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Systematic, well-designed research provides the most
effective approach to the solution of many problems facing
highway administrators and engineers. Often, highway
problems are of local interest and can best be studied by
highway departments individually or in cooperation with
their state unive¡sities and others. However, the accelerat-
ing 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 Officials
initiated in 1962 an objective national highway research
program employing modern scienitific techniques. This
program is supported on a continuing basis by funds from
participating member states of the Association and it re-
ceives the full cooperation and support of the Bu¡eau of
Public Roads, United States Department of Commerce.

The Highway Research Board of the National Academy
of Sciences-National Research Council was requested by
the Association to administer the research program because
of the Board's recognized objectivity and understanding of
modern res-sarch practices. The Board is uniquely suited
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structure from which authorities on any highway transpor-
tation subject may be drawn; it possesses avenues of com-
munications and cooperation with federal, state, and local
gove¡nmental agencies, universities, and industry; its rela-
tionship to its parent organization, the National Academy
of Sciences, a private, nonprofit institution, is an insurance
of objectivity; it maintains a full-time research correlation
$taff of specialists in highway transportation matters to
bring the findings of research directly to those who are in
a position to use them.

The program is developed on the basis of research needs

identified by chief administrators of the highway depart-
ments and by committees of A,{SHO. Each year, specific

areas of research needs to be included in the program are
proposed to the Academy and the Board by the American
Association of State Highway Officials. Research projects

to fulfill these needs are defined by the Board, and qualified

research agencies are selected from those that have sub-

mitted proposals. Administration and surveillance of re-
search contracts are responsibilities of the Academy and

its Highway 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 re-
sponsible groups. The program, however, is intended to
complement rather than to substitute for or duplicate other
highway research programs.

This report is one of a series df reports issued from a continuing
¡esearch program conducted under a three-way agreement entered
into in June 1962 by and among the National Academy of Sciences-
National Research Council, the American Association of State High-
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FOREWORD
By Stafi

Highway Research Board

This report will be of interest to highway engineers and contractors because it
specifically concerns the definition of work and materials, the basis for acceptance

or rejection of these, and a philosophy for modernizing the preparation of construc-

tion speciûcations. Although the study was conducted with the highway transporta-
tion industry princþally in mind, other disciplines will find this useful because of
the mutual interests in materials and methods common to a variety of construction,
The philosophy postulates that practical and realistic specifications will result only
when recognition is given to the intrinsic variability in workmanship and materials
under even the most ideal conditions and when specifications are designed to account
for the variability unique to particular circumstances. Many existing specifications

do not meet these criteria and are therefore not of sufficient scope to bring about

a realistic balance between owner and contractor interests such that maximum
economy and performance will be characteristics of contruction and utility of the
end product. This research report surveys current specifi.cations and develops
guidelines for designing practical and realistic construction speciûcations with due

consideration being given to purpose, format, language, objectivity, comprehen-
siveness in scope and design, and application to the fullest extent of such concepts
as-value engineering, statistical analysis, and the thgory of inherent risks associated

with making decisions based on acceptance samples. Although the study was not
intended to account for all facets of a complete highway specification, it is compre-
hensive to the point of providing a significant base from which further developments
may originate.

The dynamic evolution of science and technology has been a driving force
behind a steadily increasing challenge to engineering proficiency in many areas.
Insofar as the highway transportation field is concerned, an ¿ìrea of major significance
in which evolution has been described as something less than dynamic is that con-
cerned with the development of practical and realistic construction specifications.
The question frequentþ arises as to whether or not the existing speciûcations are
adequate for the many accomplishments for which they are intended, in terms of
both present and long-range applications. The answer is in the negative in many
cases, and it is held that the deficiency becomes more prominent with the continuing
advancement of technology, even though frequent updatings have occurred. The
basic cause is attributed to the need for a universally accepted philosophy for the
preparation of specifications{ne which acknowledges and places in proper per-
spective the variations in workmanship and materials which cannot be avoided.
It is proposed that these variations can be adequately provided for by the adoption
of scientific techniques successfully used in other fields. Specifications thus prepared
would tremendously challenge the experience and versatility of the writer, for it
would be necessary to thoroughly comprehend the facets of each project so that the
specifications could be designed to meet specific needs rather than consisting of ?



compilation of more-or-less standardized terminology. It has been stated that this

practice results in shortcomings such as ambiguity and conflict. Specifications

properly designed and implemented could have impact on socioeconomic benefits

because the requirements of the design engineer could be explicitly stated to insure

support of the design criterion; economy could accrue from the contractor's com-

plete knowledge of the conditions on which he is bidding and the latitude of his

operation in providing the end product; and the o\ilner and user could realize

improved performance of the end product due to having been protected from
inferior workmanship and materials.

This research report contains the ¡esults of the Miller-Warden Associates'

efforts directed to the provision of guidelines for preparing designed construction

specifications which are practical and realistic. Specifically, the reseach consisted of

first reviewing the generic considerations in the broad field of highway materials

and construction specifications and then placing particular emphasis on (a) surface

smoothness requirements, (b) thickness requirements, and (c) aggregate gradation

requirements. Questionnaires and interviews brought to ligbt information that

engineers will find of considerable interest concerning present practices throughout

the country. Attempts have been made to present new points of view on subjects in

controversy. New approaches to problems have been hypothesized and supported

by citing practical examples which illustrate the utility possible with an appropriate

blend of theoretical engineering concepts, engineering experience, and statistical

concepts. In this latter regard, the research agency had previously conducted

research concerned with the application of statistics in highway acceptance speci-

ûcations. This provided a fund of knowledge for extension in the current research

and led to a comprehensive outline of the relationship of statistical methods to

many phases of the development and enforcement of specifications. A glossary is

included which will materially aid the individual being introduced for the first time

to these concepts. The report also contains a discussion of the ASTM work in
regard to application of statistical techniques and the development of precision

statements, and guides are suggested for implementing cooperative testing for
development of test methods. Conclusions are drawn concerning the status quo of

existing specifications and further work necessary to bring tlese to the desired stage

of development. Ideally, this will provide for continued and complete utilization

of the applicable features of developing science and technology.

This is a frnal report on one year of research. Considerable efiort is necessary

in completely overhauling specifications in general and is beyond the intended scope

of this project. It is, however, difficult to approach limited aspects of the total

problem in subject matter of this type without at the same time developing features

which are universally applicable. In conducting this research Miller-Warden

Associates have taken a sigrriûcant forward step toward solving both the limited

and the broad aspects of this controversial problem, and it is hoped that the research

will evoke the continued response necessary to a total solution.
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SUMMARY

DEVELOPMENT OF GUIDELINES

FOR PRACTICAL AND REALISTIC

CONSTRUCTION SPECIFICATIONS

A highway construction specification is a means to an end. Its mission is to provide
the traveling public with an adequate and economical pavement on which vehicles

can move easily and safely from point to point. A practical speciûcation is one

that is designed to insure adequate performance at minimum cost. A realistic
specifi.cation is one that recognizes that there are variations in materials and

construction which are inevitable and characteristic of the best construction possible

today. The purpose of this report is to present guidelines for the preparation of a

complete specifi.cation meeting these requirements.

Parts of specitcations should be arranged in logical order in general con-

formance with Bureau of Public Roads Policy and Procedure Memoranda 40-3.1,
4O-3.I(1) and 40-3.2. Full decimal systems of numbering paragraphs should be

used. Specifications should be of the "end result," "materials and methods," or
"restricted performance" typet, depending on the conditions of acceptance. Only
directions should be given, requirements should not be repeated, and the basis of
acceptance or rejection should be clearly stated. Each statement should mean

one thing only. The limits of the engineer's authority should be clearly deflned.

The numerical limits and tolerances established must be economically attainable,
and acceptance plans should be designed, by use of the given methods, to have

a known risk of accepting material or construction not within these limits. Risks
should be based on criticalþ of requirements for significant cha¡acteristics.

To achieve maximum economy, specification requirements must be geared

to policy and cost considerations. To insure practicality, the given administrative
and enþeering guidelines should be consulted.

Gradation requirements for aggregates and mixtures of aggregates with other
materials should be based on the control of size and quantity of voids, as determined
by the given theoretical method, modified to include variations to be expected
under normal construction conditions. Pavement smoothness requirements should
be based on both the deviations from a straightedge, and their span, in accordance
with slope-variance criteria developed at the AASHO Road Test. Tolerances

and penalties for deficiency of thickness of pavement courses should be related to
reduction in service life in terms of daily traffic. Theoretical loss of performance

is twice the cost, on a fractional-inch basis, for flexible pavements and frve times
the cost for rigid pavements.

In addition to being technically competent, accurate and complete, specifica-
tions must be written as clearly and concisely as possible. The text should employ
simple language, with contemporary usage and grammar, as suggested in the given

editorial guidelines.



CHAPTER ONE

INTRODUCTION -

In developing guidelines in accordance with the research

problem statement, the research agency has taken cogni-
zance of the many facets involved as well as the speci-fic

objectives listed. The whole area pertaining to highway
specifications has been explored, first by means of an inten-
sive literature search, and then by special studies, question-

naires and interviews.
Within the limits of the funds available it has not been

possible to develop all of the fâcets completely. However,
an attempt has been made to present new points of view
on controversial subjects and to exemplify new approaches

with practical problems. Basically the role of the research

agency has been one of selection, interpretation, and pres-

entation of those concepts deemed most appropriate for the
up-to-date specifications writer. Among other items, this
has required a careful review of some 400 literature refer-
ences, analysis of a number of questionnaires and personal
interviews, and a concentrated study of certain theoretical,
mathematical, and statistical relationships. For ease of ref-
erence the items of literature consulted were classified into
several categories from which the major sections of the
report were developed.

An effort has been made to bring together the theoretical
concepts, engineering experience, and statistical considera-
tions necessary for a complete, realistic and practical specifi-
cation. A discussion is provided on the essential generic

considerations which apply to any complete highway speci-

fications are included. It is believed ,that this section will
plored and those concepts which appeared to be most
appropriate for initial application to construction problems
have been translated into highway terms and illustrated by
examples. There has been no attempt to write a texbook,
but rather to simplify some highly complex and difficult
concepts so as to make them understandable and usable by
the average highway engineer. Several types of selected ac-

ceptance plans are presented and other statistical methods
associated with the development and enforcement of speci-
fications are included. It is believed that this section will
be one of the most valuable to the specification writer.

A questionnaire-type survey was conduoted among 17

state highway departments and public agencies to determine
their specificgtion requirements in the particular areas cited
in the project statement. In addition, a number of equip-
ment. manufacturers, contractors, materials suppliers and
trade associátion representatives were contacted for a de-

termination of how their particular area of operations fitted
into the specifications picture. Data obtained from these

sources were essential to the development of policy and
cost considerations as well as general engineering guidelines.

+The materiãl presented here is ínteDded solely for the infomation
and assistance of those persons engaged in preparing construction speci-
fications. This report is not intended as a manual md the suggestions
put forward by the research agency are to be considered as guidelines
only.

The report is rounded out with editorial and grammatical
guidelines.

Although the broad field of higbway materials and con-

struction has been reviewed, specific emphasis has been

directed toward those items specifically named in the project
statement; namely, (1) surface smoothness requirements;
(2) thickness requirements; and (3) aggregate gradation
requirements. Likewise, examples used to illustrate con-
cepts presented have been selected to best suit conditions
of the project statement. However, the basic principles and
guidelines are easily adaptable to many other materials
and items of construction.

The ideas and concepts contained in these guidelines

should suggest to the specification writer ways of developing
construction specification requirements that will be both
practical and realistic.

RESEARCH APPROACI-I

Planning

Initial analysis of the requirements outlined by the project
statement indicated that, inasmuch as no experimental work
was involved, a great deal of literatu¡e would have to be

reviewed to deûne ¿ll elements of specifications, including
current practice and appropriate mathematical concepts.
Accordingly, the various areas pertinent to the project
objectives were defined approximately and the results of a
preliminary search of the contents of the information
storage and retrieval system operated by the research agency
were used to categorize the types of literature to be in-
cluded in a comprehensive search.

Literature Search

The comprehensive literature search, performed by use of
the facilities of North Carolina State College, located ap-
proximately 400 items which appeared to be of interest.
Each of these was scanned and classified for detailed study
in connection with the preparation of the different parts of
the report.

Survey oÍ ASTM Statistical Tolerances

As a fo¡mer leader in the area of developing precision
statements for ASTM test methods, Dr. A. B. Brown was
invited to participate in this phase of the work. His contri-
bution, included in Chapter Ten, shows a summary of the
status of all ASTM D-4 test methods with respect to pre-
cision staternents.

Questionnaires

To determine specification requirements regarding smooth-
ness and thickness currently being enforced, a sampling



consistìng of 17 public agencies was selected. These agen-
cies are not identifed by name in the various tables, charts,
and other references in this report, but include California,
Colorado, the U.S. Corps of Engineers, the Federal Ävia-
tion Agency, Illinois, Michigan, Minnesota, Mississippi,
Montana, New Jersey, New Mexico, New York,'Ohio,
Oklahoma, Pennsylvania, Texas, and Wisconsin. This sam-
pling is believed to represent a typical cross section of the
highway industry.

Specification Wordíng and Format

Initial studies and literature reviewed indicated that format
and editorial considerations played an important part in
maximizing usability of specifications. Accordingly, Archi-
bald DeGroot, formerly Director, School of Civil Engineer-
ing, International Correspondence Schools, was requested
to prepare material covering this area. The results of his
work have been incorporated in Chapters Two and Eight,
which have been amplified and edited by Dr. E. P. Dan-
dridge, Jr., Associate Professor of English and Director of
Composition Program, North Carolina State College.

S t atis t ical T ec hníque s

The research agency had previously prepared a report for
the Bureau of Public Roads entitled "A Plan for Expediting
the Use of Statistical Concepts in Highway Acceptance
Specifications." Knowledge gained during the preparation
of this report was used as a starting point for developing
statistical guidelines for the current project. A compre-
hensive outline of the relationship of statistical methods to
all phases of the development and enforcement of specifi-
cations was prepared by Dr. Arnold Grandage, Professor
of Statistics, North Carolina State College. Using this as

a working basis, a variety of statistical methods was ex-
amined, and scrutinized for adaptability to the project ob-
jectives. From a large quantity of material assembled from
various sources, those methods which appeared to be most
appropriate, in view of space limitations, were selected.
The selected methods and acceptance plans were adapted
to highway problems and illustrated by practical examples.
This material appears in Chapter Three.

Process Control

The customary division of responsibility between contrac-
tors, producers;.and public agencies was studied. It was

J

apparent that more practical specifications could be devel-
oped if process control could be divorced from acceptance

testing. However, time and available funds did not permit a

detailed presentation of the uses of process control methods
by contractors and producers.

