone tests
into a single dataset.

7.3.1.3 Acceptance

Figure 7.10 provides the necessary steps for determining
acceptance levels. This case application is only applied for
density. However, the same steps would be followed for
plant-mix properties.

Step 1. The sampling frequencies for plant-mix samples
were determined to be 1 per 1,000 tons and density sam-
ples were 1 per 200 tons. Higher frequencies may be pos-
sible at 1 per 800 tons (mix) and 1 per 150 tons (density)
for more critical projects.

Step 2. Determine if the specification limits are achievable
by the contractor. The Minnesota specification limits for
hot-mix properties were designed for the moving average,
while the average method was used for density. The range
of the moving average is always less than the distribution
of individual values, so this analysis is confounded when
evaluating the specification limits solely with the distribu-
tion of individual values. For the purposes of the analysis,
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Figure 7.8. Flow diagram of steps for plant mixing.

Figure 7.9. Flow diagram of steps to determine density
testing levels.

TABLE 7.7 Process data for density, measured as a percent
of TMD

 Date Number Mean Std. Dev. 
 709 6 89.6 1.23 
 711 4 92.2 1.66 
 715 4 89.7 1.28 
 717 4 89.0 1.75 
 718 6 91.1 1.56 
 721 6 90.0 1.72 
 722 6 89.4 1.33 
 723 2 91.3 1.98 
 725 8 90.0 1.00 
 730 4 91.4 0.94 
 731 10 92.5 1.75 
 801 10 92.3 1.25 
 802 10 92.6 1.04 
 806 8 92.2 1.64 
 807 10 91.7 1.11 
 808 10 91.6 0.82 
 809 9 91.7 1.01 
 811 10 91.0 1.22 
 812 8 90.9 1.38 
 815 8 90.3 1.55 

it is presumed that the limits are defined for a QLA-type
specification that measures the percentage of material
within limits.

Construct 90-percent confidence limits for the produc-
tion range and compare this range with the actual project
specification limits, as shown in Table 7.9. Use Equation



Number of 
Daily Tests 

Limit (+/-) for 
Mean Density, 
measured as a 

% TMD 
5 1.31
6 1.20 
7 1.11 
8 1.04 
9 0.98 

10 0.93 
11 0.89 
12 0.85 
13 0.82 
14 0.79 
15 0.76 
16 0.74 
17 0.71 
18 0.69 
19 0.67 
20 0.66 

4.5 to calculate the limits. Use 90-percent confidence lim-
its because it is desired, at a minimum, that the contractor
achieve PWL equalling 90 and receive 100-percent pay-
ment.

The data indicate that the I-494 contractor had greater
relative variability, as expressed by the standard deviation
and coefficient of variation. Production exceeded specifi-
cation limits for all coarse sieve sizes and volumetric tests.
The I-90 contractor had lower variability. Based on a lim-
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ited number of projects, it appears that the specifications
can be achieved by the contractor.

Step 3. Evaluate the distribution of samples within a lot.
Conduct an analysis of normality to confirm whether the
data are normally distributed. Also, determine if the stan-
dard deviation increases when material is combined for
adjoining days.

Step 4. Compare the effect of the specification limits and
proposed sample sizes on the pay factor. For purposes of
this study, the analysis from Section 4.5.3 (pay factors)
should be followed.

Step 5. Determine the appropriate sample size for accep-
tance. It is in the interest of the contractor to receive larger
payment at the AQL, and for the agency to have minimal
risk at the RQL. It may be decided that the n equal to 10
sample size is more appropriate based on evaluation of
risks from Section 4.5.3. Based on this selection, the lot
size is determined. The sampling frequency for density
samples was 1 per 200 tons (as determined earlier). Mul-
tiply the number of samples (n equal to 10) by the sam-
pling frequency (1 per 200 tons) to determine the lot size
(2,000 tons).

7.3.1.4 Verification

Figure 7.11 provides the steps necessary to determine ver-
ification testing levels.

Step 1. Collect split-sample test data from a range of proj-
ects. The mean and standard deviation of differences are
calculated from the projects, and a median value is chosen.
Table 7.10 provides split-sample data from two Minnesota
projects.

Step 2. Equation 4.6 is applied using the standard devia-
tion and number of verification tests to yield a testing tol-
erance at each sample size. Recommended values are as
follows: Zα/2 equal to 1.96 (95-percent probability) and Zβ

equal to 0.842 (80-percent power). Table 7.11 provides a
practical application of Equation 4.6 using these input
variables. 

Interpretation of the table is demonstrated by the follow-
ing example. Suppose the agency wants to verify one of the
contractor’s four acceptance tests from a given lot for
asphalt content. There would be an 80-percent chance of
detecting a true difference of 0.6 percent between tests. If
the agency and contractor had a difference of 0.3 percent,
the probability of detecting a true difference would be much
less (30 percent to 40 percent). The ability to discriminate
differences is lost as the tests move closer together.

TABLE 7.8 Number of daily density QC Tests for 95-
percent confidence limits and σDensity = 1.5 percent

Figure 7.10. Flow diagram for determining acceptance
testing.



   Production Specification Production 

   Mean Std Dev C.V. 90% Production Range Target Specification Limits, % greater 
than 

Project n % % % Lower Upper Range % Lower Upper Range Spec 
Limits 

12.5mm Sieve             

 I-90 35 87.0 2.26 2.6 83.3 90.7 7.4 84.0 79.5 88.5 9.0 No 

 I-494 35 89.0 2.07 2.3 85.6 92.4 6.8 89.0 84.0 90.0 6.0 Yes 

9.5mm Sieve             

 I-90 36 77.3 3.52 4.6 71.5 83.1 11.6 76.0 71.5 80.5 9.0 Yes 

 I-494 35 74.7 3.68 4.9 68.6 80.8 12.1 79.0 74.0 84.0 10.0 Yes 

4.75mm Sieve             

 I-90 36 48.0 2.73 5.7 43.5 52.5 9.0 43.0 38.5 47.5 9.0 No 

 I-494 35 37.0 4.58 12.4 29.5 44.5 15.1 43.0 38.0 48.0 10.0 Yes 

2.36mm Sieve             

 I-90 36 27.2 1.81 6.7 24.2 30.2 6.0 27.0 23.0 32.0 9.0 No 

 I-494 35 26.3 3.74 14.2 20.1 32.5 12.3 29.0 25.0 33.0 8.0 Yes 

75 m Sieve             

 I-90 36 2.9 0.51 17.6 2.1 3.7 1.7 2.9 1.4 4.4 3.0 No 

 I-494 35 4.6 0.68 14.8 3.5 5.7 2.2 4.0 2.0 6.0 4.0 No 

Asph. Cont.            

 I-90 36 5.20 0.28 5.38 4.74 5.66 0.92 5.5 5.1 5.9 0.8 Yes 

 I-494 35 4.98 0.19 3.82 4.67 5.29 0.63 4.8 4.4 5.2 0.8 No 

Air Voids             

 I-90 36 3.5 0.73 20.9 2.3 4.7 2.4 5.0 3.7 6.3 2.6 No 

 I-494 35 3.6 1.09 30.3 1.8 5.4 3.6 4.0 2.7 5.3 2.6 Yes 

VMA             

 I-90 36 13.4 0.62 4.6 12.4 14.4 2.0 14.8 13 min n/a n/a n/a 

 I-494 35 13.8 1.04 7.5 12.1 15.5 3.4 13.0 13 min n/a n/a n/a 

VFA             

 I-90 36 74.1 4.78 6.5 66.2 82.0 15.7 66.3 65.0 75.0 10.0 Yes 

 I-494 35 74.4 6.27 8.4 64.1 84.7 20.6 n/a 65.0 75.0 10.0 Yes 

Density             

 I-90 44 91.3 1.94 2.1 88.1 94.5 6.4 n/a 92 min n/a n/a n/a 

 I-94 density data unavailable          

Develop a testing tolerance table using the values for n
equal to 1 in Table 7.11. A testing tolerance table would be
incorporated into the specifications as shown in Table 7.12.

Step 3. A variance test procedure is applied during project
start-up to determine if the project-specific split-sample
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variance is equal to the population split-sample variance.
Figure 7.12 provides an example of applying this proce-
dure to actual project data.

Step a. Collect four or more split-sample test results and
calculate the difference of each.

Step b. Determine the median value of both the split-
sample data set and the historical database.

Step c. Calculate the absolute value of all deviations
from the median for both the new split-sample data set
and historical database. In other words, for each value,
subtract the median, and take the absolute value of the
result. If, in either sample, there is an odd number of
observations, delete exactly one value of “0” from the
list of absolute values of deviations. Both sample sets
have an even number of observations, so no observa-
tions are deleted.

Step d. Perform a test for comparing the means of the
split-sample data set and historical database using the
independent-sample t-test with variances assumed equal.
This output concludes that there is no mean statistical

TABLE 7.9 Comparison of production range and specification limits

Figure 7.11. Flow diagram for determining verification
testing levels.
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(a) Mean difference between split-samples
Minnesota I-90 QC/QA 26 n/a 1.7 0.2 -0.9 -0.01 0.004 -0.003 -0.3 -0.2 1.6
Minnesota I-494 QC/QA 34 n/a -0.5 -0.5 -0.7 0.11 -0.003 -0.002 0.0 0.2 0.2

QC/AI 24 n/a 0.7 0.1 -0.1 -0.24 0.000 0.000 0.0 -0.2 -0.6
QA/AI 24 n/a 1.2 0.4 0.6 -0.32 0.002 0.002 0.0 -0.4 -0.8

(b) Standard deviation of difference between split-samples
Minnesota I-90 QC/QA 26 n/a 4.99 1.96 0.80 0.32 0.013 0.006 0.55 0.43 3.68
Minnesota I-494 QC/QA 34 n/a 2.24 1.26 0.33 0.14 0.013 0.013 0.80 0.48 5.17

QC/AI 24 n/a 3.51 1.65 0.19 0.17 0.012 0.011 0.67 0.42 4.42
QA/AI 24 n/a 2.98 1.18 0.35 0.12 0.012 0.009 0.67 0.45 3.89

QC/QA = Contractor and Agency Split

QC/AI = Contractor and Asphalt Institute Split

QA/AI = Agency and Asphalt Institute Split  

difference between the existing database and sample
data set.

7.3.2 Inspection Levels

The Minnesota I-90 project was chosen as a case study
because contractor data were used for acceptance. It was
selected, in part, because many agencies are beginning to
specify contractor data for acceptance. Figure 7.13 shows
how the determination of a minimum inspection level could
be achieved for this project.

The key project characteristics for Minnesota I-90 were
project AADT of 13,810 and project tonnage of 36,000.
These numbers are within the low ranges for both AADT and
tonnage. Contractor data were used for acceptance testing, so
more observations of contractor sampling and testing proce-
dures were conducted.
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Inspection tasks and frequencies were determined earlier
and are provided in the recommendations. For this case
study, it was determined that 1 hr should be allocated to
inspection tasks at the plant by one inspector. The remaining
portion of this inspector’s day should be spent at laydown,
along with an additional inspector who spends the entire day
at laydown. Summaries of “what to inspect” and “how often”
are provided in Table 7.13, and the resulting staffing plan in
Table 7.14.

The suggested staffing plan shown is different from what
was actually observed for this project. During site observa-
tion, two inspectors were observed completing inspection
tasks at laydown operations throughout the day. An addi-
tional inspector was observing contractor sampling and test-
ing procedures at the plant for an entire day, with a portion
of the day spent conducting aggregate gradation tests and
transporting samples to the agency laboratory for testing.
This example shows where this agency might be able to min-
imize inspection levels. This case study is an example of how

TABLE 7.10 Split-sample project data, measured as a percent of TMD

TABLE 7.11 Number of verification tests and testing
tolerances

  Standard Testing Tolerances, +/-, for 
  Deviation a select number of tests 
 Test between testsa n=1 n=2  n=3 n=4 

 19.0mm, % 3.0 8.4 5.9 4.9 4.2 
 9.5mm, % 3.0 8.4 5.9 4.9 4.2 
 2.36mm, % 2.0 5.6 4.0 3.2 2.8 
 75 m, % 0.8 2.2 1.6 1.3 1.1 
 AC, % 0.2 0.6 0.4 0.3 0.3 
 Gmb, sp.gr. 0.013 0.036 0.026 0.021 0.018 
 Gmm, sp.gr. 0.010 0.028 0.020 0.016 0.014 
 Voids, % 0.6 1.7 1.2 1.0 0.8 
 VMA, % 0.4 1.1 0.8 0.6 0.6 
 VFA, % 2.9 8.1 5.7 4.7 4.0 
 aStandard Deviation based on median of historical project data.   

TABLE 7.12 Testing tolerances for specification

Test 
 

Testing 
Tolerance, 

+/- % 
19.0mm 
9.5mm 

2.36mm 
75 m 

AC (Extraction) 
Gmb 
Gmm 

Air Voids 
VMA 
VFA 

8.4 
8.4 
5.6 
2.2 
0.6 

0.036 sp. gr. 
0.028 sp. gr. 

1.7 
1.1 
8.1 



the agency guidelines for the determination of minimum
inspection levels can be used. Agencies could make their
own decisions based on their own specific needs.