Cost-Benefit and Cost-Tolerance Study

To obtain relevant cost factors, contractors, equipment
manufacturers, and representatives of trade associations

were interviewed. Speciûc questions concerning relation-
ships between speciûcation requirements and costs were
standardized by the use of a questionnaire (interview out-
line). Through the cooperation of the National Limestone
Institute, questionnaires concerning the problems of ag-
gregate producers were circulated to its 600 members. The
findings from these questionnaires and interviews arè sum-
marized in Chapter Five.

Special Studies

In addition to the study and adaptation of statistical
methods, special mathematical studies were conducted in
other areas. These included the relationship of thickness
of pavement courses to performance, the relationship of
AASHO slope-variance criteria to straightedge measure-
ments, and the relationship of aggregate gradation to both
the significant characteristics of construction and the char-
acteristics of mixtures of aggTegate with other materials.
It was found that, for optimum application of statistical
techniques and acceptance plans, gradations should be
characterized as a single number. Existing indices were
found appropriate for certain applications but not for
others. Preliminary studies were made to determine the
suitability of the Hudson 7 as a signiûcant index of the
effects of variations of aggregate gradation in applications
where surface area of aggregate is of prime importance.

Glossary

From the literature review it was apparent that many rela-
tively new terms and statistical symbols were not defined
uniformly. To avoid misunderstanding, the most important
of these are given in small capital letters where they first
appear in the text and are collected in Appendix A for
ready reference. No attempt has been made to devise pre-
cise definitions, but the meanings are explained in the sense

that they were used in this report.



CHAPTER TWO

GENERIC CONS¡DERATIONS

THE RATIONALE OF PRACTICAL AND
REALISTIC SPECIFICATIONS

A highway specification is a means to an end. Its mission
is to provide the traveling public with an adequate and
economical pavement on which vehicles can move easily

and safely from point to point. On this premise, the cost

of each specification requirement must be justified with
respect to the functional quality of the highway.

A practical specification is one that is designed to insure
the highest overall value of the resulting construction. To
define value meaningfully it must be divided into three
parts, as follows:

1. Usr vALUE,* based on both immediate serviceability
and safety and on longevity in terms of years of service
before replacement and the maintenance required during
that period.

2. Cosr vÀLUE, based on the dollar investment and on
the depletion of natural resources such as certain types of
locally available aggregates.

3. Assruerrc vALUE, based on intangible benefits to the
traveling public.

To realize the highest overall value, the desired use value
should be defined precisely so that this value can be ob-
tained by incorporating economical materials into the con-
struction by the most efficient methods. The additional cost

to the taxpayer of aesthetic values should then be weighed
against benefits to the occupants of high-speed vehicles,
rather than to the design or construction engineer.

A ¡ealistic speciûcation is one that recognizes that there
is a cost associated with every specified limit and that the
characteristics of all materials, products, and construction
are inherently variable. It is certainly unrealistic to set an

unnecessarily restrictive limit and then require that all
measurements and observations conform to it precisely.

FUNCT¡ONS OF SPECIFICATIONS

Purpose

The purpose of a highway specification is to define ex-
plicitly each item which the contractor agrees to construct
or supply for a stated price. This definition usually includes
a description of the essential characteristics of the item and
establishes requirements for attributes and measurable prop-
erties. In cases where the essential properties are unknown
or immeasurable, it is necessary to define the desired result
by comparison with satisfactory materials or construction
or by description of the method of accomplishment.

In any case, the deûnition must insure that the use value
of the item will be neither too high nor too low, and that

*Throughout this report key words are printed in small capitâl letters
at tleir first appearmce, Definitions of these words as used in this
report are given in Appendix A, as are the defi¡itions of the various
symbols used.

the balance of quality of the composite construction is

maintained.

Uses

The uses of highway specifications are to:

1. Provide the contractor a definite basis for preparing
his bid.

2. Inform all representatives of the buyer as to what the

J.

4.

5.

contractor is obligated to do.
Describe required procedures.

State the basis for acceptaûce or rejection of the com-
pleted work, including sampling and testing methods'
Provide rules for decision on matters referred to the
engineer,

In conjunction with the contract and the plans, the speci-

fications are contract documents. Therefore, many existing
highway speci.fications function as a means of setting forth
legal and business reQuirements. The interpretation of some

of these articles is not within the province of the engineer's
or contractor's representatives on the job. It would be more
practical to cover such requirements in the advertisement
and instructions to bidders; and in the contract itself.

Practical specifications can best fulfill their primary func-
tions if they contain only those matters pertaining to the
actual construction of the highway.

PARTS OF PRACTICAL AND REALISTIG SPECIFICATIONS

Divisíons

A practical highway construction specification must be as

brief as is consistent with clarity. AIso, repeating the same

requirement in di,fferent þlaces in the specification can lead
to confusion and possibly establish a basis for a claim by
the contractor. To accomplish these objectives the speciû-
cations are divided into parts, called divisions. A suggested

arrangement of these divisions is contained in Bureau of
Public Roads Policy and Procedure Memoranda 40-3.1,
40-3.1(1), and 40-3.2. The format outlined in these stand-
ards is intended as a guide and reasonable, minor, depar-
tures from this arrangement may be considered for approval
by the Bureau. For example, inclusion of a separate sub-
division for equipment has received Bureau approval and
inclusion of a separate materials division is optional.

DWISION I-GENERAL RBQUIREMENTS

This division should cover all matters which relate to the
construction lvork as a whole, except that, at Previously
stated, legal and business requiÌements should be given only
in the contract, which is a stronger legal document. Any
requirements, phrases, or \ryording, that would otherwise
require repetition in the other divisions, should be covered
by articles or paragraphs in this division.

I



Great care must be taken in establishing the requirements
of this division, because they will affect the cost value of
the project more than will requirements in other divisions.

DIVISION II---{ONSTRUCTION DETÂILS

Details of construction of the vârious items of work should
be described by the articles in this division, roughly in
sequence of construction, as follows:

Part 1. Earthwork.
Part 2. Base Courses.
Part 3. Surface Courses.
Part 4. Structures.
Part 5. Incidentals.

DIVISION III-PRODUCT AND MATERIÀL REQUIREMENTS

This division should cover products manufactured by com-
bining materials at or near the job site. Examples are
portland cement concrete, bituminous concrete, or plant-
mixed stabilized base. Requirements for compoDent ma-
terials, such as cement, asphalt, or reinforcing steel, should
also be included in this division.

DIVISION IV-EQUIPMENT REQUIREMENTS

Requirements for items of equipment referred to in other
divisions should be detailed in this division.

DIVISION V-DEFINII'IONS

Because a practical specification shor¡ld have a much more
extensive list of definitions than most existing specifica-
tions, a separate division should be set aside for this pur-
pose. This division should have two parts:

(a) Definition of words and terms.
(b) Abbreviations (ASA) used in the specification.

Parts

Each division should be divided into parts within which are
grouped items of like nature. Examples of arrangement of
subdivisions are given in the Bureau Memoranda.

Subsections

Each part should be divided into subsections, each dealing
with a particular item of construction, material, or equip-
ment.

Articles

Each subsection should be divided into articles which de-
fine the phases of the work. For example:

236 Base Course-Penetration Macadam

,A,rticle 236-01 Description
Article 236-02 Materials
Article 236-03 Construction Requirements
Article 236-04 Methods of Measurement
Article 236-05 Basis of Payment
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Paragraphs

Each article should be divided into paragraphs, each of
which should deal with one, and only one, material or spe-
cific operation.

Subparagraphs

For ease in reading and understanding, Iong paragraphs
should be divided into shorter paragraphs, each of which
should be set up as a subparagraph.

DESIGNATION OF PARTS OF SPECIFICATIONS

Titling System

In assigning titles to parts, subsections and
generic name should be given ûrst, followed
word for alphabetical indexing; for example,
Q6¡¡ss-Pg¡etration Macadam.

articles, the
by the key

236 Base

Indexing Numberíng System

The full decimal numbering system should be used. The
features of this system are:

l. The 100 numbers run consecutively from the begin-
ning to the end of the specification book.

2. A block of 100 numbers is assigned to each division.
For example, numbers 200 to 299, inclusive, may be as-
signed to Division 2.

3. Part numbers are formed by adding multiples of l0
to the 100 number of the division; for example, 230 Base
Courses.- 4. Subsections are numbered by adding digits to the
part number; for example, 236 Base Course-Penetration
Macadam.

5. Article numbers are formed by placing a hyphen
after the subsection number and numbering the articles
consecutively from 01 to 99; for example, 236-02 Materials.

6. Paragraph numbers are formed Uy ptacing a deci¡nal
point after the article number and numbering the para-
graphs consecutively from 01 to 99; for example, 236-02.01
Bituminous Material.

-Z-subparagrapñ numbers are formed by placing a deci-
mal point after the paragraph number and numbering the
subparagraphs consecutively from 01 to 99; for example,
236-02.01.02 Preparation.

8. An exception to the consecutive numbering of para-
graphs occurs when an article does not contain an item
which appears in similar articles. In this case, the other
paragraphs should be numbered the same as if the missing
paragraph were present. For example, if Article 236 is
silent as to materials, the article number 236-02 would be
followed by "Materials (not specified)." Construction re-
quirements, which would normally follow, would still be
numbered 236-03. In other words, paragraphs having the
same titles should have the same two numbers following
the hyphen throughout the specification book.

TYPES OF SPECIFICATIONS

Construction speci.ûcations may be classified as being of
three general t)?es, as follows:
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L. Performance or "end result" specifications'

2. Materials and methods specifications'

3. Restricted performance specifications

Perlormance or "End Result" Specificatîons

With this type of specification the contractor or producer

takes the 
"ntì." 

."tponsibility for supplying an item of con-

struction, or a product, that meets the specification require-

ments. The spãci-fication places no restrictions on the ma-

terials to be used or the methods of incorporating them into

the completed work or product' This type of-specification

is suitabìe for use only if (a) the essential characteristics

of the end result are known and are measurable' (b) a

quick method of test is available, and (c) deficiencies can

be corrected bY reProcessing.

The last is a practical rather than a theoretical condition'

The principal objection to this type of specification is that

a larie quãntity of construction or material in place may

be fo-und to be' defective and no correction is possible' In

theory the contractor can be forced to remove and replace

the defective item, but in practice this may be unrealistic

because of various pressures and exigencies' The situation

is embarrassing to both the contractor and the engineer'

There is no satisfactory solution and often the substandard

work is accepted, with or without a token penalty' For this

reason, performance specifcations are most suitable for

such items as the construction of embankment' Where a

definite density can be specified' the density of a compacted

lift can be readily measured' No restrictions need be placed

on the contractor as to moisture content or equipment,

because if the required density is not obtained it is not

impractical to recompact the material'

Materials and Methods Specìficatíons

This type of specification is customarily used for most items

of highway construction and must be used when (a) the

essential characteristics of the completed work a¡e not

known or are not measurable, (b) no quick method of
acceptance test is available, or (c) it is impractical to re'
move and rePlace defective work.

The contractor or producer is directed to combine speci-

fied materials in definite proportions' using approved equip-

ment, or to place a specified material or product in a speci-

fied way. Normally the operations must at all times be

under the surveillance of inspectors who represent the engi'

neer. Although some speciûcations hopefully state that the

contractor or producer is responsible for the end result,

this statement is not usually legally enforceable if the ma-

terials and methods requirements have beeu met.

Probably the best example of this type of specification is

that for the production of portland cement concrete. The

component materials-cement, aggregates, water, and ai¡-

entraining agents-must- be pretested and approved. These

materials must be combined in specified proportions, mixed

in a certain way. The mixture must meet further require-

ments as to consistency and air content.

In this case it is necessary to use the materials and

methods specification because quick tests for compressive

strength have not been adopted, and because there is no

definitive test for the second essential characteristic of con-

crete, which is durability.

The weakness of the materials and methods specifcation

is that it may not always produce the desired end result. It
is based on past experience, and if variables unknown to the

specification writer change under new conditions, the end

result may not be satisfactory.

A common example is subbase material that, although

constructed of the specified aggregate, meeting all require-

ments as to gradation and Atterberg limits, and compacted

to the specifed density, may not provide a stable working
platform for subsequent construction.

In this situation the engineer is in an awkward position,

because any effort to force the contractor to take remedial

measures may result in a claim at the end of the job.

Restrìcted P erformance S pecificatíons

Essentially a combination of the previous two types, this

is probably the most practical and realistic type of specifi-

cation. The desired end result is stated and the contractor

or producer is allowed the fullest possible latitude in obtain-

ing it. However, certain restrictions are included so as to

insure at least a minimum level of quality and to Prevent
the construction or production of a large quantity of work
before defects are discovered. In the example under "Per-

formance Specifications" it would be advisable to limit the

moisture content of certain types of materials so that an

elastic condition would not be created iu the embankment.

It also would be necessary to stipulate that the lifts be

limited in thickness and that each lift be tested for density

and found acceptable before another lift was placed on it.

In the first example under "Materials and Methods Speci-

ûcations" a concrete producer operating under a quality

control system might be allowed to supply concrete under

a specification which required only that the concrete attain

a specified 28-day strength, within statistical tolerances'

Other requirements might be that the concrete contain at

least a minimum quantity of cement and when delivered

be workable and be within specified limits for slump, wet

density, and air content.

In the second example the contractor might be required

to construct a stable subbase capable of supporting all

necessary construction equipment without rutting. Addi-

tional requirements of the material in place might be a limit
on the minus No. 200 material, and limits on the liquid

limit and plastic limit of the minus No. 40 material'

It should be noted that in most cases restrictio¡s on a
performance specifcation can be written in such a way that

the contractor is not entireþ reliered of responffiity, but

minimum acceptable quality is insured and the elgineer has

some protection .against being confronted with':aû impos-

sible situation

t.-.



REQUIREMENTS FOR PRACTICAL AND REAL]STIC

SPECIFICATIONS

Basi.c Requírements

COMPLETENESS

Except fo¡ information set forth on the plans or standard
drawings, or contained in standard specifications or test
methods referred to by number and date, the specifications
must be complete. Each article should describe its subject
matter unequivocally. If the specification is silent as to a
requirement, the contractor cannot be expected to meet
that requirement without additional payment. However,
it must be realized that it is not practical to cover all
unimportant details or to provide for every possible con-
tingency.

TECHNICÀL ADEQUACY

It is the specification writer's responsibility to include in
each article the really essential characteristics of the sub-
ject matter, along with realistic numerical limits if such
limits are required. He must make sure that requirements
taken from other specifications are appropriate to the actual
conditions covered by the specification he is writing. The
fact that a speciûcation has been in force for a number of
years does not necessarily insure technical adequacy, be-
cause field practice may in the past have included conditions
that resulted in adequate performance. A difference in
these conditions may result in unsatisfactory work unless
essential characteristics are spelled out in the specifications.