The given inspection levels may have to be adjusted dur-
ing the construction stage, or at the project level, if there is
only one person available to perform inspection on a par-
ticular day. Figure 7.14 illustrates how the determination
of a minimum inspection level could be achieved for this
project with one available inspector. A summary of what
the inspector could inspect and how often is provided in
Table 7.15.
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7.4 PRACTICAL APPLICATIONS

Putting this research into practice will take some planning
and effort. There are many issues to consider within the
structure of the agency and contractor organizations. Several
practical issues arise that will decide the success of the
implementation effort. Practical applications are largely the
identification of barriers that must be overcome to success-
fully achieve implementation. The following practical appli-
cations are discussed: (1) training and certification, (2) tech-
nology, (3) statistics, (4) change, and (5) implementation.

Figure 7.12. Example of variance test procedure.
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Figure 7.13. Determination of minimum inspection level during design phase.

TABLE 7.13 Implementation of minimum inspection levels

Process Location 
Inspection 

Task  

Number of tasks 
per 10-hour 

work day (How 
often) 

Raw Materials Aggregate Stockpiles Segregation 1 
Inspector One  Contamination 1 

Discoloration 1 
Loading Rotation 1 

Plant Mixing Aggregate Blending Bin Contamination 1 
Inspector One  Bin Levels 1 

Segregation 1 
Feeder Rates 1 

 Mix Plant Contractor Sampling/Testing 
Procedures 

Variable 

 Storage Storage Duration As needed 
Mix Transport Load-Out Multiple Drops to Truck 1 
Inspector One  Tarp Use As needed 
Laydown Base Condition Clean and Uniform Surface 10 

 Inspector One Dry Surface As needed 
 Paving Collect Truck Ticket  90 
 Inspector Two Calculate Yield  4 

Slope 10 
Grade 10 
Width 10 
Depth 10 
Inconsistencies/Segregation  10 

 Rolling Maintain Rolling Pattern 5 
 Inspector One Surface Texture 5 



7.4.1 Training and Certification

Each state in the study had some form of training and cer-
tification program for field-level staff. Although this may
seem an obvious component of any QA program, the impor-
tance of training and formal certification must not be under-
estimated. Comprehensive hands-on training will largely
decide the success of the program at the field level.

Certification is an important part of the training process
because it validates the training program and determines the
responsibilities of field-level personnel. In Arizona, training
programs were certified through the National Institute for
Certification in Engineering Technologies (NICET), while
the other five states certified the training program through an
agency program.

7.4.2 Technology

The sampling frequency for all HMA tests is largely gov-
erned by the physical time to perform the tests. The con-
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struction industry is currently limited in the ability to effec-
tively measure and process HMA construction data for
quality and productivity. There are emerging technologies
that can reduce the amount of time and increase data for on-
line process control. Automated aggregate gradation tech-
nology is being developed to provide real-time measure-
ment for controlling aggregate size entering the asphalt plant
mix chamber. Videoimaging technology for coarse aggre-
gates has been successfully tested on asphalt production
plants and measures on line and in real time every 5 min
(30). Advanced construction systems are being developed
using global positioning systems (GPS) and computer sim-
ulation in order to provide more efficient path traversals by
roller operators and to lead to significant reductions in total
operation time (31). Reduced operation time can result in
labor cost savings and can ultimately reduce overall project
time and total project costs.

Technology is an important practical issue during program
implementation. Recent technological advances have accel-
erated the knowledge of HMA design and construction.
Computer technologies are rapidly developing and are becom-
ing increasingly common on construction projects. Newer
database technologies are available that can provide standard-
ized record-keeping of project checklists and daily diaries,
possibly through the use of laptop computers and hand-held
smart forms.

TABLE 7.14 Staffing plan for construction

 
Location 

Number of 
People 

Required 
Time 

Plant 1 1 
2

hour 
Laydown 1 day 

Figure 7.14. Determination of minimum inspection level for one available inspector.



7.4.3 Statistics

The science of statistical methods and techniques is
increasingly being used in construction. Statistics provide a
scientific way of interpreting features found in the data unlike
no other scientific method. Agencies and contractors should
gain a necessary comfort level with statistics, and many
organizations may already have in-house expertise in statis-
tics. If in-house expertise is unavailable, consultants or local
universities should be consulted to assist in this process.

7.4.4 Change

Personal resistance to change is a practical matter that
must be overcome. Many management and field personnel
are accustomed to the current program and may be reluctant
to make changes. The old adage of “if it isn’t broke, don’t
fix it” may be prevalent during any modifications to the
existing program. This is not an easy barrier to overcome,
given that the end-users of the program are responsible for
its implementation.

There must be “buy-in” by management to support changes
to the existing system, because management’s initiative and
leadership are necessary to implement the changes. Gov-
ernmental agencies have a different working culture than pri-
vate enterprise. If the agency takes a business approach to
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changes, it will be viewed by the public as responsive and
adapting to the public’s needs.

7.4.5 Implementation

The physical implementation of changes to the specifica-
tion is a delicate process. Typically, an easy way to overcome
full-scale implementation is through the use of pilot studies
or projects. Problems to overcome in implementation can be
resolved with minimal expense by piloting the new specifi-
cation on several projects. Selecting a few projects allows a
more detailed evaluation of each, as opposed to many proj-
ects that would make it difficult to assess the status of the
implementation effort.

7.5 SUMMARY

This chapter provided implementation guidelines and a
case application for the research. A system was described
where decisions concerning testing and inspection levels are
made throughout the life of the project. Then, a case appli-
cation was provided using data from an actual project. Spe-
cific examples were given for quality control, acceptance,
and verification testing levels. Developing a list of important
inspections for a project based on attributes and available
inspectors was discussed. Practical applications to consider
during implementation were also described.

TABLE 7.15 Inspection tasks for Minnesota I-90 for one inspector

Process Inspection Tasks 

Number of tasks per 
10-hour work day 

(How often) 
Plant Mixing Contractor Sampling/Testing Procedures As needed 

 Storage Duration As needed 
Mix Transport Tarp Use As needed 
Laydown Clean and Uniform Surface 10 

 Dry Surface As needed 
 Collect Truck Ticket 90 
 Grade 10 
 Width 10 
 Depth 10 
 Joint Construction As needed 
 Inconsistencies/Segregation 10 



8.1 RATIONAL METHOD FOR OTHER
HIGHWAY CONSTRUCTION AREAS

The rational method for determining minimum testing
and inspection levels to construct satisfactory HMA over-
lays can be applied to other areas of highway construction,
such as Portland Cement Concrete (PCC), subgrades, and
structures. The same processes described for HMA overlay
testing and inspection can be used as a starting point and
appropriately adjusted for the specific application area and
project characteristics.

8.1.1 Testing Levels

The process for determining testing levels in other con-
struction areas largely follows the methodology developed
for HMA overlays. Primary areas to evaluate during this
process are (1) sampling, (2) quality control, (3) acceptance,
and (4) verification. Figure 8.1 shows the process for apply-
ing the findings of this research to other highway construc-
tion disciplines.