All requirements must be based on adequate reference
information. Such references may consist of numerical or
factual data exemplified by tables of values of a material
characteristic necessary for design performance. Other ref-
erences may be descriptive information, such as the best
way to obtain completed construction which will meet
serviceability requirements.

fn all cases, the data and the descriptive information
should be checked carefully to make sure that they are
realistic. This means that data values should represent
what can actually be expected in good construction under
average job conditions. Basing requirements otwbaf míght
be obtainable under special conditions leads to uDnecessary
construction costs, ot to diffculties in ènforcement.

ECONOMICÄILY JUSTIFIÀBLE

As stated previously under "Rationale," the use value and
aesthetic value of each requirement must be balanced
against the cost value. Every requirement has some direct
or indirect cost associated with it; and whenever specifi-
cations are written or revised each requirement should be
scrutinized with respect to its essentiality and its effect on
cost. Innocent appearing iequirements may affect costs
appreciably. For example, tÈe specifications may require
that a certain gradation of stone be used in combination
with other aggregates to produce a bituminous paving mix-
ture. This has no use value because the gradation of the
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combined aggregate is speci-fied; but if the hot-plant opera-
tor has to haul the material a long distance because his local
supplier is out of that particular size, the requirement is
going to affect tle cost value. Another size of aggregate,
or blend of aggregates, could have been used to obtain the
same result, and the savings in cost should be reflected in
the bid price.

Another aspect of justification of requirements is the
availability of local materials. In many areas the sources
of good aggregates are rapidly becoming depleted. If these
aggregates are wasted in the lower pavement courses where
their quality is not required, the cost of construction will
eventually rise due to the necessity of importing aggregateó
of like quality. This waste may occur because the speci-
fication writer and his immediate associates are too far
separated from the field to be aware of the relationship
between requirements and costs. True economy of con-
struction comes from specifying only requirements ap-
propriate to the need.

For this reason, meetings with contractors' groups and
field engineers should be scheduled before specification re-
visions are finalized. Every specification item should be
studied with a view to eliminating non-essential require-
ments and permitting the use of new materials, methods,
and equipment. Any item that requires hand labor should
be given particular scrutiny with a view to eliminating it or
of changing the design so that machine equipment can be
used. An example is a taper at the beginning of a tuln-out
from a highway. Ffere, hand-raking is both expensive and
unsatisfactory. A square-ended deceleration lane can be
built with a paving machine cheaply and quickly, and will
have better riding qualities. Contractors, prodrrcers, and
highway employees should be consulted and encouraged
to volunteer cost-cutting ideas, and these suggestions should
be given high-level consideration. This approach, which
has resulted in millions of dollars of savings in industry
and which has been called the greatest thing since mass
production, is verur ENcTNEERTNG.

A contractor oi producer cannot be expected to accom-
plish the impossible. The fact that contractors have been
"living with" a requirement for a number of years does not
necessarily mean that it is fully enforceable. It may be that
"field tolerances" have been applied. For example, 98 per-
cent of Marshall density might be required for a bituminous
surface course. If obtaining this density resulted in over-
rolling and degradation of the aggregate, a conscientious
inspector might protest the requirement and, on being
given the "brush-off" by his superiors, proceed to apply a
"field tolerance" and become selective in what tests were
reported. This type of procedure produces construction
of adequate quality, but creates an embarrassing situation
when an investigation is made by parties not aware of the
ci¡cumstances.

Any indication that there is difficulty in meeting speciû-
cation requirements should receive immediate attention.
All requirements must be realistic and represent what it is
practical to obtain, and has been obtained, in construction
of adequate quality.
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FAIR AND JUST

The contractor's obligations and known risks should be

clearly stated. A requirement should not be designed to
"get something for nothing" from a contractor by conceal-

ing its intent. For example, if all-crushed aggregate is

required in a bituminous pavement course, the specification

should so state, rather than specifying such a high Marshall
stability that it will be necessary to use all-crushed aggre-

gate to obtain the required test values.

Also, a requirement should not be so written as to force

the contractor to obtain material or equipment from a single

source. Such "sleepers" may be hidden in model specifica-

tions volunteered by vendors of materials and equipment.

All such model specifications should be carefully compared

with those for competitive items before being included in
materials or construction specifications.

GIVING DIRECTIONS ONLY

In writing specifications, include only information that is

needed by the contractor in order to prepare his bid and

to perform the work satisfactorily. Other information, sttch

as a reason for the requirement or a suggestion for com-

plying with the requirement, does not belong in specifica-

tions. If an additional statement is given in connection

with a requirement, the person who uses the specifications

may consider that statement to be a controlling part of the

requirement. In other words, the presence of the addi-

tional explanation may obscure the clarity of the require-

ment itself. Instructions associated with the enforcement

of specifications properly belong in a construction manual.

Admonitions characterized by the use of the word
"should" are often the cause of controversy between the

contractor and engineer' Specifications should state defi-

nitely what shall or shall not be done.

ÀVOIDING REPETITION OF REQUIREMENTS

Do not try to include in the specifications information that

can be given better on the plans. Because a requirement

should be covered only once, information that is given on

the plans should not be included also in the specifications'

In general, the plans should show all dimensions of parts

of a structure, whereas the specifications show properties

of materials and quality of workmanship.
Also, certain broad requirements are given best in Divi-

sion I, which covers the general requirements. A single

statement can then apply to a number of different kinds of
work. If a certain requirement is covered by a provision

in the general requirements, that requirement should not
be repeated in Division II under construction details.

BÀSIS OF ACCEPTANCE OR REJECTION CLEARLY STÀTED

The only way to insure equitable and uniform enforcement

of specifcation requirements is to spell out the acceptance

procedure in detail. Otherwise, controversy may arise as

the result of different procedures being applied on similar
projects. Each a¡ticle shorfd state the point at which the

material or construction item will be inspected or tested

for acceptance. The characteristics or attributes that will
be inspected or tested should be stated, as well as the num-

ber of samples that will be taken, the sampling plan, and

the quantity of material or construction that will be repre-

sented by each sample or grouP of samples. The article
should state definitely what action, practical of enforce-

ment, will be taken if the material or construction is not
found acceptable, and should also state what penalties will
be applied if the material or construction is found to be

substantially acceptable. For example, if a bituminous sur-

face course was unacceptable, because of surface texture

or smoothness, the action might be to require that the con-

tractor remove and replace with the option of adding an

additional inch of satisfactory course at his expense. If
the course was satisfactory in all resPects except a minor
density deficiency, the contractor might be required to
apply a fog seal, with sand cover, to insure the durability
of the construction,

Legal Requirements

The principal legal requirement for a specification is that
each statement be incapable of misinterpretation by mean-

ing one thing and that only. All requirements should be

clearly stated in words familiar to the contractor and the

engineer. Legal phraseology, if necessary at all, should

be confined to the contract, which will be interpreted by
Iawyers. Long compound sentences capable of more than
one meaning will not be interpreted by a court in favor of
the originator's intent, because it is the responsibility of
the originator to make the meaning clear. Also, words of
the correct meaning must be used. For example, in a

recent case a court refused to issue an injunction against a

producer who had erected a concrete plant in a munici-
pality. The local ordinance specified that no "cement"
plants be erected. The judge threw the case out with the

comment that "cement is to concrete as flour is to cake."
(See Chapter Nine, Editorial Guidelines)

When modifying performance specifications by restric-
tions or additional requirements' care must be taken that
the legal responsibility of the contractor is not lessened

thereby. Because the specification functions in part as a
legal document, its requirements are always subject to
review by a court or a board of arbitration. When new

requirements are inserted in a specification, trouble may
arise because of the tenet of past practice. The contractor
may plead in court that the requirement did not apply on

previous similar work in the area, and that when making
up his bid he did not expect the requirement to be enforced
on his project. For this reason, a clause should be inserted

in tle contract or general provisions stating that prior
practice does not apply.

Specíal Requirements

AUTHORITY OF ENGINEER

Probably there is no phrase commonly used by specification
writers that is so severely criticized by contractors as is

"ás directed by the engineer." Obviously, when the con'
tractor is preparing his bid he has no way r :nowing what
the engineer is going to direct him to do, so must try to
second guess the situation, then add a contingency item to
his bid.



Although contractorò may sometimes accuse specifica-

tion w¡iters of being either ignorant or lazy, it is often
impossible for the specification writer to foresee every
possible contingency, so some things must be left to the
judgment of someone who can properly assess each situa-
tion when it arises. The engineer, because of his experience

background and professional standing, is the one best quali-
fled to make the decision as to what action should be taken.

Ilowever, the contractor should have some assurance that
he will not be penalized because of whims or personality
conflicts. The objectionable wording previously discussed
can usually be rephrased to "in a manner approved by the
engineer," which allows the contractor a choice of the
method to be used.

BÀSIS FOR RULINCS BY THE ENGINEER

On any construction work, especially where specification
requirements are arbitrary and unrealistic, there will be a
certain percentage of the work that will not meet the
requirements. It then becomes the duty of the engineer to
determine if the work is "within reasonably close con-
formity" with the plans and specifications or if "reasonably
acceptable work has been produced,"

To give the contractor advance assurance that these
vague terms will be interpreted fairly, the general provisions
should contain a statement similar to the following:

In all matters requiring a ruling by the engineer
it will be understood that his decision will be his
professional engineering judgment based on evi-
dence. This evidence may take the form of,

(a) Results of Physical and Chemical Tests
The engineer will take into consideration the

inherent variations of materials and processes

and the risks associated with drawing inferences
from small samples. He may, where practicable,
require that sufficient additional tests be made
to provide a statistically sound basis for his
ruling.

Samples shall be of such size and number as

to be truly characteristic of the materials which
they represent. Satisfactory evidence of proper
and adequate process control will be acceptable
in lieu of samples.

(b) Customary Practice
In cases where it is impractical to measure a

characteristic of construction, or to make a
sufficient number of tests, the engineer's ruling
will be based on experience. This may be the
engineer's personal experience with the use of
materials or methods which have produced ac-
ceptable results, or the reported experience of
other competent engineers.

ESSENTIAL CONTENT OF ARTICLES

The articles in Division II should include the following:

1. A general description of the item.
2. Mandr'iÌry requirements of the completed work, ma-

terials, and *ruipment.
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3. Additional requirements, arranged in the order of the

class of work to which they apply.
4. The lor quantity, or units of the work, that will be

tested for acceptance or rejection.
5. The basis for acceptance or rejection, including the

stage of construction during which the lot will be sampled,

the acceptance plan, tÏe number of samples, the method(s)
of testing samples, the desired resttlt, and the allowable

tolerances from the desired result.
6. The limiting value which must be met by 100 percent

of the material or construction. This is the value that will
be the basis for rejection of any units found to be non-

conforming by additional sampling and testing.
7. The action that will be taken if the lot does not fully

comply with the requirements, and that which will be taken

if it substantially meets the requirements.
8. The units of measurement used for the basis of pay-

ment and the subdivisions of these units to be used in mak-
ing measurements. The subdivisions can be indicated by
the number of zeros standing for significant figures in the

units of measurement.
9. The method of payment.

CLASSIFICÄTION OF '¡/ORK

Inasmuch as the specifications will apply to projects having
a wide range of cost and importance, provision should be

made to formally match the requirements to the job.

Obviously, a culvert on a tertiary road does not require
such an extensive testing and inspection program as a
major bridge on an Interstate Highway' The cost of inspec-

tion and testing should be weighed against the consequences

of inferior serviceability
One way to do this would be to arrange requirements in

order of importance, such as (a) mandatory requirements

for essential characteristics, (b) desirable requirements re-

lated to longevity, and (c) optional requirements related to
aesthetics. Special provisions could then delete require'
ments not appropriate to the class of work.

SETTING REÄLISTIC TOLERANCES

Realistic tolerances should be established for all require-

ments having numerical limits. It must be accepted that

all measurements on samples are not going to fall within

customary limits because of the inherent variation of ma-

terials and processes. Also, a failing test on a single sample

does not necessarily mean that the material or construction

is unacceptable, but may indicate only that the sample was

faulty.
Whenever practical, specification limits should be estab-

lished by statistical methods that will take into account the

inherent variation of the material or process, and the sam-

pling and testing error. When arbitrary or engineering

limits are used, provision should be made to allow for a

small percentage of measurements to fall outside the specifi-

cation limits without penalty (see Chapter Three).
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CHÂPTER THREE

USE OF STATISTICAL METHODS *

APPLICATION OF STATISTICAL METHODS

Purpose of Making Tests on
Materials and Construction

During construction of a highway rhany tests are made for
two purposes; first, to make sure that unsatisfactory ma-
terial or construction is not incorporated into the work,
and second, to provide a permanent record evidencing that
full value has been received for the monies expended on
behalf of the taxpayer. Engineering and testing consume
a significant part of the total cost of highway construction
and the basic problem is how to best spend the testing
dollar in order to afford the greatest protection of quality.

Obviously, it is not practical to test all of the material or
construction items incorporated into a highway. When the
tests are destructive, it would be impossible. For example,
if all reinforcing steel v/ere tested to the b¡eaking point
there would be no steel left for use in construction. The
only feasible method of es,timating quality is to make tests
on samples of material or units of construction.

Currently, these samples or units are often chosen so as
to be representative; that is, to show average conditions.
The result of this procedure is commonly called a RErRE-
SENTA,TTVE SAMPLE in connection with highway construc-
tion. The choice of the material in the sample depends on
the judgment of the sampler and the results of tests on such
samples can be Br.{sED by his attitude at the time of sam-
pling. Also, because representative samples may show only
one aspect of a variable condition, they seldom give a true
picture of overall quality.

For these reasons, the term representative sample, as used
in connection v/ith highway construction, is often mislead-
ing, and tests made on such samples do not accomplish the
basic purposes of testing.

The New Approach to Sampling

In military and industry situations similar to tåose that exist

in connection with highway construction, it has been found
that it is more efficient to use a statistically derived accept-
ance sampling plan instead of attempting to select repre-
sentative samples,

This approach involves the concept of lot-by-lot testing
for the purpose of protection against acceptance of unsatis-
factory materials or construction. A lot is any well-defined
quantity of material or construction produced by essentially
the same process. Examples are the number of square yards
of stone base constructed in a day, or the number of cubic
yards of concrete in a continuous placement. The lot is
also the unit of material or construction which is accepted
or rejected when an AccEpTANcE pr¡N is used to determine
compliance with specifications. ?åe purpose ol an accept-
ance plan ís to províde the basis for making a decision as
to whether to accept or reject a lot.

Under the concept of lot-bylot testing the process of
constructing a highway may be thought of as the production
of a succession of lots, which are presented to the engineer
for acceptance or rejection, as shown in Figure l. By use
of an acceptance plan the engineer protects the quality of
the construction by rejecting any lots that the samples indi-
cate are not of the specified quality.