8.1.1.1 Sampling

Correct sampling procedures are fundamental to the test-
ing specification. The integrity of obtaining a representative
sample must be firmly established and must not be compro-
mised by a conventional approach of simply acquiring mate-
rial to perform tests. Randomization is a very important part
of the sampling process because it allows each part of the
population an equal chance of being selected and it protects
against unsuspected sources of bias. With careful attention to
the sampling design, estimates can be obtained that are unbi-
ased for population quantities, such as the population mean
and standard deviation.

There were four sampling attributes developed for HMA
that will affect the ability to collect a representative sample:
characteristics, resources, interaction of construction opera-
tions and sampling, and safety. Similar recognition should be
given to those attributes for other highway construction areas.
Identify other state-specific attributes that may influence the
ability to collect a representative sample as well.
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Sampling frequency is a fundamental component when
determining testing levels. Two issues considered for HMA
were time constraints and whether to use time or quantity for
sampling frequency. Agencies and contractors should obtain
time estimates for their specific testing procedures. A limited
amount of test data is available because of the inherent time
to perform the entire sampling and testing cycle.

Whether to use time or quantity to sample the material is
a fundamental concern during specification development.
There are inherent advantages and disadvantages with either
time- or quantity-based sampling. The list of advantages and
disadvantages enumerated for HMA overlays should be con-
sidered during this decision-making process. Time-based
sampling frequencies can be easily obtained by using the
testing time estimates collected by the agency and contrac-
tor. A practical way of determining a quantity-based sam-
pling frequency is to match sampling and testing time with
construction production rates.

8.1.1.2 Quality Control

Quality control is where the true quality is built into the
product. The key to effective quality control for highway
construction is understanding the process so that the specifi-
cations are met. In terms of field QC testing, this can be trans-
lated to meeting design targets with minimal variation. It
should be a goal to continually meet the design targets and
ensure that variation around the target value is minimized,
because deviations from the target are known to affect qual-
ity. Thus, an understanding of variation is essential.

ANOVA models, developed earlier for HMA overlay
construction, are the most powerful tool to determine where
variation is found in the construction process. Control charts
provide an excellent way to visualize variation, but they do
not have the quantitative capacity to determine where the
true sources of variation are found in the construction
process. When determining testing levels, the models should
be designed around a practical measure, such as days of pro-
duction. If variation between days is significant, this would
indicate to the contractor that the process is changing on a
daily basis and that testing resources should be assigned to
daily testing. If day-to-day variation does not exist, this would
indicate that features within each day may be assignable to
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variation. The ANOVA models would then be reconfigured
to determine those variation sources within a day of produc-
tion and then the testing resources would be assigned to those
variation sources.

The ability to obtain any level of QC testing is governed
by the time to conduct sampling and testing. Certain test pro-
cedures can be completed more quickly than others can and
will produce larger amounts of test data. If a particular test
can produce more than 20 test results per day, such as nuclear
density gauges for measuring in-place density and moisture
content, the average method could be used to determine the
number of tests. Equation 4.4, which develops the confidence
level for the average of several tests, was applied to pave-
ment density data as a starting point to determine the number
of daily density tests for quality control. There were four
components to this equation that contractors can specify:
(1) confidence limits of the average, (2) Z-statistic for the prob-
ability level, (3) estimated standard deviation, and (4) number
of tests. Fewer tests are required when the confidence limits
are increased, when the probability level is reduced, or when
the standard deviation is small. Reliable estimates for the
standard deviation can be found from historical data col-
lected by the contractor.

8.1.1.3 Acceptance 

Acceptance testing is central to any construction testing
specification. As owner, the agency must have assurances that
the acceptance plan will function satisfactorily and protect the
interests of the agency as well as the contractor. There are
three tangible areas to investigate when determining the level
of acceptance testing: (1) test selection, (2) specification lim-
its, and (3) pay factors.

Tests that could be specified for the acceptance of con-
struction materials and workmanship range from aggregate

tests to the ride index for pavement smoothness. Agencies
should select those tests that have some relationship to per-
formance and are practical. AASHTO recommends several
construction tests in the QA publications, and agencies have
specified certain tests unique to their states that are thought
to have an influence on performance. The tests should be
practical, well-understood by field-level staff, and have a
limited duration so they can be conducted frequently during
construction. Frequent testing results in more test data; this
increases the reliability of estimating the work and mini-
mizes risks to both the agency and contractor.

Specification limits define the allowable range for the
selected construction tests. These limits have been established
from AASHTO recommendations, agency studies, contrac-
tor process capability, and actual performance. Ideally, spec-
ification limits should be based on actual performance and
the ability of the contractor to maintain process capability
within the limits. Because it has been difficult to accurately
translate the relationship between construction variability
and performance, a reasonable alternative is to set specifica-
tion limits using contractor variability. Using the contractor’s
variability provides a benchmark of project inputs during
construction, which can be later translated to outputs in the
form of actual field performance. Thus, assessing contractor
inputs (e.g., meeting design target levels and project vari-
ability) is essential when establishing specification limits. It
better defines the link between design tolerances (specifica-
tion limits) and actual performance. In other words, as con-
tractors achieve a certain level of variability, the resulting
performance can be better understood and a relationship
developed. The statistical methods used to evaluate the con-
tractor’s ability to achieve specification limits for HMA
overlays should be applied to other construction areas.

Pay factors are integral to QA specifications. In concept,
the pay factor is the difference between life-cycle costs from
design and actual life-cycle costs from construction. The
relationship between actual construction quality and life-
cycle costs is better understood as data are collected. During
the interim, the agency and contractor should develop an
appropriate sample size and corresponding lot size for the
pay factor. First, the sample size should be investigated by
understanding how a certain number of samples will provide
different risk levels. A system was described for HMA over-
lays where the contractor’s population mean and standard
deviation were developed, and different sample sizes were
sampled from this distribution to obtain risk levels. This same
procedure should be applied to other construction areas.
More critical projects with higher life-cycle costs will typi-
cally require larger sample sizes for the lot, while less criti-
cal projects will have lower life-cycle costs. The lot size then
becomes a function of the sample size. Once an appropriate
sample size has been determined, the lot size is determined
by the time necessary to complete testing of the samples.
Either time or quantity can be used to construct the lot.

Figure 8.1. Process for determining testing levels for
other types of highway construction.
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8.1.1.4 Verification

Verification testing is an important component of the QA
program when contractor tests are used for acceptance. The
required amount of agency testing can be reduced to the
amount necessary to verify the contractor’s results. This
amount of testing is a function of several factors, including
(1) whether to use split samples or independent samples for
the verification, (2) testing tolerance between laboratories,
(3) variation between tests, (4) confidence level for the com-
parison, and (5) probability of detecting a true difference
between laboratory tests.

Whether to use split-sampling or independent-sampling will
affect the number of verification tests. Split-sample verifica-
tion can minimize the amount of agency verification because
it eliminates the materials, production, and sampling variation
between laboratories. If this variation is not removed, as is the
case with independent-sampling, the comparison will be
obscured and require nearly double the number of samples as
split-sampling, provided the same probability levels are cho-
sen. Given that the objective is to determine a minimum level
of verification testing, split-sampling probably should be
chosen. The agency should witness the contractor collect and
split the sample and then take immediate possession of the
agency’s portion of the split sample for later testing.