To implement the acceptance plan, each lot must be
considered to be made up of subdivisions of various sizes.
The largest of these are the sEcMENTS, which may be well-
defined subdivisions of a lot as in the case of mixer-truck
loads of coucrete, or whose limits are arbitrary as in the
case of a square yard of base course.

A sample is that portion of the lot taken to represent the
whole. Examples are the total number of groups of con-
crete test cylinders made during a day's placement or the
fef¿l ¡rmþe¡ of bags of samples obtained when sampling
a sandpit.

Here the term sample is defined in the statistical sense.

This term is often confused by engineers with the individual
TNcREMBNTs which a¡e small quantities of material taken
from different segments in the lot.

Samples usually are made up of several increments, such
as groups of concrete cylinders made during a day's place-
ment, or density specimens removed from a lot of pave-

INCREMENTS FTom SEGMENTS

|..:-

rThe pur¡rose of this chapter is to furnish guidetines for the application
of statisticâl techniques in the development and ilterpretation of con-
struction specifications. The examples given are illustrãtive only a¡d it
is not intended that they be applied ilirectly or used as prototype speci-
fications.

Lot I Lot 2

¡....:

lt,. '

Fígure 1. Production of lots (such as pavement placements).
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Figure 2. Test portíons reprcsentíng a lot.

ment. One increment represents one segment such as a
square yard of pavement, or a batch, o¡ a truckload. In
the case of some materials, such as a batch of concrete or
hot-mix, increments a¡e made up of small portions taken
from different locations in the batch, which is considered
to be a segment.

When making some chemical and physical tests, where
it is not practical to measure the entire bulk of the
increment, the bulk is reduced by quartering or splitting.
The part of an increment on which measurements are made
is called a TEST PoRTroN.

The relationship of the lot and its subdivisions is shown
in Figure 2. The advantages of lot-by-lot acceptance testing
are:

1. A much better indication of the acceptability of lots
of construction is obtained than by the method of repre-
sentative sampling, as previously described.

2. Testing load is not affected by variations in rate of
construction and inspector's time can be utilized more effi-
ciently.

3. The quantity of testing required is related to the conse-
quences of acceptance of a lot of material or type of con-
struction of unsatisfactory quality.

4. Unsatisfactory lots are quickly detected, before a

large quantity of unacceptable material or construction has

been produced, and at a time when corrective action is
most apt to be feasible.

These benefits can only be obtained if the acceptance
plan is based on practical and realistic numerical limits
with which the measurements on the sample from each lot
are compared.

Realistic Lìmíts and Acceptance Criteria

BASIC REQUIREMENTS FOR NUMERICÄL LIMITS

One facet of the overall problem of designing an acceptance
plan is how best to set numerical limits for measu¡ed char-
acteristics of lots of materials and construction, and how
to determine substantial compliance with these require-
ments. Appropriate limits must minimize risk of failure
to meet performance standafds and must insure maximum
use value.

The associated acceptance criteria must provide a means
of effective enforcement with reasonably low risks of either
accepting poor material or rejecting good material. Also,

-lm
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Tov-i
ãz

ovr
mz
-t



12

the acceptance plan must be capable of discriminating be-
tween acceptable and unacceptable material by means of
a practical number of samples and tests.

SOURCE OF DTFFICULTY

The principal obstacle to meeting these requirements easily
is venHrtoN. Many of the materials used in construction
have characteristics that vary over wide limits. Construc-
tion equipment and methods have definite limitations as

to how closely the exact plan grade and dimensions can be
maintained. The methods of measuring the characteristics
of materials and construction, in some cases, are in them-
selves inaccurate and a soruce of variation.

It is well recognized that measurements (the results of
tests) made to determine compliance with highway specifi-
cations show some variation. However, the actual extent of
this variation is not definitely known, due to the frequent
practice of taking "representative samples," discarding meas-

urements of test results that show unusually high or low
values, or of combining several small samples to form an
"average" sample. As a result, recorded data tend to reflect
average values and the extent of variation normally associ-

ated with silgle measuremeDts of a characteristic of a ma-
terial or process is unknown. If independent measurements

are made on a random basis, values may vary widely from
that usually expectecl.

Although this variation exists, and tests made under some

conditions appear to indicate a non-compliance with speci-

fication requirements, completed construction usually pro-
vides satisfactory performance. It is obvious that certain
measurements or tests which show non-compliance with
specification requirements indicate that further checking

or action is necessary.

(q) PAVEMENT CORE THICKNESS (lN.)

NEED FOR MEÀSUREMENT OF VARIÀT¡ON

To evaluate measurements in such a situation realistically,
there must be available some way of measuring variation
and expressing it as a number. Furthermore, there should
be some way of estimating what percentage of high or low
values can be expected from n¡Npotut sAMPLEs so that it
can be estimated in advance about how many of a group
of values will fall outside of some given limit, or limits.

With a method of measuring variation at hand, it is

possible to distinguish between the normal variation that is,

and always has been, present in acceptable construction,
and an actual decrease in quality that would result in a loss

of use value. When the pattern of normal variation is

known, it is possible to design âcceptance criteria that can

be rigidly enforced to insure acceptable quality, and at the
same time will allow for the always-present percentage of
measurements (test results) that will fall outside of the
specified numerical limits. The tool for accomplishing
these objectives is already at hand in the methods of
STÀTISTICS.

BENEFITS OF STATISTICAL METHODS

Statistics is a scientific method that deals with the analysis
of averages and variation around the averages as found in
numerical pere. The methods of statistics provide an indis-
pensable tool for dealing with variation and of estimating
probabilities. When understood, these methods are easy to
use, and a knowledge of arithmetic is all that is required
to make the necessary computations. Realistic speciûcation
limits and tolerances can be set accurately, and statistical
methods also establish guidelines for the practical interpre-
tation and enforcement of specifications.

Basic Statistical Concepts

USE OF NORMAL ÞISTRIBUTION CIJRVE

Methods of Picturing Variation.-It is a common Prac-
tice among engineers to plot individual measurements as

points on some type of graph, then to fit the best possible
curve to the scatter of points. Once this has been done it
is possible to draw inferences from the curve, and to inter-
polate and extrapolate values that do not appear in the data.
A very similar approach is used in statistics, but here the
objective is to measure the variation of the individual meas-

urements from their average. To do this, a special type of
curve called a DrsrRrBUTroN cuRve must be fitted to the
data. To understand how this is done the concept of a

DrsrRrBUTroN must first be visualized.
One way to get a picture of variation is to place each

value on a tally sheet. For example, if 50 cores are cut
from an asphalt surf¿ce course at random locations and
the thickness of each core is measured, the results might
look like those in Figure 3a.

The tally in Figwe 3b gives a picture of the way the data
are grouped; that is, it shows the distribution of the meas-

urements, but it is nôt to scale and does not provide a
means of computing a numerical value which is a measure
of the variation. A way to draw this picture to scale is to
plot the data in the form of a bar chart, called a HIsrocRAM'
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so that each measurement is a unit of height of the bar
representing a particular value of the measurement (Fig. 4).

Figure 4 shows that once the data have been plotted to
scale, in histogram form, a bell-shaped curve can be ap-
plied, and a fairly good fit obtained. This curve is called
the NoRrue¡- DIsTRIBUTIoN ctrRvE. Although this curve
retains its cha¡acteristic shape, the ratio of height to width
of base can change radically, depending on the values of
two IARÀMETERS that completely define the shape and loca-
tion of the cu¡ve. These parameters are the veaN, X',
which is a measure of central tendency, and the srÀNDARD

DEVIÂTIoN, o/, which is a measure of variability.
Inasmuch as the shape of the curve, and its position on

a numerical scale, can be changed by changing the values

of X' and o', the curve can be fitted to almost any set of
data, and each set of data will have a unique distribution
curve. The more measurements there a¡e in a set of data,
the better the fit will be. Sometimes a small set of data,
when plotted in histogram form, will have a very irregular
distribution and it appears that the normal curve cannot
be fitted. Ilowever, it should be visualized that these few
measurements are only a small part of a very large number
of possible measurements, and that if all measurements
were available and were plotted the noimal cu¡ve would fit.

This is an important concept, as it can be seen that the
individual values obtained by making a small number of
measurements on a lot do not, in themselves, provide much
information. If a large number of measurements were

13

made there would be many both smaller and larger than
those obtained from the sample. What is really important
is the overall distribution of all possible measurements on

the lot, and this can be estimated from the measurements

on the sample by utilizing the properties of the normal
curve, providing it can be assumed that the sample mean,
X, and the sample standard deviation, ø, are suffi.ciently
good estimates of X' and. í, the true (unknown) values.

Properties of Normal Curve.-The objective of fitting
the normal curve to data is to draw statistical inferences
from the curve. One of the properties of this curve is that,
regardless of its shape, a definite percentage of the total
area beneath the curve is defined by vertical lines spaced

a measured distance from the centerline of the curve. This
distance must, however, be measured in standard deviation
(ø) units. The approximate percentages of area that cor-
respond to the standard deviation measurements of the
normal curve are shown in Figure 5. As explained herein-
after, Figure 5 i¡dicates that if a large number of pave-
ment cores were taken and the thickness measured, about
95 percent of the measurements would be between 1.79

and 2.25 in.
Practical Application of Normal Curve.-To make use

of the properties of a normal curve that has been fitted to
a set of data, the standard deviation, a, of the curve that

- - - 13.5% + t3.f/. + 6e/. = 9f/.

---2.5%+ 2.5:/.+ 91/"= loo%

t,79 t.90 2.02 2.t4 2.25 2.37

I F-*ro --.1 I I
I

I

Figure 5. Approxímate percentages ol area wíthín stated
sigma límits.
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Figure 4. Normal cume fitted to hístogram. Figure 6. Elements of normal curve.
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Fígure 7. Relationship oJ numerical (Xr) scale to percent total area.

would best fit the data must be computed from the data.
Once the value of ø has been estimated, data r nits such

as pounds, inches, or percentages, can be converted to
c units by

X"-X,:'T (1)

in which z is a distance measu¡ed along the base of the
normal cu¡ve in either direction from the centerline, in
standard deviation units; Xo is a particular value, in data
units; X is the average of the data, in the same units; and
ø is the standard deviation, also in data units.

For example, Figure 6 shows that if z : 1.282, then from
the table of areas of the normal curve (Fig. 7) 10 percent
of the measu¡ements would be expected to have a value
greater than X¿. More detailed tables can be found in text-
books dealing with the subject of statistics.

Method of Utilizing Properties of Normal Curve.-The
point has now been reached where practical applications
of ,the properties of the normal curve can be made. These
applications include the setting of realistic numerical speci-
fcation limits and the design of acceptance plans that pro-

vide protection against large risks of either accepting poor
material or construction or rejecting good material or con-
struction. For example, suppose that from measurements
on a sample it has been estimated that some characteristic
of a lot has a standard deviation of five (ø:5) and that
the average value of the characteristic is 30 (X:30). By
converting from the data scale to the z scale, as shown in
Figure 7, the percentage of a large number of measurements
that will be larger or smaller than a certain value (X¿) can
be predicted. If the specification had an upper limit of
36.4 (X¿- 36.4), it can be seen from Figure 7 that 90 per-
cent of the tot would be within this limit. The percentage
of the lot that would be included by other limiting values
also is shown in Figure 7.

A similar use of the normal curve is made to estimate the
probable risks involved in making an acceptance decision.

Theory of Rßks

Whenever a decision is made to accept or reject a material
o: item of construction on the basis of a sample, there are
possibilities of making aD etror. The source of error stems
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Figure 8. Decisíon risks,

from the fact that it is not practical to make measurements
on every increment in a lot. The average value of the
sample measurements, X, will almost never be the same as

the mean, X', of the lot. Also, due to variations within
the lot, the sample standa¡d devia.tion will be different
f¡orn the true standard deviation, ø'.

The error of decision may be one of two types. If a
decision is made to rejeot a material when the material
is actually satisfactory, a rype I rnnon has been made.
The risk (probability) of making such an error is sym-
bolized by alpha (a). In this report it is called the serrnn's
usrc, which means the risk a contractor, producer or
manufacturer takes of having acceptable material ,rejected.

If a decision is made to accept a material when the
material is actually unsatisfactory, a rypE II rnnon has
been made. The risk of making such an error is symbolized
by beta (É). In this report it is called 'the nuven's nrsrc,

which means the risk an agency such as a state highway
department or commission, repfesented by the engineer,
takes of accepting material which does not fully comply
with the specification requirements

As used here, "material" means all items, including
manufactured products or completed construction, to which
specification requirements apply.

The situation that exists when any acceptance or rejec-
tion decision is made is depicted in Figure 8.

It is important that the statistical method of making a
decision that will minirnize, within practical limits, the
probability of making either Type I or Type II errors be
fully understood. This general approach is the basis of all
statistical acceptance plans and their related specification
limits.

The relationships among the factors involved in making
an acceptance decision (the buyer's risk; the seller's risk;
the standard deviation, l, of. the neasurements pertaining
to the lot; the number of measurements, t,' and the level
of quality) are illustrated by the following case discussion.

The most important relationships are:

(a) The chances of rejecting a lot of poor quality are

many times greater than rejecting a lot of good quality.

(b) The seller's risk can be decreased by increasing
either quality or uniformity, or both.

(c) The buyer's or seller's risk, or both, can be decreased
by increasing the number of measurements or by increasing
the precision of measurements.

CASE DISCUSSION

A discussion of risks is meaningless unless they are related
to a situation in the real world. Consider the following
situation:

A lot consisting of 1,200 tons of asphaltic concrete has
been placed and compacted. Density specimens (incre-
ments) are to be sawed from this pavement course. On
the basis of bulk specific gravity tests on this sample, the
engineer must make a decision whether to accept this lot
or to require the contractor to take remedial measures.
It has been found from previous experience that it is prac-
tical to compact similar material to the point that air voids
are reduced to 5 percent, corresponding to a bulk specific
gravity o12.40, and that the standa¡d deviation of the meas-

urements is 0.036. Accordingly, an acceptable pavement
course can be described by a distribution of bulk specific
gravity measurements having a mean (X') of 2.4O and a
standard deviation l/) of 0.036.

On the other hand, it has been found from experience
that a pavement course having 9 percent air voids, cor-
responding to a bulk specific gravity oL 2.30, is not service-
able. This unacceptable pavement course is described by
a collection of bulk specific gravity measurements having
a mean of.2.30 and the same standard deviation of 0.036.
Knowing that there will always be an occasional high or
low test value, and that there is considerable testing and
sampling error involved, the engineer realizes that he must
assume some ¡isk of accepting unsatisfactory pavement
(Type II error). At the same time, the seller (contractor)
will be exposed to a related risk of having properly com-
pacted pavement rejected (Type I error). The engineer
must decide how to assign these risks fairly on the basis
of measurements on a practical number of test specimens
cut from the pavement.