Testing tolerances are common in those states where con-
tractor data are used for acceptance. The concept is straight-
forward and does not require elaborate statistical calculations
during construction. The differences between tests are con-
sidered acceptable if they do not exceed the tolerances set
forth in a developed table. A statistical procedure was devel-
oped for HMA overlay construction that develops testing tol-
erances using several statistical parameters. This same pro-
cedure should be used for other highway construction areas.

The number of tests for verification testing within a lot is a
function of the following: (1) variation between tests, (2) dif-
ference between means, (3) probability that the mean dif-
ference is contained within a defined acceptable region, and
(4) probability that the mean difference is accepted outside
the defined acceptable region. Equation 4.6 should be used
to relate these different factors. Agencies should collect split-
sample test data and develop estimates for the standard devi-
ation between laboratory tests (σd). The estimate for σd is
then applied to Equation 4.6 to determine the allowable test-
ing tolerance for any number of tests. Values for the confi-
dence level and probability of detecting a true difference
between tests can be found in statistics textbooks and tables.

8.1.2 Inspection Levels

Figure 8.2 illustrates a process for determining inspection
levels for other highway construction areas. First, a definition
of the industry’s process is necessary. The definition should
include descriptions of the hierarchical divisions required for

inspection. The hierarchy of HMA production inspection
began with process and followed down through inspection
location, activities, and tasks.

The inspection tasks, depending on the terminology a par-
ticular industry uses, should then be defined. The definitions
should provide a thorough understanding of what that inspec-
tion task entails (e.g., its purpose; who should conduct it; and
when, where, and how it should be completed). Industry lit-
erature, input, and current practices should be consulted for
the inspection task definition.

Next, important inspection tasks should be determined
through the use of field data collection and review of industry
literature. It is necessary to determine what is currently
thought to be important by the industry, as this gives a knowl-
edge base of where to begin to make changes or improve-
ments. It is also necessary to understand current practices,
because there is likely justification for the current practice.
These important inspections will also be referenced when
forming guidelines for minimum inspection levels.

QC methods can then be used to analyze any collected
field data representing current industry practices to determine
minimum inspection levels. The four methods applied to
HMA inspection were (1) Juran seriousness classification, (2)
Pareto analysis, (3) fishbone diagrams, and (4) resource allo-
cation. These methods provide direction for any improve-
ments that may be made, as well as the factors that must be
considered when making changes. Recommendations can
then be made and should be based on key project factors.

Finally, guidelines should be created based on critical proj-
ect characteristics specific to that industry. Important char-

Figure 8.2. Process for determining inspection levels for
other types of highway construction.
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acteristics used for agency guidelines for HMA overlays
included (1) whether agency or contractor test results were
used for acceptance, (2) project AADT, and (3) availability of
resources. Project size and the availability of limited resources
are likely to affect inspection levels for any aspect of the high-
way industry. The developed guidelines can then be used as a
starting point and adjusted to fit the state’s culture, available
resources, and the applicability of provided recommendations.

8.2 FUTURE RESEARCH

8.2.1 Relating Design and Construction 
with Performance

Future research must continue to address the relationship
between project inputs from design and construction with
pavement performance. This is a difficult challenge because
of the numerous variables involved, but there must be some
initiative to move this issue forward. It is recommended that
a research project be developed to measure the actual per-
formance from the 16 projects in this study to enable the
design, construction, and actual pavement performance to be
linked together. The performance of each project can be con-
sidered a response variable to many input variables from
design and construction. Given that the traffic levels, tem-
perature, and base condition (in certain projects) were con-
sistent within projects, these variables could be blocked from
the analysis. Then those variables that changed within the
project could be evaluated. Such variables include deviations
from design targets and variability for the various tests per-
formed during construction.

Much of this analysis will involve reconstructing the proj-
ects on paper—similar to the approach used in this study.
Distress survey data would be collected and compared with
the as-built construction data. Figure 8.3 provides a schematic
of how the construction data and distress survey data could
be compared.

Designing a formal experiment on these 16 construction
projects by adjusting key input variables to understand an
output response variable was not possible. Because of this
fact, the project could be treated as a random effect where
several variables changed simultaneously without any spe-
cific treatments. Statistical regression and ANOVA models
could provide an initial investigation into relationships
between inputs and outputs. For example, if the design target
for asphalt content was 5.0 percent, and there were signifi-
cant deviations from the target in several pavement sections
where raveling occurred, the regression and/or ANOVA
models would detect some relationship. Once initial rela-
tionships have been disclosed, more careful investigation can
be made. It may be learned that certain deviations from tar-
get are perfectly acceptable, while other deviations are criti-
cal to performance. The statistical area of multivariate analy-
sis and response surface modeling would also be excellent
tools for such an investigation.

8.2.2 Cost of Quality Principle

Future research is needed to apply the principles of cost of
quality to highway construction. As a practical matter, agency
quality assurance and contractor quality control consume

Figure 8.3. Comparison of construction data and distress data.



resources and cost money. It would be feasible to have a high
level of testing and inspection on every highway construction
project; however, there must be an acknowledgment of costs.
Cost is a practical means to measure the use of resources dur-
ing construction as well as increased or decreased perfor-
mance. Cost defines the dollar value of limited resources dur-
ing construction, and it also defines the initial capital to
construct the highway facility and the long-term mainte-
nance to operate the highway facility.

World leaders in quality, such as J.M. Juran, have defined
the “cost of quality” as the sum of the appraisal, prevention,
and failure costs (32). Figure 8.4 illustrates how the cost of
quality is described by these costs. Failure cost is defined by
the decrease in correcting or replacing defective work, while
appraisal plus prevention is the application of resources to
increase the quality conformance level. The minimum cost of
quality occurs at a level where the summation of failure costs
and the costs of appraisal plus prevention are at a minimum.
There is an upper region where the appraisal plus prevention
costs provide diminishing returns; a large appraisal plus pre-
vention cost exceeds the benefits of a reduced failure cost.

Applying the principle of cost of quality to highway con-
struction stipulates that a certain level of appraisal plus pre-
vention costs are necessary to reduce failure costs and min-
imize the cost of quality. As the quality of conformance
increases, the construction quality level is thought to approach
the expected level of performance. It is desirable that agen-
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cies apply an appropriate level of quality assurance and that
contractors apply an appropriate level of quality control to
minimize the cost of quality. There must be recognition that
some failure costs will occur, despite efforts to prevent them.

8.2.2.1 Cost of Quality for Quality Control

The cost of quality principle can be adopted to highway
construction that is specific to quality control, where quality
control is a contractor function. A way of describing the costs
of appraisal plus prevention for contractors is the added costs
of personnel, equipment, materials, and methods to produce
greater quality output and the costs of monitoring and veri-
fying the quality of output. For example, the added costs to
produce quality output would be construction of an addi-
tional aggregate stockpile during the crushing process to
minimize stockpile segregation and variation in the distribu-
tion of particle sizes. This would require additional material
handling and increase production costs, but it would provide
increased control during plant mixing. The added costs for
monitoring would be an additional QC technician to monitor
the flow of aggregate processing with on-line testing and
inspection. To achieve this increased quality of conformance,
a contractor must invest greater resources in personnel, equip-
ment, materials, and methods, and, therefore, increase addi-
tional costs.

Figure 8.4. Classic model of quality costs (32).



Generally, an increase in appraisal plus prevention costs
will cause an expected decrease in failure costs, assuming
this cost is applied to those components of the process influ-
encing performance. Using the previous example of greater
aggregate control, there can be an expected decrease in vari-
ation and increased chances for meeting specification limits.
By diminishing these detrimental effects, the cost of failure
decreases and the quality of conformance increases. This
increase correlates with higher levels of construction quality
that will lead to higher levels of pavement performance.

A key factor that drives the quality of conformance for the
contractor is the specifications. The level of quality received
is a function of how the contractor understands the demands
of the specification and chooses to respond to them. A com-
mon misconception is that quality can be tested into a prod-
uct. Quality must be engineered into the product. Quality can
be achieved through continued commitment to improving the
design and construction of the product. Most contractors will
continue to perform inspections, interpret test data, identify
root causes of any defects, and generate options that could
eliminate the quality deviations identified.

The key mechanism for enforcing specification compli-
ance is pay factors. As shown in the synthesis of current prac-
tice, all agencies using a QA specification for HMA con-
struction use some version of a pay factor. Statistically based
specifications encourage the contractor to achieve design tar-
gets and reduce variability within lots to improve their like-
lihood of receiving full payment and/or incentive payments.
Contractors failing to meet the specifications receive a pay
deduction for the degree of quality of conformance.

8.2.2.2 Cost of Quality for Acceptance

The cost of quality principle can be adapted to highway
construction acceptance. Acceptance is an owner function. A
way of describing the costs of “appraisal plus prevention” for
acceptance is from the costs of testing and inspection to assure
and accept the construction product. Testing and inspection
cost is simply the cost for administering the acceptance
aspects of the QA program. The relative percentage of testing
and inspection costs will be higher for smaller tonnage proj-
ects or those projects having higher testing frequency.

When setting acceptance testing and inspection levels, an
answer must be provided to the question asked earlier—is it
more appropriate to have relatively few construction projects
with extensive testing and inspection, or a greater number of
field projects with more limited testing on each? For exam-
ple, on a particular project, should 2 hot-mix and 5 density
samples, or 4 hot-mix and 10 density samples, be taken each
day; and are one or two inspectors needed? Each testing
alternative requires different levels of resources, leading to
the question—what is the optimal use of limited resources?
Agencies and contractors must work toward developing a level
of acceptance testing and inspection that creates a rational
specification that balances costs, risk, and quality.
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A way of describing the failure costs for acceptance is
through the additional cost incurred by the agency when
there are insufficient levels of testing and inspection. For the
agency, insufficient testing levels or inadequate lot sizes may
lead to unacceptable work being accepted. In concept, the
pay factor should represent the difference between life-cycle
costs from design and the actual life-cycle costs from con-
struction. Poor quality requires additional maintenance costs
(e.g., pavement grinding and rut patching) to keep the over-
lay in service for the planned life cycle, or it requires recon-
struction earlier than scheduled. Accepting poor work may
occur from insufficient testing levels and severely disrupt the
life-cycle cost formula for the project.

The contractor may also suffer the effects of insufficient
testing levels by having acceptable work rejected or a reduced
pay factor from an insufficient number of samples within a
lot. It is desired that the contractor receive appropriate pay-
ment for acceptable work; however, there is a possibility that
test results will indicate the contrary. For inspectors, a neces-
sary level is needed to interpret and control those process
components having one effect on pavement performance.

There must be careful consideration given to sublots and
lots during the development of acceptance testing levels. One
concept behind accepting on a lot-by-lot basis is an effort to
maximize the likelihood that the material being considered is
all from the same population. Combining adjoining sublot and
lots would make it possible for unique and distinct popula-
tions to be combined into one lot. This could lead to multi-
modal populations that are not normal or lead to a normal dis-
tribution that has greater variability than that of the individual
lots. This approach may defeat the purpose of accepting on a
lot-by-lot basis. Thus, careful consideration must be given to
defining lots.

There is a region where the level of testing and inspection
provides diminishing returns for minimizing the acceptance
risks for both the agency and contractor. An optimum level
of acceptance testing and inspection would be defined where
the summation of testing costs and the acceptance failure
costs are at a minimum. An increase in appraisal plus pre-
vention costs through greater acceptance testing levels will
decrease failure costs. Using the previous example of two
testing levels (2 or 4 hot-mix tests and 5 or 10 density tests),
there can be an expected difference in risk of accepting a con-
struction product. By increasing the testing level, the added
costs from making incorrect decisions are decreased. An
imprecise estimate is just as likely to underestimate the true
quality level as overestimate it.

8.2.3 Variation Components

Four components of variation were identified in this
research: (1) materials, (2) production, (3) sampling, and 
(4) testing. Experiments should be conducted on construction
tests, in addition to laboratory air voids, to determine which
variation component contributes the greater percentage to



total variation. Performing a similar analysis on other tests,
such as asphalt content and aggregate gradation, would
require multiple-specimen testing similar to laboratory com-
paction of individual test specimens for determining air voids.
It is proposed that similar analysis be conducted in future
studies to determine the relative percentages of MPS and
testing variation for the other common construction tests to
understand their contribution to total variation. Experiments
should be specifically designed to isolate and measure mate-
rials, production, and sampling variation components.

8.2.4 Compliance Measures

Five different measures are being used to determine spec-
ification compliance among the states: (1) Average, (2) QLA,
(3) Average Absolute Deviation, (4) Moving Average, and
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(5) Range. Currently, AASHTO recommends the QLA
method; however, a formal research study should be com-
missioned that compares the relative efficiency of these
methods. A benefit of collecting data from states specifying
different compliance measures is observing different percep-
tions of variation. Different feedback behaviors are created
among contractors when operating under different compli-
ance measures. For example, a given contractor may take a
wait-and-see approach for changing a process with the Mov-
ing Average, while the same contractor may be inclined to
make a rapid adjustment if the Absolute Average Deviation
method is specified. A formal research study would require
collecting data from several years within states having dif-
ferent compliance measures to investigate any changes in
contractor behavior. Particularly, states switching compli-
ance measures to QLA-type specifications would provide
useful data.
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APPENDIX A

GLOSSARY OF TERMS

(Adapted from the following sources: (1) AASHTO, FAA, FHWA, NAPA, U.S. Army Corps of Engineers Hot Mix Asphalt
Construction Participant Manual, (2) AASHTO Implementation Manual for Quality Assurance, (3) Melan, Eugene H. Process
Management—Methods for Improving Products and Service, and (3) TRB “Glossary of Highway Quality Assurance Terms.”)