ENGINEERIS DECISION
Actua I

Condí tions Accept MaterialRejeçt Materiaì

Engineer CorrectMaterial
Accep tab l e

Typó I Error
ngineer lncorrect

Sel lerrs Ri sk

Haterial
Unacceptab I e

Engineer Correct
<'Type ll Error)<
Engineer lncorrect

Buyerts Ri sk
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Figure 9. Acceptance and rejection based on indívidual medsurements on one specimen only.

In graph form the situation looks like that in Figure 9,
which shows the distribution of individual values of
measurements on poor pavement (A) and good pave-
ment (B).

ÀCCEPTANCE CRITERIÀ

The acceptance rule will be to take a definite number, ¿,

of test specimens from the pavement, measure the bulk
specific gravity (B.s.g.), and average the test results. If
this sample average, X, is above a certain value, ,L, the
lot will be accepted. If the average is below this value the
contractor will be required to take remedial measures, such

as applying a fog seal with additional rubber-tired rolling,
without additional payment. The Z-value thus sets the
acceptance (and rejection) criterion.

The basic problem is: What should be the value of Z
and how many measurements should be averaged? Suppose

that the engineer is willing to take a 1 percent (buyer's)
risk that he will accept poor pavement and will'base his
decision on a single measurement. Then Z will be located
at such a distance to the right of X'o (the average of all
possible measurements on a lot of poor or unacceptable
material) that only 1 percent of the area:under the distribu-

+l

l% Buyer! s R'isk

17% + = 67%

tion curve (A) will appear to the right of .L. From a table
of areas of the normal curve, this distance is found to be
2.33 standard deviation (ø) units. Because the standard
deviation (ø) of the measurements is 0.036, this distance
is 2.33 X 0.036:0.084 B.s.g. units, and Z will be located
at X'o * 2.33t, or 2.3O + 0.084: 2.384.

With the buyer's risk set at L percent under these circum-
stances, what is the seller's (contractor's) risk of having
good pavement rejected (Type I error)? The total distance
between Yo andX'o (the average of all possible measrue-
ments on a lot of acceptable material) is 0.100 B.s.g. units,
or 0.100/0.036:2.78a units, so Z is located 2.78-2.33
:0.45a units to the left of 70. From a table of a¡eas of
the normal curve the area of distribution (B) between Z
andX'o is found to be 0.17, so the area to the left of ¿
is 0.50 -0.17:0.33 (or 33 percent), which is the pro-
ducer's risk. This means tåat in one time out of three the
engineer would reject satisfactory pavement (Type I error).
Obviously, this is not a satisfactory acceptance plan, at
least as far as the contractor is concerned. The contractor
would prefer a value of L that reduces the Type I error,
but such a change of .L would increase the probability of
erroneous acceptance of a poor product (Type II error).

0



Fortunately, the risks of making either a Type I or a

Type II error, due to chance effects, can be reduced by
increasing the numer of increments, n, taken, which in effect
increases the amount of evidence on which a decision is

made. As n increases, the variation in sample averages will
decrease based on the relationship

6/ ! n: a, (2)

in which øt represents the standard deviation of sample

averages.
The new distributions of the average Yalues may be ex-

pected to have the same means, X', as the original, but will

lt

be narrower due to the smaller value of o;. If acceptance

is to be based on the average of four measurements, the
situation in graph form would appear as in Figure 10.

Assuming the same (1 percent) owner's risk, L will be

located 2.33o¡ units to the right of X'r. Inasmuch as

te: a/'l n: 0.036/ V? : 0.018, this distance will be

2.33 X 0.018 :0.042 B.s.g. units, and L will be located
at 2.30 + 0.042:2.342 B.s.E.

This point is (2.400 -2.342)/O.018 :0.058/0.018:
3.22 units to the left of X'0, so there is practically no (ac-

tually less than 0.07 percent) risk of the engineer making
a Type I error and rejecting a satisfactorily compacted

pavement course.

Buye r r.s

Risk

Bulk Specific Gravity Scale

Sel lerrs
Con t racto rl
Ri sk, 0.07%

.22o

Figure 10. Dístríbutíon of averages of tour measurements.
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PRODUCEO BY PERFECT }1ÌXING.

C(x¡PLETELY SEGREGATCD

Figure II. Partícle arrangements, The white and black spots
represent particles, or groups of particles, having unlike char-
acteristícs in an infinite populatíon of combinations of suclz
particles. The difierent arrangements represent the degree òf
dispersal of like particles lhroughout the míxture.

Another way of showing risks, and the probabilities of
acceptance and rejection, is by the use of oPERATING CHAR-

AcrERrsrrc (OC) cunvrs. The possibility of using these

curves for purposes of illustration was explored but, because

a discussion of the construction and use of such curves

was not considered essential to the objectives of this rePort,
the OC cu¡ves thai correspond to the various diagrams have

not been shown.

Theory of Sampling

Positive assurance as to the value of the measurement of
some characteristic of a lot can be obtained only by meas-

uring each of the smallest subdivisions of the lot. Because

this is impractical, particularly in the case of destructive
tests, the value of the characteristic must be estimated from
measurements on a sample, which has been deflned as that
portion of a lot taken to represent the whole.

The most important factor in obtaining information on
which to base realistic specifications, or for the purpose of
enforcing specifications, is the action of sampling. Although
such action is often delegated to inexperienced and un-
instructed personnel, it should be realized that precision
of measurement and accuracy of computation are wasted

effort if the sample is not taken in a way that will insure
its function.

Life would be much simpler for the engineer if all ma-

teriais, products, and construction were made up of bits
having the uniform arrangement of (A) in Figure 11. If
this were the case aûy test portion, wherever removed,
would represent the entire lot. With the possible exception
of some homogeneous materials, such as some kinds of
well-mixed liquids, this is never the case. The best that can
be hoped for is the RÁNDoM arrangement shown in (B)
and even this is an idealized condition obtainable only
under rare conditions. It must be accepted that the condi-
tion shown in (C) is the usual state of affairs in the real
world and that a certain amount of secnBcÁ.rroN is inevi
table in all lots of mixed material or product. The art of
sampling is to recognize this fact and to take precautions
that will overcome the effects of. temporary segregation.

The objectives of sampling are to estimate from a limited
number of measurements, the value of the mean, and the
variation of measurements about the mean, in the lot itself.
These objectives cannot be realized if "representative"
samples are taken, For example, if an equal number of
increments of white spots and black spots were taken from
(D) in Figure 11 and these increments \ilere combined to
form a sample, measurements on the sample would yield
the true mean value. However, the entirely segregated con-
dition would not be revealed. In the case of (C) it is clear
that no one increment can represent the lot and that many
increments must be taken, and measured individually, to
ñnd the true mean value and the variation of the measure-
ments.

The way that these increments are taken is extremely
important. It must be clearly understood that unless the
increments are chosen by rnoneuutv septpl¡Nc the
methods of statistics cannot be applied. The locations or
units from which the increments are obtained must be
entirely random. Random in this case does not mean
haphazard, but does mean that the locations be predeter-
mined without bias, such as by the use of a table of RANDoM

NUMBERS. In addition, every possible increment in the lot
must have a known probability of being chosen. This means
that a lot must be sampled at some stage of a process when
all parts of the lot are accessible. For example, it is impos-
sible to obtain a probability sample from a stockpile of
aggregate because increments cannot be taken from the
interior of the pile. To sample such material properly, it
must be passed over a belt, and increments taken from the
stream at randomly determined intervals.

Table I is a brief example of ner.I¡olvr NuvsBns which
can be used to dete¡mine increment location. More exten-
sive tables are available in textbooks and Federal publica-
tions. To use such a table to locate increments for a

probability sample in space or time, the lot is divided into
real or imaginary segments. If the segments are successive,
as in the case of truckloads of material departing from a

plant or arriving at a job site, the total number of truckloads
in the lot is first estimated. The random numbers are con-
sidered as decimal fractions and, in any desired fashion,
fractions equal in number to the intended number of incre-
ments are selected from the table. By multiplying the total
number of truckloads by these fractions, and rounding the

results, the sequence numbers of the truckloads from which
increments are to be taken are designated. Similarly, the
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times at which increments are to be taken are found by
multiplying the total time required for production of a lot
by the decimal numbers.

If the lot exists in the form of an area, such as a day's
construction of subbase, two random numbers are required
to locate each increment. By multiplying the length of the

construction by one set of decimals the stationing of the

square yard of pavement is determined, and the offset from
one side is found by multiplying the width of the construc-
tion by another set of decimals.

Sources ol Variance

If increments are taken from widely separated parts of a
lot, such as a day's production of asphaltic concrete, and

some measurement, such as asphalt content, is made on
these increments, the vãlues of the measurements made on
di,fferent increments may vary widely. In other words, the
overall standard deviation, øo, of the measurements made

on the sample will be large. The larger oo becomes, the
greater will be tle uncertainty as to the true average value
of the measurement and the actual variation in the propor-
tion of asphalt in the mixing placed on different parts of
the roadway. For this reason, the relative sizes of the
standa¡d deviations that contribute to the size of øo should
be determined and an effort made to reduce those which
greatly afr.ect ao. This can be accomplished by a sampling
and testing program, followed by an eNlrvsls oF VARIANcE

(ANOV) of the measurements on the samples.
The sources of variance of the gradation of a material

such as a concrete aggregate are diagramed in Figure 12.

It should be noted that standard deviations are not directly
additive, but must be combined by adding the vanr¡Ncrs
(the square of the standard deviation) and taking the square
root of the sum.

Factors which greatly affect ør, but are not shown in
the figure, are called ASSIcNÁ.BLE cAUsEs. These are actual
errors of omission or commission, such as intentional de-
parture from specified proportions or methods, or malfunc-
tion of equipment. Assignable causes usually produce
much larger variations than random causes, so they can
be detected and eliminated by thorough inspection. As-
suming no assignâble causes are operating, the principal
sources of variânce are aS follows:
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DrsrRrBUTroN of such things as different-sized particles in
a mass of aggregate, or microflaws in hardened concrete.
Inasmuch as o2o is caused by this local nonhomogeneity
within the volume of material actually tested, it can be

reduced only by using a test portion of sufficient size to
average out the random effects.

ø2¿ is the within-increment between-test portion variance
due to the lack of REPEATABILTTY of the test procedure,
which includes effects of reducing increments to test por-
tion size, or other preparatory work. These factors, in turn,
are affected by differences among items of equipment and
difierences among operators. In situations where oP¿ is
large, and cannot be reduced by using more precise test
equipment or improved operator technique, it is necessary
to average the results of nearly identical test portions to
reduce experimental error:

a2"* a2¡ is the variance among results on test portions
taken from the same increment. It is often called experi-

mental error, because it is not usually possible to separate

o2o and ø2, except by indirect methods.
ø2" is the error due to nonhomogeneity within the segment

or batch. If increments are taken from different places in
the same square yard of pavement or the same filling of
a weigh hopper with aggregate, there will be differences

among the increments due to local segregation. In the case

of pavement, it may be feasible to reduce this segregation

by improved construction techniques. This type of segrega-

tion within batches of concrete or aggregates may not affect
quality of construction, because it may be removed by the
following process steps. It may' however, result in mis-
leading test results unless increments are taken by collecting

material from different parts of the batch.

a2¡(: o2o* n"t -l ø2") is the total variance among test

portions taken from the same segment or batch. The chief

effect of ø2¿ is to create uncertainty as to the reasons for
the size of overall variance ø2o, except in cases where non-

homogeneity within the segment affects construction quality.

TABLE 1

RANDOM NUMBERS

.967 .696

.271 .870

.581 .869

.986 .782

.502 .574

;749 .291
.864 .466
.656 .924
.667 .850
.315 .431

.882 .227

.919.87s

.448 .215

.897 .8'77

.729 .016

.009 .420

.253 .761

.599 .966

.415 .527

.979 .146

.892 .948

.554 .627

.427 .720

.069 .071

.225 .163

.358 .260

.502 .296

.612 522

.9t7 .887

.865.333

.220

.425

.66s

.155
-928

.139 .026

.066 .170

.794 .850

.331 .606

.136 .81 1

.523 .665

.901 .342

.788 .101

.579 .787

.804 .712

.493
-456
.031
.663
.685

.490 .834

.833 .652

.195 .887

.918 .403

.629 .269

.17s

.870

.866

.081

.021

.836 .206
.428 942
.t50 .457
.945 .364
.743 .241

.909 .019

.914 .574

.601 .553

.552 .077

.630 .673

.193

.296

.106

.629

.648

.659

.994

.666

.102

.404

.998 .239

.892 .696

.550 .885
.454 .731
.165 .996

.874 .420

.137 .155

.356.37s

.704 .873

.335 .212

.698 .683

.4ro .144

.841 .977

.501 .402

.959 .424

.543.476

.068 .242

.r90 .696

.470 .040

.903 .594

.667 .356

.773 .433

.398 .222

.196 .847

.810.159

.109 .843

.116 .120

.31,6 .O'77

.858 .025

.994 .307

.7't7 .351
.689 .972
.530 .tzs
.481 .791
.654 .979

.4'70 .682

.751 .947

.619 .007

.890 .317

.631 .301

.497 .543

.8r7 .472

.209 .862

.815 .592

.636 .195

.732 ;721

.244 .692

.441 .649

.123 .086

.270 .612

.169 .582

.760 .914

.396 .025

.549 .953

.614 .486

.017 .510

.732 .633

.801 .943

.800 .875

.587 .908

.669 .726

.729 .448

.081 .277

.428 .tt7

.508 .146

.503 .566

.60t .326

.205 .446

.164.838

.104.755

.751 .608

.251 .884

.716 .265

.371 .O59

.522 .235

,062 .990
.150 .962
.925 .355
.096 .336
.576 .417

.035 .039

.892 .957

.570 .306

.440 .722

.212 .242

.636

.390

.690

.854

.894

.360.193

.334 .921

.470 .765

.432 .391

.455 .583

.890 .062

.566 .815

.285 .542

.087 .551

.358 .595

.425 .284

.348 .743

.464 .658

.564 .772

.942 .985

-820 .372
.448 .838
.477 .535
.242 .794
.235 .840
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Figure 12. Sources oÍ variance.

As pointed out in the preceding analysis, a large reduction
in the size of o2¿ usually can be accomplished only by
reducing ø2r.

crz¿ is the variance among segments, or batches, and is
the most significant contributor to o2o, the overall variance.
In the case of aggregates this variation is usually caused by
improper stockpiling and handling techniques. In products

such as portland cement or bituminous concrete a large
value of ø2¿ is usually an indication of faulty proportioning.
fn the case of pavement courses, large variations in the
measurements of characteristics are usually due to insuffi-
cient processing or inefficiency of equipment, or both.

o'o(-- o'o I o't * o2, * c2¿) is the total overall variance
of test portions taken from a lot. This is the variance that
directly affects the writing of practical specifications, be-
cause realistic specification limits, or tolerances, must usu-
ally be wide enouglr to accomodate a Rr{NcE of at least
-+2.5ao. Unless it is feasible to reduce the size of the com-
ponents of o2¿, restrictive limits will lead to a large per-
centage of test results outside of the limits, or to a condition
of "tight speciûcations loosely enforced," where acfual
variations are concealed by the application of field toler-
ances, or by other methods.

Investigation as to the relative sizes of the sources of
variance will point out where efforts should be made to
reduce factors aftecting the uniformity of test results, and
will indicate how test portions should be distributed within
the lot. Figure 12 is scaled to show roughly the relative

sizes of variances associated with stockpiling of coarse

aggregates. In other situations, the relative sizes may be

quite different, as in the case of the variance of the indi-
cated asphalt cottent of bituminous concrete, where ø2o

and a2¡ have a large effect on o2o.

Treatment ol Outliers

Whether or not to include values from a collection of meas-

urements that vary greatly from the average' X, in compu-

tations is often a perplexing problem. If these outliers

stem from errors of technique or prior computation, there

is no question but that they should be excluded. When
there are no such known assignable (findable) causes, it
is questionable whether any values not obviously impos-

sible should be discarded without further investigation.
However,'trhen one or more very large or Yery small values

appear in a small collection of measurements made for
acceptance sampling pulposes, it is not practical to deter-

mine the cause by a lengthy investigation.

The decision as to whether or not to exclude outliers

mus,t usually be based on the data that contain them. The
problem is to decide whether the outliers stem from an

assignable cause, or really belong in another set of data;

that is, happen to belong to another lot and were included

by mistake or are the result of improper sampling, prePara-

tion, or testing, or whether they would be.expeeted to occur
if a large number of measurements were made.
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chance-

For example, a sample of five bricks is tested in com-
pression. The compressive strengths are, respectively, 2,900,
2,600, 4,400, 2,500, and 2,600 psi, and the average is

3,000 psi. If the measurement on specimen 3 is included
in the average, the brick will meet the requirements for
AASHO Grade SW, which is acceptable. If this measure-
ment is excluded, the brick must be classed as Grade lvfw,
which is not acceptable. Assuming Do other specimens are
available, the decision as to retaining the measurement must
be based on the data.

There are various ways of dealing with this problem.
A generally accepted philosophy is that the valid measu¡e-
ments belong to a lot described by some type of distribution.
Therefore, outliers may have a position far enough behind
the "tails" of this distribution to make it obvious that they
should not be included. Accordingly, the first step is to
find how many standard deviation (cr) units the largest
value is away from the sample average. First, the value
of ø is computed from the square of the deviations from
the average, or

Xo-X
Square of

Deviation/100 Deviation

ú:

To find the distance, ?, of the outlier in estimated stand-
ard deviation units from the average, the difference be-
tween the outlier, Xu, and the average, X, is divided by the
standard deviation, ø, estimated from the data. Thus,
T: (X¿-X)/o - (4,400 - 3,000)/800: 1,400/800:
1..7 5.

Assuming the valid measurements belong to a lot de-
scribed by a normal distribution, the decision as to whether
or not this value should be expected depends on the number
of measurements in the collection. The concept is that if
there are a few persons in a room the ehance that one of
them is 6 in. taller than the average is very small. However,
in a large group of people, such as the spectators at a base-
ball game, it is quite probable that there will be an excep-

tionally tall person in the crowd. From Figure 13, which
is based on this principle, it is seen that 1,.75 is between the
critical values of 1.71 for 5 percent significance and 1.76 for
1 percent significance. This means that a value as large as

4,000 psi could occur by chance about 2 times in 100.

Because it is not very probable that this value came from
the same lot as the others (the brick may have been acci-
dentally taken from a batch bu¡ned in another kiln) there
would be justification for discarding it and classifying the
brick represented by the sample as Grade MW and un-
acceptable.

Inasmuch as the presence of a very high or a very low
value in the group of measurements made on a lot can have
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an important influence on the acceptance decision, any such
value not meeting the criteria previously given should be
investigated. Unless it can be established that the measure-
ment is valid it is probably best to take another cômplete
set of measurements. If this is not practical, another meas-
urement obtained on the same basis as the rest of the
group must be substituted for the measurement which does
not meet the outlier criteria.

This method of screening data provides a scientific basis,
independent of personal judgment, for deciding whether or
not a suspected "fluke" should de discarded when making
an acceptance decision.

Use of Statistical Methods

A TYPICAL EXAMPLE

To illustrate how statistical methods are used to establish
specification limits and acceptance criteria, a realistic speci-
fication for thickness of a crushed aggregate base course
and the method of applying acceptance criteria are pre-
sented, followed by a discussion and explanation of the
statistical procedures involved.

SPECIFICA.TION

BASE COURSE.--CRUSHED STONE

Thickness

Crushed stone base course shall have a nominal
compacted thickness of eight (8) inches. Each
day's construction shall be tested for acceptance or
rejection immediately after final compaction. When
tested in accordance with Acceptance Plan No. I
an indicated eighty.(80) percent of the base course
shall be within a tolerance of minus three-quarters
(3/+) inch and plus one (1) inch, of the nominal
thick¡ess. At no point shall the thickness of tlie
base be less than six and three-quarters (63/+) inch.
Over-thick base extending above Plan grade shall
be regraded to conform to Par. .- "Smoothness."
Areas having less than the speciûed minimum
thickness of 63/+ inches shall be removed and
replaced. The Contractor sliall furnish labor and
materials for digging and repairing seven (7) test
holes at locations designated by the Engineer. If
seven (7) tests indicate by Acceptance Plan No. I
that less than SOVo of the base will fall within the
specified tolerances, the thickness of the bitu-

. minous pavement shall be increased by one-half
(Vz) :;nch over the entire area represented bj the
tests, All \reork in connection with test holes and
all corrective measures shall be at the Contractor's
expeDse.

ACCEPTANCE PLAN NO. I

Locate the designated number of samples by use of a
table of random numbers and make the sþecified measure-
ments at these locations. Compute the average of these

measurements, X, and the difference, R, between the
largest and the smallest measurement.

If an upper specification li'¡.it, U, is given, subtract X
from this value and divide the result by R. Enter Table 5

100 95 90 85 80 75 70

Pú or PL (Pcrcentàgc of Lot ExPected to Fall lnside of U or L)

Figure 14, Lot acceptance plan range method, ntean and
yaríance unknown,

or the chart which forms a part of the acceptance plan
(similar to Fig. 14) with the result of this computation and
read and record the percentage of material or construction
which falls within the upper limit.

If a lower specification limit, ¿, is given, subtract this
value from X and divide the result by R. Enter Table 5 or
the chart which forms a paft of tle acceptance plan with
the result of this computation and read and record the
percentage of material or construction which falls within
rhe lower limit.

USING THE ÀCCEPTANCE PLAN

Assume that a lot, in this case the day's conStruction of
1,500 ft of base, has been compacted and is ready for test.

The engineer must make a decision as to whether or not the
base meets specification requirements. .As a first step, sam-
pling locations are preselected by use of a table of random
numbers. Then, test holes about 2 ft in diameter are dug at
these locations and the thickness of the base is measured
by placing a straightedge across each hole and measuring
the distance to the subbase at the third-points of two di-
ameters at right angles to each other. The four results for
each test hole are averaged and recorded as follows:
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8.2
7.6
7.0 (x1)
8.6 (X?)
7.0
8.5
7.7

Av. 7.8

In this case the upper specification limit is 9.0 in. Fol-
Iowing the directions of the acceptance plan gives X:7.8,
U :9.0, R: (X, - X,) : (8.6 - 7.0) - 1.6, (U -X) /R - (9.0 -7.8)/1.6:0.75, and the chart (Fig. 14) in-
dicates that more than 99 percent of the base will measure
less than the upper limit of 9.0 in.

Similarly, with respect to the lower specification limit of
7.25 in.,X:7.8, L:7.25, R: 1.6, (X - L)/R- (7.8 -7.25)/1.6:0.344, and the chart (Fig. 14) indicares that
more than 83 percent of the base will measure more than
the lower limit of 7.25 in.

Inasmuch as the computations indicate that at least 83
percent of all measuremenrs [100-(17+0)] will fall
within the specified tolerances and no single measurement
was less than 6.75 in., the acceptance plan indicates that
the lot (1,500 ft of stone base) should be accepted.

DISCUSSION OF EXAMPLE

This example contains most of the features common to
all advanced-type specifications and statistical acceptance
plans, as follows:

1. The desired value of the characteristic (thickness)
is stated, but it is qualified by the word ..nominal" to make
it clear that it is realized that there will be variations from
this value.

2. A definite quantity of material or construction is
specified for acceptance or rejection. This quantity is called
a lot and this type of plan is called a lot acceptance plan.
The lot is defined as a day's construction. The reason for
this is that a lot is supposed to be a quantity of material
or construction that is produeed by essentially the same
process. During the course of a day it is probable that
the same materials and equipment will be used, so it is
probable that the lot will be more alike from point to point
than if it were made up of material processed on different
days.

Some other kinds of lots might be a stockpile of aggre-
gate, or the enti¡e continuous production of one size of
concrete pipe. The advantages of a lot acceptance plan
are that the contractor knows where he stands from day
to day and can take any necessary corrective action while
equipment is at hand, and is alerted to the necessity of
preventing defects in future work. Also, the engineer is
protected from the possibility that a large quantity of
defective work will be produced, and that the exigencies
of the situation will make adequate correction impractical.

3. Realistis tòlerances a¡e stated. In this case, the

STATION
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tolerances would be realistic if they were based on a large
number (600) of random measurements of acceptable
base constructed unde¡ routine conditions. These measure-
merrts might reveal that the actual thickness varied from
I in. under to 2 in. over at a very few points, but that
computations based on ¿/l the measurements indicated that
more than 80 percent could be expected to fall within the
specified tolerances. Protection against extreme deviations
that would a-ffect performance is provided by definite state-
ments as to maximum permissible deviations.

The contractor can have no complaint that tolerances
so derived are too restrictive and are impossible to meet.
On the other hand, the specification writer can be confident
that these tolerances do completely describe acceptable con-
struction and that they will not require unusual methods
or equipment that would increase the cost value without
increasing the use value. This cost-benefit relationship is
discussed in another section of this report.

4. A definite number of measurements is specified. The
principal reason for this is that the number of measure-
ments is related to the ¡isks of accepting poor material
or 'rejecting good material. Flowever, there is the addi-
tional advantage that standardizing the number of measure-
ments makes for unifo¡mity of specification enforcement
from one job to another.

5. The acceptance plan specifies that the locatipn of the
measurements be determined by the use of a table of ran-
dom numbers. This is absolutely essential if statistical
methods are to be used. This method of location relieves
the engineer or inspector of the responsibility of deciding
what a "representative" sample is, and of charges of unfair-
ness or favoritism to the contractor. Again, uniformity of
specification enforcement is greatly improved.

6. The specification definitely requires the contractor
to furnish labor, materials and equipment required to make
the inspection possible. This relieves technically qualified
personnel from manual labor and makes possible more
efficient use of their special skills.

7. The acceptance plan requires that each recorded
measurement be the average of four measurements made
at each location. This not only averages out small devia-
tions in thickness, but also fits the data better to the
statis,tical method. Wherever multiple measurements are
cheaply and easily obtained, it is advisable to use this
method of averaging.

8. The specification states that a definite percentage of
lhe materíal or constructíon be within the specified toler-
ances, not that a percentage of the measurements be in
compliance. This is an important distinction, because in
the statistical approach individual measurements are not
considered significant-it is the information gained from
the measurements as to the characteristics of the lot that is
important. However, in some cases unusually large or un-
usually small measu¡ements will appear in a group of
measurements. fnasmuch as one such measu¡ement can
greatly affect the result of applying the acceptance criteria,
a decision must be made as to whether to use such a meas-
urement or to discard it. (Preferably, another measurement
similarly obtained should be substituted.) In a previous
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section ("Treatment of Outliers") a rule was given as to
how to make this decision.

9. The acceptance plan includes detailed instructions as

to how the required simple computations are to be made.

Only a knowledge of arithmetic is required to design and

apply any of the selected plans in this report.
10. To make possible the description of mathematical

operations (such as adding, subtracting, and dividing) in
the form of equations, certain symbols have been used in
the acceptance plan. These are merely a kind of "short-
hand" used to describe these operations clearly and com-
pactly. Certain of these symbols and terms will be un-

familiar to some engineers, but their meanings are clearly
defined. However, some statisticians may disagree with
the definitions. Unfortunately, there is not good agree-

ment on this matter, so symbols and terms that appear to

be most appropriate for the particular purposes of this

report have been selected and are used consistently.
11. As in all other acceptance plans, the final decision

as to whether to accept or reject is made by comparing the

number resulting from the computations with a standard.
In this case the standard is a chart; in others it may be a

table of numbers or a numerical value stated in the specifi-

cations. Some of the computations required to arrive at

these standards involve complex and highly specialized

mathematical procedures. However, this work has already

been done and, as previously stated, the design and ap-

plication of the selected plans presented in this report
require only ordinary arithmetic and reference to easily

available tables.

DESIGN OF SPECIFICATION ACCEPTANCE SAMPLING

PLANS FOR HIGHWAY CONSTRUCTION

General Requirements

To be both realistic and practical any acceptance plan must

satisfy certain prerequisites, which also involve some addi-

tional facets of the overall problem. The most important
prerequisites are as follows:

1. There must be direct correlation between the criti-
cality of the specification requirement as defined by the

engineer and the "measurement" or "estimating" risk.
2. 'I\e buyer's risk and the seller's risk must be selected

so that both the engineer and the contractor will be willing
to accept the risk associated with the acceptance plan which
corresponds to the criticality of the particular specification

requirement.
3. The size of the sample (number of increments) re-

quired must be practical. Obviously, a plan which would
require 20 or more increments from each lot would be

too costly and time-consuming to be practical as the basis

for accepting or rejecting most of the lots encountered

in highway construction.
4. The tolerance limits must be reasonable and accept-

able to the engineer. It is expected that some of the

actual variations, both in materials of construction and

in the sampling and testing procedures, will shock some

engineers. Nevertheless, the tolerance limits established

for any realistic and practical acceptance plan must reason-

ably reflect successful past construction experience.