Acceptable Quality Level (AQL)—That minimum level
of actual quality that is considered fully acceptable as a
process average for a single acceptance quality character-
istic. For example, when quality is based on percent
within limits (PWL), the AQL is that actual (not esti-
mated) PWL at which the quality characteristic can just be
considered fully acceptable.

Aggregate—Any hard, inert mineral used for mixing in
graduated fragments. Aggregate includes sand, gravel,
crushed stone, and slag.

Angle of attack—The angle at which the screed bottom
travels throughout the asphalt material.

Asphalt—A dark brown to black cementitious material in
which the predominating constituents are bitumens, which
occur in nature or are obtained in petroleum processing.

Asphalt cement—A fluxed or unfluxed asphalt specially
prepared as to quality and consistency for direct use in the
manufacture of bituminous pavements and having a pen-
etration at 25(C of between 5 and 300, under a load of 
100 g applied for 5 s.

Asphalt overlay—One or more courses of asphalt con-
struction on an existing pavement; the overlay may
include a leveling course, to correct the contour of the old
pavement, followed by a uniform course or courses to pro-
vide thickness.

Buyer’s Risk (β)—Also called type II or β error. The
probability that an acceptance plan will erroneously fully
accept (at 100 percent pay or greater) RQL material or
construction with respect to a single acceptance quality
characteristic. It is the risk the highway agency takes in
having RQL material or construction fully accepted.

Compaction—The process of removing the air voids in
the material after placement.

Crown—The ability to change the transverse profile of
the mat being placed. Also refers to the transverse profile
or the opposite slopping sides of the existing grade.

Crown control—A device that shapes the screed to form
a mat with the desired crown. 

Density—The degree to which air voids have been
removed from a material.
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End-result specifications—Specifications that require
the contractor to take the entire responsibility for supply-
ing a product or an item of construction. The highway
agency’s responsibility is to either accept or reject the
final product or apply a price adjustment that compensates
for the degree of compliance with the specifications.

Expected Pay (EP) Curve—a graphic representation of
an acceptance plan that shows the relation between the
actual quality of a lot and its expected pay.

Grade—a) Refers to the surface over which paving is to
be done. b) Refers to the longitudinal angle of rise or fall
of the roadway. c) Refers to the elevation of the roadway.

Grade control—The electronic system for controlling the
longitudinal elevation of the mat from a given reference.

Head of material—The given volume and level of mate-
rial in front of and across the width of the screed.

HMA drum mix facility—A manufacturing facility for
producing bituminous paving mixtures that continuously
proportions aggregates, heats and dries them in a rotating
drum, and simultaneously mixes them with a controlled
amount of bituminous material.

Hopper—That section of the paver that receives the
paving material from the external source.

Hot-Mix Asphalt (HMA)—A scientifically proportioned
mixture of graded aggregate and asphalt cement, pro-
duced at a batch or drum-mixing facility, which is spread
and compacted while at an elevated temperature. To dry
the aggregate and obtain sufficient fluidity of the asphalt
cement, both must be heated prior to mixing giving origin
to the term “Hot Mix.”

HMA construction inspection processes—First division
of four in a hierarchical structure of HMA construction
inspection including four parts: (1) raw materials, 
(2) plant mixing, (3) mix transport, and (4) laydown.

HMA construction inspection locations—Twelve phys-
ical locations that fit within the four HMA construction
processes including: (1) aggregate stockpiles, (2) asphalt
binder, (3) aggregate blending, (4) asphalt binder deliv-
ery, (5) mix plant, (6) dust collector, (7) mix storage, 
(8) load-out, (9) weigh scale, (10) base condition, 
(11) paving, and (12) rolling.



HMA construction inspection activities—Third divi-
sion of four in a hierarchical structure of HMA construc-
tion inspection. Several inspection activities are identified
at each of the 12 HMA construction inspection locations. 

HMA construction inspection task—Fourth division of
four in a hierarchical structure of HMA construction
inspection. Inspection tasks are identified for each inspec-
tion activity and are to be performed by an inspector to
help ensure that a quality pavement is constructed.

Inspection—The determination of whether a product
conforms to a specification (Juran, 1998). The AASHTO
Implementation Manual for Quality Assurance states that
inspection is an activity as important to Quality Control as
it is to acceptance for both production facilities and field
observations.

Job Mix Formula—Target gradation and asphalt content
for a particular specification.

Joint—The area where two mats meet or join.

Mat—Asphalt materials placed by the paver.

Materials and methods specifications—Specifications
that direct the contractor to use specified materials in def-
inite proportions and specific types of equipment and
methods to place the materials.

Pavement performance—The history of pavement con-
dition indicators over time or with increasing axle-load
applications (AASHTO, 1993).

Operating characteristic (OC) curve—A graphic repre-
sentation of an acceptance plan that shows the relationship
between the actual quality of a lot and either (a) the prob-
ability of its acceptance (for accept/reject acceptance
plans) or (b) the probability of its acceptance at various
payment levels (for acceptance plans that include pay
adjustment provisions) (TRB, 1996).

Operator—The person whose primary function is to con-
trol the paver’s speed and direction.

Paver—A self-propelled construction machine (either
rubber-tired or crawler-mounted) specifically designed to
receive, convey, distribute, profile, and compact paving
material by the free-floating screed method.
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Percent Defective (PD)—Also called percent noncon-
forming. The percentage of the lot falling outside specifi-
cation limits. It may refer to either the population value or
the sample estimate of the population value.

Percent within Limits (PWL)—Also called percent
conforming. The percentage of the lot falling above a
lower specification limit, beneath an upper specification
limit, or between upper and lower specification limits. It
may refer to either the population value or the sample esti-
mate of the population value. PWL = 100–PD.

Performance specifications—Specifications that describe
how the finished product should perform over time. For
highways, performance is typically described in terms of
changes in physical condition of the surface and its
response to load or in terms of the cumulative traffic
required to bring the pavement to a condition defined as
“failure.” Specifications containing warranty/guarantee
clauses are a form of performance specifications.

Performance-based specifications—Specifications that
describe the desired levels of fundamental engineering
properties that are predictors of performance and appear
in primary prediction relationships.

Performance-related specifications—Specifications that
describe the desired levels of key materials and construc-
tion quality characteristics that have been found to corre-
late with fundamental engineering properties that predict
performance.

Process control—Testing and sampling for quality veri-
fication during production.

Quality—(1) The degree or grade of excellence of a prod-
uct or service, (2) The degree to which a product or ser-
vice satisfies the needs of a specific customer, or (3) The
degree to which a product or service conforms with a
given requirement.