5. The statistical procedures and the mathematical cal-

culations must be simple and straightforward, so that the

method can be understood and used by highway personnel

without excessive training or specialized instruction.
6. A particular specification requirement must be ex-

plicit and subject to one, and only one, interpretation by

the lawyer, the accountant, and the special investigator, as

well as by the engineer, the materials supplier, and the

contractor.
7. The plan must be suitable for use by the highway

industry. It must be so designed as to be applicable to

the various types of materials and construction on both big
jobs and small ones.

Types of Acceptance Plans

This report presents and exemplifies two general types of
acceptance plans-those for inspection by vanrenrns and

those for inspection by nrrntnurns.

SA,MPLING PLÄNS FOR INSPECTIONS BY VARIABLES

Sampling plans for inspection by variables apply to all

cases where a characteristic is measured, such as the tensile

strength of reinforcing steel. There are two cases-one
where the standard deviation is known, the other where it
is not. Actually, in most applications of statistical methods

to highway construction specifications, the true standard

deviation, o', is not known. However, it may be assumed

to be known if it is estimated from a large number of
measurements of the value of a characteristic, and the

process that produced the material or construction can be

ãssumed to be stable and free from assignable causes of
variation. If the true standard deviation is known, both the

buyer's and the seller's risks can be set at any desired value,

slightly fewer tests are necessary upon which to base an

acceptance decision, and the acceptance rule can be more

simply stated.
When the true standard deviation, /, is not known, it

must be estimated from the measurements on a sample or

from values typical of similar conditions. One of the plans

presented in this report makes use of the range estimate, R,

of ø'. When the standa¡d deviation is not known, only one

risk, either the buyer's or the seller's, can be controlled'

The other will depend on the true value of the standard

deviation. In this report the approach has been to fix the

buyer's risk. The plan then places a premium on uniform-
ity, because material or construction which has an accept-

able average quality, and has a uniform value of the

measured characteristic, is less likely to be rejected than

if the value varies widely. Inasmuch as á uniform, as

well as an acceptable average, level of quality is usually

highly desirable in highway construction, a plan using this

approach appears to be generally appropriate.

Other advantages are that, if it is not assumed that the

standard deviation is known, plans can be designed that

will be appropriate for similar materials that are produced

by different processes, and for similar items of construction

that are produced by different methods, using different

t¡res of materials. An estimate of ø' obtained from
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typicat values, such as those derived from similar construc-

tion, if available from a sIGMA BANK, is necessary if the

seller's risk is to be estimated.
With any type of variable accePtance plan, specification

limits may take three forms. There may be an upPer limit,
a lower limit, or both an upper and lower limit for the

measured characteristic. The plan may be designed in
one of two ways. It may specify a minimum percentage

of material or construction having a value of the measured

characteristic within the limit(s), or a maximum or mini-
mum value of a characteristic may be speciûed.

ATTRIBUTES PLANS

Attributes acceptance plans are those that must be used

when it is not practical to measure a characteristic, and

each item inspected must be classed as either suitable or
defective. Many types of such plans are available; how-
ever, in this report only one type, called a "single sampling
plan," is discussed and exemplified. This type of accept-

ance plan can be used in connection with specifications
such as those limiting the number of chipped bells in a lot
of concrete pipe, or the number of out-of-tolerance devia-

tions from a straightedge in a lot consisting of a day's

construction of a pavement course.
To use an attributes plan the specifications must state

the percentage of ppr¡crrvns that wilt be allowed in an

abceptable lot. The acceptance sampling procedure that
will accept a lot of this quality most of the time consists

of drawing a sarnple of n items from the lot and inspecting
them for defects, or by making z observations as to whether
a tolerance has been exceeded. The number of defectives

found among n items is then compared with a tabular
value. If the number of defectives in the sample is greater

than the. tabular value the lot is rejected. Tabular values
for various values of AQL (accerraBlE QUALITv lrver)
and n are given in Table 3.

Extensive tables are available in MIL-STD-105D, Míl¡'
tary Standard for Sampling Procedures and Tables lor
I nspectíon by Attributes.

Engíneeríng Criterìa and Rísks

FÀCTORS AFFECTING CRITICALITY

From the engineering viewpoint each sPecification limit
and its associated acceptance plan should be based on the
cRrrrcAlrry of the measu¡ed property as it affects safety,
performance, or durability. The word "criticality" has

been selected for use in this report to express the overall
concept of relative importance of various factors, because

it is more descriptive and shorter than the expression

"degree of criticalness." The factors to be considered in
determining criticality are :

l. Safety-danger to human life.
2. ServiceabílÍly-inconvenience and other conse-

quences, including military, of disruption of service or
use of the road or bridge.

3. Cost-for construction, control, and maintenance or
replacement.

TABLE 2

PROBABILiTY OF REJECTION
RELATED TO CRITICALITY

CLÄSSIFICATION
OF REQUIREMENT PoPo

Critical
Major
Minor
Contractual

CRITICÀLITY RATINGS

For classification purposes, the following ratings of criti-
cality are suggested:

Critical-when the requirement is essential to preservation

of life.
Major-when the requirement is necessary for the preven-

tion of substantial economic loss.
Mínor-whet the requirement does not materially affect
performance.
Contractual-when the requirement is established to con-
trol uniformity and,/or provide a standard basis for bidding.

GUIDELINES FOR CHOOSING RISKS ACCORDING TO

CR.ITICALITY OF REQUIREMBNT

As discussed earlier, there is a buyer's risk and a seller's

risk involved each time a decision is made to accept or
reject a lot of material or construction. The limits to be
placed on these risks, and the way they are to be divided
between buyer and seller, depend largely on the criticality
rating of the requirement, For example, if the requirement
were really critical, such as the tensile strength of the steel
reinforcing strands in precast concrete bridge members,
the specifications should be written to reduce to an absolute
minimum the risk of accepting lots of reinforcement of
unacceptable quality. On the other hand, if the require-
ment were purely contractual in purpose, such as the 5-ft
length of tie-bars for longitudinal joints in concrete pave-

ment, the risk of rejecting acceptable lots should be kept
to a minimum because rejected lots would eventually lead

to an increase in cost.

Suggested values of probabilities associated with criti-
cality are given in Table 2, For convenience in using these

values in equations and when referring to tables, the risks

are stated in terms of :

Ps:The approximate probability of rejecting ac'
ceptable material or construction having the
desired mean value, X'0, of the measured
characteristic.

Pp: The probability of rejecting unacceptable ma-
terial or construction having a mean value,
X'o, of the measu¡ed characteristic which de-
notes the material or construction as poor or
undesirable.

fn general, high probability of rejection gives increased

assurance that only high-quality material will be accepted,

but it also eventually results in increased costs because

0.050
0.010
0.005
0.001

0.995
0.950
0.900
0.800
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additional material will be rejected unless the actual average
is maintained at an unrealistically high level. Acceptance
plans operate in such a way that if the standard deviation,
o, of the actual construction or the material is less than the
desired value, the probability of rejecting good material
is decreased. The reverse is also true. When this is under-
stood by the contractor or producer it creates a strong
incentive to supply construction or material of uniformly
high quality.

GUIDEL]NES FOR DEVELOPING ACCEPTANCE
LIMITS FOR SPECIFICATIONS

P r e I i minary C o ns ide ratio ns

OBJECTIVES

The objectives of including numerical limits in a specifica-
tion are to insure adequate performance at minimum cost.
Inasmuch as incrèased quality usually means increased
cost, in the form of higher bid price and additional en-
gineering time and expense, use value and aesthetic value
must be carefully balanced against cost value. The exact
quality that the buyer is willing to pay for should be
specified in terms of realistic and enforceable numerical
limits of significant characteristics.

DEFINING QUALITY

A significant characteristic is one that directly affects the
performance or appearance of a material or an item of
construction. As such, it is the measure of quality. To
insure quality, it is necessary to place upper, or lower, or
both upper and lower limits on some characterizing factor
of one or more significant characteristics of a material or
item of construction. In the area of highway construction
this is sometimes difficult to accomplish. Sometimes the
significant characteristic is not known; more often it can-
not be measured directly; and, in most cases, the exact
relationship between the numerical value of a measured
significant characteristic and functional performance or
cost is not well defined. For example, one significant
characteristic of a steel bolt is its diameter. If the diameter
is too large, the bolt will not enter the hole prepared for it.
If the diameter is too small, the bolt will not have its full
strength and the loose fit may allow misalignment of the
parts that it joins. The diameter of a bolt may be specified
to almost any desired degree of accuracy (it is easily
measured) and the expense of attaining the desired quality
may be estimated from known machining and inspection
costs. However, in the case of asphalt cement, which is a
widely-used construction materiàI, there is no general
agreement as to the significant characteristic that affects
the durability of the pavement in which the asphalt is
used. As a result, the desired quality of asphalt cement is
currently defined in terms of measurable properties such as
penetration, ductility, viscosity, and spot test, which are
mostly methods of identification rather than a means of
evaluating quality.

In the case of portland cement concrete, the signifi-
cant characteristic that chiefly determines the compiessive
strength of this material is the cement/voids ratio, which
in turn is a function of the water/cement ratio and the

percentage of entrained air. Because it usually is not
practical to measure the cement/voids ratio of plastic
concrete directly under construction conditions, the de-
sired quality is often defined in terms of measured proper-
ties such as cement content, slump, and percent entrained
air.

Resistance to plastic flow is a significant characteristic of
asphaltic concrete; it is evident that below some critical
value of resistance the pavement would be deformed by
traffic and become unserviceable. However, when resist-
ance to plastic flow is estimated from some measurable
property, such as Marshall stability, the critical value is not
well defined, because asphaltic concrete mixtures having a
Marshall stability ranging from 300 to more than 2,500 lb
have given satisfactory performance. -

A practical specification should define the desired quality
in terms of realistic levels of significant characteristics.
Where this is not entirely possible the requirements must
be staied in terms of measurable properties, but it should
be kept in mind that more exacting requirements for a
m\ asurable property will probably increase cost value but
will not necessarily increase use value.

PURPOSE OF LIMITS

The purpose of prescribing numerical limits for a measur-
able property may be to insure that some critical value that
would affect performance is not exceeded, or to insure
uniformity. For example, the job-mix formula for as-
phaltic concrete specifies a size of sieve through which all
of the aggregate must pass and a range within which the
percentages passing smaller sieves must be maintained.

One purpose of limiting the maximum size of the aggre-
gate particles is to avoid difficulties in placement and roll-
ing, and one purpose of placing limits on the percentages
passing the other sieves is to insure uniformity of aggregate
voidage. This is necessary, because a significant charac-
teristic of asphaltic concrete which greatly affecfs per-
formance is the ratio of asphalt by volume, Sr, to the
aggregate voids, Zo, usually called the percent voids filled
with asphalt. Unless this ratio is maintained at about the
value given by

S¿:0.833 VMA- 1.4 (3)

the asphaltic pavement will be either overplastic or less
durable. From Eq. 3 it is evident tlat the aggregate void-
age must be controlled at a constant value or the asphalt
content would have to be adjusted whenever a change
occu¡red. Because when other factors are constant aggre-
gate voidage is a function of gradation, it is necessary to
control the gradation so that changes in the percentage of
aggregate voids do not result in a surplus or deficiency of
asphalt.

BASIS FOR ESTABLISHINC VALI'ES O" *I,"O"O"'**'

In the foregoing example the signifcant characteristic was
the percentage of voids filled with asphalt, but the meas-
ured property was the aggregate gradation. Although cur-
rent specifications place arbitrary job-mix formula limits on
the gradation, it is apparent that to establish a realistic basis

...l:.i



for these limits would require that the permissible range of
the percentage of voids ûlled with asphalt be determined,
and that the allowable variations in gradation of an aggre-
gate for a particular asphaltic concrete mixture be de-

termined with respect to this range. Although it is possible
to derive the required values by means of a theoretical or
an experimental approach, a more practical method is to
measure the properties of acceptable construction. By
means of pRoBABILITy sAMpLINc the level and normal
variation of the measured property can be directly
determined.

PRÀCTICAL PROCEDURE FOR ESTÀBLISHING REALISTIC LIMITS

1. Determine the significant characteristics which are

known or are believed to control the performance of the

material or construction.
2. If. a signiûcant cha¡acteristic cannot be measurecl

directly, determine the properties which are known or are

believed to be correlated with the significant characteristic
and which are practical to measure.

3. Select the method of test by which it is most practical
to find the value of the measured property. This involves
consideration of (a) the suitability of the method as a

control test that will provide a quick indication of a de-

ficiency at a time when remedial action is possible, (b)
equipment and manpower costs, and (c) the accuracy of
determination. A method with a large associated pxpnm-

MENTAL ERRoR may be preferable to a more PREcISE

method if a large number of test results can be obtained
in a short time, because a large standard deviation of the
test method can be reduced if a sufficient number of
measurements is available.

4. Using the selected test method, which will be used for
acceptance purposes, make a sufficient number of measure-

ments to provide acceptable estimates of the mean and the
standard deviation of the measured property, by means of
probability sampling.

5. Repeat Step 4 a sufficient number of times at different
locations to determine if the standard deviation of the
measured property (a) varies widely due to different con-
struction conditions, equipment, or materials and the aver-
age value of the characteristic also has a wide variation;
(b) varies widely, but the average value of the property
remains near the target value; or (c) is practically constant
under usual construction conditions.

6. On the basis of analysis of results obtained by Step 5,

choose the appropria,te acceptance plan from the "Guide-
lines for Selection of Type of Acceptance Plan," given

later in this chapter.

OTHER MBTTIODS OF ESTABLISHING NUMERICAL LIMITS

Limits may be assigned values based on engineering re-
quirements or on those in standard speciûcations. How-
ever, care must be taken to make sure that tåese limits are

actually realistic when applied to local materials and per-
formance requfuements. The test method specified for
acceptance must be the same as that used when the limits
were derived. For example, when applying.Marshall voids
criteria use of bulk specific gravity of aggregates instead of
apparent specific gravity would lead to erroneous decisions.

2'I

Statistical limits based on existing specifications or from
the analysis of historical data may not necessarily be

realistic, because statistical limits are designed to include

the normal variations of the measured property on prob-

ability samples. Current specification limits and many

historical data are often based on representative samples

and, in some cases, the results of resampling.

Guidelines for Selection oÍ Type of Acceptance PIan

c,lsr l-pr¡¡¡ To ESrIMÀTE PERCENT WITHIN ToLERÂNCE; MEAN

ÀND STÀNDÂRD DEVIATION UNKNOWN

When there is no information as to the mean or standard

deviation of a measured property, or if it is known that
these parameters vary over a wide range, the criterion for
thè acceptance plan may be the percentage of measure-

ments on a lot that may be expected to falt within a given

limit or limits. Such a limit may be an arbitrary or as-

signed value, but to be realistic the value and the expected

percentage of within-tolerance material or construction
should be derived from measurements on probability

samples taken from acceptable materials or construction'
The use of this type of acceptance plan has been de-

scribed in the section on "IJse of Statistical Methods,"
under "Application of Statistical Methods." Although easy

to design and use, this plan has the disadvantage that in
some cases it is ctifficult to estimate the risks of making a

Type I or Type II error, and these risks cannot be fixed-

c¡,sg, 2-pr¡,N To pRovIDE FD<¡D PRorEcrIoN ÀGÀINsr ÀccEPT-

ING POOR MÀTERIAL; STANDARD DEVIATION UNKNOWN.