Quality Assurance (QA)—All those planned and sys-
tematic actions necessary to provide adequate confidence
that a product or service will satisfy given requirements
for quality. Within an organization, QA serves as a man-
agement tool. In contractual situations, QA serves to pro-
vide confidence in the supplier.

Quality assurance specifications—Also called QC/QA
specifications. A combination of end-result specifications
and materials and methods specifications. The contractor



is responsible for quality control (process control), and 
the highway agency is responsible for acceptance of the
product.

Quality characteristic—That characteristic of a unit or
product that is actually measured to determine confor-
mance with a given requirement.

Quality Control (QC)—The sum total of activities per-
formed by the seller (producer, manufacturer, and/or Con-
tractor) to ensure that a product meets contract spec-
ification requirements. Within the context of highway
construction, this includes materials handling and con-
struction procedures, calibration and maintenance of
equipment, production process control, and any sampling,
testing, and inspection done for these purposes.

Quality Index (Q)—A statistic which, when used with
appropriate tables, provides an estimate of either percent
defective (PD) or percent within limits (PWL) of a lot. It
is typically computed from the mean and standard devia-
tion of a set of test results as follows:

QL = (X-L)/S where X– = sample mean
S = sample standard deviation

Or L = lower specification limit
QU = (U-X–)/S U = upper specification limit
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Rejectable Quality Level (RQL)— That maximum level
of actual quality that is considered unacceptable
(rejectable) as a process average for a single acceptance
quality characteristic. For example, when quality is based
on percent defective (PD), the RQL is that actual (not esti-
mated) PD at which the quality characteristic can just be
considered fully rejectable.

Screed—The unit that is towed behind the paver to shape,
smoothe, and control the depth of the material being
placed.

Segregation—When the aggregates separate from the
finer materials.

Seller’s Risk (α)—also called type I error or α error. The
probability that an acceptance plan will erroneously
reflect AQL material or construction with respect to a sin-
gle acceptance quality characteristic. It is the risk the con-
tractor or producer takes in having AQL material or con-
struction rejected.

Slope—Refers to the transverse angle of the grade or
roadway.

Tack coat—A very light application of asphalt, usually
asphalt emulsion diluted with water. It is used to ensure a
bond between the surface being paved and the overlying
course.
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APPENDIX B

INSPECTION TASKS DESCRIPTIONS
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TABLE B1 Inspection Tasks Descriptions for Raw Materials Process

TABLE B2 Inspection Tasks Descriptions for Plant Mixing Process
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TABLE B2 (Continued)

TABLE B3 Inspection Tasks Descriptions for Mix Transport Process
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TABLE B4 Inspection Tasks Descriptions for Laydown Process
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APPENDIX C

SAMPLE SIMULATION PROGRAM
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Figure C.1 provides the MINITABTM program to generate
a population distribution for 1,000 data points. The inputs
to the normal distribution are a mean of 94 percent density
and standard deviation of 1.7 percent density. The output
file ‘random.dat’ is generated from these inputs with
1,000 data points that create the normal distribution.

Figure C.1. Program to develop population distribution
of 1,000 data points.
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Figure C.2. Program to calculate pay factor from different samples sizes.

(Continued)

Figure C.2 provides the SASTM program to generate different sample sizes using the
‘random.dat’, then calculate the PWL and pay factor for each sample.
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Figure C.2. (Continued)



Abbreviations used without definitions in TRB publications:

AASHO American Association of State Highway Officials
AASHTO American Association of State Highway and Transportation Officials
ASCE American Society of Civil Engineers
ASME American Society of Mechanical Engineers
ASTM American Society for Testing and Materials
FAA Federal Aviation Administration
FHWA Federal Highway Administration
FRA Federal Railroad Administration
FTA Federal Transit Administration
IEEE Institute of Electrical and Electronics Engineers
ITE Institute of Transportation Engineers
NCHRP National Cooperative Highway Research Program
NCTRP National Cooperative Transit Research and Development Program
NHTSA National Highway Traffic Safety Administration
SAE Society of Automotive Engineers
TCRP Transit Cooperative Research Program
TRB Transportation Research Board
U.S.DOT United States Department of Transportation

Advisers to the Nation on Science, Engineering, and Medicine

National Academy of Sciences
National Academy of Engineering
Institute of Medicine
National Research Council

The Transportation Research Board is a unit of the National Research Council, which serves 
the National Academy of Sciences and the National Academy of Engineering. The Board’s 
mission is to promote innovation and progress in transportation by stimulating and conducting 
research, facilitating the dissemination of information, and encouraging the implementation of 
research results. The Board’s varied activities annually draw on approximately 4,000 engineers, 
scientists, and other transportation researchers and practitioners from the public and private 
sectors and academia, all of whom contribute their expertise in the public interest. The program 
is supported by state transportation departments, federal agencies including the component 
administrations of the U.S. Department of Transportation, and other organizations and 
individuals interested in the development of transportation. 

The National Academy of Sciences is a private, nonprofit, self-perpetuating society of distin-
guished scholars engaged in scientific and engineering research, dedicated to the furtherance 
of science and technology and to their use for the general welfare. Upon the authority of the 
charter granted to it by the Congress in 1863, the Academy has a mandate that requires it to 
advise the federal government on scientific and technical matters. Dr. Bruce M. Alberts is 
president of the National Academy of Sciences. 

The National Academy of Engineering was established in 1964, under the charter of the 
National Academy of Sciences, as a parallel organization of outstanding engineers. It is 
autonomous in its administration and in the selection of its members, sharing with the National 
Academy of Sciences the responsibility for advising the federal government. The National 
Academy of Engineering also sponsors engineering programs aimed at meeting national needs, 
encourages education and research, and recognizes the superior achievements of engineers. 
Dr. William A. Wulf is president of the National Academy of Engineering.

The Institute of Medicine was established in 1970 by the National Academy of Sciences to 
secure the services of eminent members of appropriate professions in the examination of policy 
matters pertaining to the health of the public. The Institute acts under the responsibility given to 
the National Academy of Sciences by its congressional charter to be an adviser to the federal 
government and, upon its own initiative, to identify issues of medical care, research, and 
education. Dr. Kenneth I. Shine is president of the Institute of Medicine.

The National Research Council was organized by the National Academy of Sciences in 1916 
to associate the broad community of science and technology with the Academy’s purpose of 
furthering knowledge and advising the federal government. Functioning in accordance with 
general policies determined by the Academy, the Council has become the principal operating 
agency of both the National Academy of Sciences and the National Academy of Engineering in 
providing services to the government, the public, and the scientific and engineering 
communities. The Council is administered jointly by both the Academies and the Institute of 
Medicine. Dr. Bruce M. Alberts and Dr. William A. Wulf are chairman and vice chairman, 
respectively, of the National Research Council.  
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