This is a most efficient plan because it makes maximunr
use of altr available information pertinent to the acceptance

situation. Unlike the usual plans used in industry, this plan
is designed to provide a fixed probability of rejecting poor
lots and places on the seller (contractor or Producer) the
responsibility of supplying construction or material of uni-
form acceptable quality. Increased variation in quality or
a decrease in level of quality greatly increases the seller's
risk of rejection.

To make a decision as to whether to accept or reject a
Iot, it is only necessary to make four or more measure-

ments, compute their average (X) and range, and divide
the difference between the average of the measurements
and the mean value of poor (unacceptable) material by a

value computed from the range of the sample measure-

ments. If the result is smaller or larger than the appropri-
ate lower or upper specification limit the lot is rejected.

This is probably the plan most suitable for general use

in all cases wbere unacceptable material or construction
can be defined in terms of the mean value of some signifi-
cant characteristic or measurable proPerty. No further
information is needed to fix the buyer's risk. To estimate
the seller's risk a reasonably good estimate of the standard

deviation must be available or must be derived. An esti-

mate may be obtained from measurements on probability
samples taken from similar materials or construction, such

as those on file in a sigma bank.
If such an estimate is not available, a reasonably re-

liable value of ø ma] be derived by first'estimatins the
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range within which 95 percent of tåe values of the measure-
ment can be expected to fall and dividing this difference by
four; that is,

(4)

The chief disadvantage is that although the seller's risk,
or probability of rejecting acceptable material or construc-
tion, can be estimated for a particular situation, this is not
a fixed value but will increase as the actual variability of
tåe measured property increases.

cesn 3-pr¡¡¡ To pRovIDE FD<eD pRorgcrroN AcATNST Àccrpr-
ING POOR MÀTERIÀL OR REJECTING GOOD MÀTERIÀL;
STANDARD DEVIATION KNOWN

This plan is suitable for use when either acceptable or
unacceptable material or construction can be defined in
terms of the meán value of some signiûcant characteristic
or measurable property and the standard deviation is
known.

The advantages of this type of plan are that both the
buyer's and the seller's risk can be fixed and a somewhat
lesser number of measurements is required on which to
base an acceptance decision.

c¡sg 4-prlN To pRovrDE pRorEcrroN AcArNsr AccEprrNc Lors
CONTAINING AN EXCESSIVB PERCENTAGE OF DEFECTIVE
ITEMS

This type of plan must be used when the significant charac-
teristic cannot be measured and is not associated with a
measurable property. In such a situation, the acceptance
decision is based on the number of defectives in the lot.
Examples are the number of chipped bells in the quantity
of.24-in. concrete pipe set aside for shipment to a project,
or ilre number of deviations from straightedge tolerance in
a day's construction of pavement.

The recommended plans have seller'i risk, or probability
of rejecting good material or construction, of from 11 per-
cent to 1 percent, depending on the size of the lot, and
provide a choice of values for the buyer's risk. To use the
plan, a definite number of observations is made by prob-
ability sampling. The number of observations which indi-
cate out-of-tolerance conditions, or defectives, is then com-
pared with a tabular value (see Table 3). If this value is
exceeded the lot is rejected. (Although this type of plan is
easy to design and use, it is not as emcient as plans using
measurements as a basis for the acceptance decision. In
other words, more obseryations than measurements are
required for the same risk of making a Type I or Type II
error.)

Guidelines for Desígn ol SpecÍfication Acceptance Plans

casr l-pLÂN To ESTTMATB rBRcBNT wrnrlN ToLERÂNcE; MEÀN
ÂND STANDARD DEVIATION UNKNOWN

Sfep 1---State the desired nominal value of the recorded
measurement.

Step 2--$taÍe the number of increments in the sample
or the number of random locations at which acceptance
measurements are to be made. Suggested numbers, based

TABLE 4

NUMBER OF MEASUREMENTS IN
RELATION TO CRITICALITY

'-R?'4
CLÀSSIFICATÌON OF
CHARÂCTERISTIC

NUMBER OF
MEASUREMENTS

Critical
Major
Minor
Contractual

on the criticality of the significant characteristic to which
the plan applies, are given in Table 4.

Step 3-State the tolerance on this measurement (or the
upper and lower tolerances in the case of a double specifi-
cation limit), and the percentage of the material or con-
struction that must fall within the tolerance(s).

The tolerance(s) and the expected percent within toler-
ance must be realistic and should be based on the values
of the measurement found in acceptable construction,

Step 4-State the action to be taken if the percentage of
within-tolerance material or construction is less than that
specified.

Step S-State the extreme limit(s) of thc measurement
for acceptable material or construction and the action to be
taken if this requirement is not met.

Step ó--Supply directions for applying the acceptance
plan, using standard symbols as defined in the glossary.

(a) Average all measurements to find X; that is,

(5)

(b) In cases where sample size is ( 10 find R by sub-
tracting the smallest value from the largest value in the
group of measurements.

(c) In cases where sample size ) 10 arrange measure-
ments in the order of their taking and divide into sub-
groups of 5 each. Find R for each subgroup, add these
values, and divide by the number of subgroups to find R.

(d) Find the quality index, po, from

(e) Find the quality index, po, from

a--G-L)o:ài(oõ Q)

(f) Estimate the percentage of the lot within the upper
tolerance limit by entering Table 5 with Qu, using the
column appropriate to the total number, n, of measure-
ments.

(g) Estimate the percentage of the lot within the lower
tolerance by entering Table 5 with Q7, using the column
appropriate to the total number, n, of measurements. (The
tabr¡lar values may be placed in graph form when a fixed
number of measurements is to be used in connection with
a particular acceptance plan.)

(h) In cases where both upper and lower tolerance

9
7
5
4

o-2 X¿

n

(6)
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TABLE 5

TABLE FOR ESTIMATING PERCENT OF LOT WITHIN TOLERANCE
(RANGE METHOD)

PERCENT WITHIN
TOLERÀNCE

Qs ox Qt

n:4 n:5 n:'l ¿:10x n- li* n-25* n:30* n:35* n-40* n-50* n:60x

99
98
97
96
95
94
93
92
9l
90
89
88
87
86
85
84
83
82
81
80
79
78
11

76
75
74
73
72
7t
70
69
68
67
66
65
64
63
62
61
60

0.66
0.64
0.63
0.62
0.60
0.59
0.58
0.56
0.55
0.54
o.5z
0.51
0.50
0.48
0.47
0.46
0.44
0.43
0.42
0.40
0.39
0.38
0.36
0.35
0.34
0.32
0.31
0.30
0.28
0.27
0.26
0.24
0.23
o.2l
0.20
0.19
o.l7
0.16
0.15
0.13

0.66
0.65
0.62
0.60
0.58
0.57
0.55
0.53
0.51
0.50
0.48
0.46
0.45
o.44
0.42
0.41
0.40
0.38
0.37
0.36
0.34
0.3 3
0.32
0.30
0.29
0.28
0.27
0.25
0.24
0.23
0.22
0.21
0.19
0.18
0.17
0.16
0.15
0.14
0.13
0.11

0.65
0.61
0.58
0.55
0.53
0.51
0.49
0.47
0.46
0.44
0.43
0.41
0.40
0.3 8
0.37
0.36
0.34
0.33
0.32
0.31
0.29
0.28
0.27
0.26
0.25
0.24
0.23
0.22
0.20
0.19
0.18
0.17
0.16
0.15
0.14
0.13
0.12
0.11
0.10
0.09

0.82
0.76
0.71
0.68
0.64
0.62
0.59
0.57
0.54
0.52
0.50
0.48
0.47
0.45
0.43
0.42
0.40
0.39
0.37
0.36
0,34
0.33
o.32
0.30
0.29
0.28
0.26
0.25
0.24
0.22
o.2l
0.20
0.19
0.18
o.t7
0.15
0.14
0.13
o.t2
0.11

0.88
0.80
0.74
0.68
0.66
0.63
0.61
0.58
0,55
0.53
0.51
0.49
0.47
0.45
0.44
0.42
0.40
0.39
0.37
0.36
0.34
0.33
0.32
0.30
0.29
0.28
0.26
0.25
0.24
0.23
0.21
0.20
0.19
0.18
0.17
0.16
0.14
0.13
0.12
0.11

0.93
0.83
0.77
0.72
0.68
0.64
0.61
0.59
0,56
0.54
0.52
0.50
0.47
0.46
0.44
0.42
0.41
0.39
0.37
0.36
0.34
0.33
0.31
0.30
0.29
0.28
0.26
0.25
0.24
0.22
o.2t
0.20
0.19
0.18
0.17
0.15
0.14
0.13
0.12
0.11

0.94
0.84
0,78
0.73
0.68
0.65
0.62
0.59
0.57
0.54
0.52
0.50
0.48
0.46
0.44
0.43
0.41
0.39
0.37
0.36
0.34
0.33
0.31
0.30
0.29
0.28
0,26
o.25
0.24
0.23
0.21
0.20
0.19
0.18
o.l7
0.15
0.14
0.13
0.12
0.11

0.95
0.85
0.78
0.73
0.69
0.65
0.62
0.59
0.57
0.54
0.52
0.50
0.48
0.46
0.44
0.43
0.41
0.39
0.37
0.36
0.34
0.3 3
0.32
0.30
0.29
0.28
0.26
0.25
0.24
0.23
0.21
0.20
0.19
0.18
0.17
0.15
0. l4
0.13
0.12
0.11

0.95
0.85
0.78
0.73
0.69
0.66
0.62
0.59
0.57
0.54
0.52
0.50
0.48
0.46
0.44
0.43
0.41
0.39
0.3 8
0.36
0.35
0.33
0.32
0.30
0.29
0.28
0.26
0.25
0.24
o.21
0.21
0.20
0.19
0.18
o.t7
0.15
0.14
0.13
0.12
0.11

0.97 0.97
0.86 0.86
0.79 0.79
0.74 0.74
0.70 0.70
0.66 0.66
0.62 0.62
0.60 0.60
0.57 0.57
0.55 0.55
0.52 0.52
0.50 0.50
0.48 0.48
0.46 0.46
0.44 0.44
0.42 0.42
0.41 0.41
0.39 0.39
0.3 8 0.3I
0.36 0.36
0.35 0.35
0.33 0.33
0.32 0.32
0.30 0.30
0.29 0.29
0.28 0.28
0.26 0.27
0.25 0.25
0.24 0-24
0.23 0.23
0.2t 0.21
0.20 0.20
0.19 0.19
0.18 0.18
0.17 0.17
0.15 0.15
0.14 0.14
0.13 0.13
0.12 0.12
0.11 0.11

. When n ì 10, the samples are arranged consecutively in subgroups of five, the range, R, of each subgroup is determined, and the aYerage ¡.ng", F,
of all subgroups is computed for use in fifr'litg 8ú o1 Q.L.

TÀBLÊ 6

SUGGESTED BALANCE OF ACCEPTANCE SPECIFICATION FACTORS;
STANDARD DEVIATION UNKNOWN

PROBÀBILITY " PROBABILTry

OFREJECTION OFREJECTION
oF cooD OF POOR

MATERIAL, P, MATERIÀL, P? T

NUMBER OF

MEASURE.
MENTS, n

DIFFERENCE
BETIVBEN
MEÀNS,I" b

ACCÉPTÀNCE
LIMITS.

CRITICALITY OF
REQUIREMENT

Critical
Major
Minor
Contractual

9
7
5
4

0.0640
0.0085
0.0043
0.0005

0.995
0.95
0.90
0.80

3.355
1.943
7.533
0.978

tI.75a
-rl.75o
-+2.00a
-+2.25a

7'r* 0.376R
x'e -+- 0.277R
Z', = 0.295R
X'e + O'237R

o probabilities for single limit specification. When specification has both an upper and a lower limit, the probability of rejecting acceptable

material may theoreticâlly be doubled.
b Difterence between means is approximatety equal to the estimated value of ø multiplied by the tabulated factors'

" X-'e!Tr.



limits are involved, find the percentage of the lot within
the tolerances from

Pu,n:(Pv + P¡) - 100 (8)

This is the acceptance plan illustrated with the thickness
of crushed stone base example previously discussed.

cese 2-pt,lN To pRovIDE FD(EÞ PRorEcrIoN AcAINsr AcCEPTING

POOR MÀTERIAL; STANÞÄRD DEVIATION UNKNOWN'

Definition of Symbols-In describing a plan diagram-
matically, it is necessary to use certain symbols, which are

defined as follows:

X'o: the mean value of a lot which is acceptable and

shoutd have a small probability of rejection, Po;

X'o- the mean value of a lot which is of borderline
quality or unacceptable and should have a high
probability of rejection, Po,'

Po: (seeX');
Pr: (seeX'o);

9t _VtILøI\Dl<^: --_:---: : the number of standard deviation units--p t
between the average value of the measured char-
acteristic in acceptable and unácceptable construc-
tion or material;

To: the distance between means (X'o -Yp), in meas-

urement units;
ft: the range of the meaburements of the character-

istic made on the sample, or the difference be-
tween the largest and smallest test values;

M: a factor used to convert the sample standard
deviation, s, to ,the range, R, or s : M R. Needed
values of M are 0.436, 0.430, 0.370, and 0.337,
respectively, for n = 4, 5,7, and 9;

¡ - the number of standard deviation units which
define a given area under the t dist¡ibution curve;

J: an estimate of the standard deviation, ø, in this
plan computed from the range, R;

n: tho number of increments to be measured and on
which the acceptance decision is to be based.
Note that this is a fixed number of measurements
and not a minimum. In general, other factors
remaining constant, increasing the number of

. measurements will decrease the risk of accepting
unacceptable material or of rejecting acceptable

material.

General Considerations-To design this type of plan,
with a fixed probability, Po, of rejection of poor material,
for a particular specification, it is necessary to specify the
value. of Xo for lots of unacceptable material. As pre-
viously discussed, this value should be based on reason-
able engineering requirements or on the characteristics of
acceptable materials or construction. As nearly as possible,
the exact quality or use value required should be specified
inasmuch as the necessary safety factors or tolerances are

built into the acceptance plan and the use of a higher value
can only result in increased cost, or enforcement difficul-
ties. The probability P, should be chosen on the basis of
the criticality of the characteristic. The probability P, of
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rejecting acceptable material will be as given in Table 6
when the actual value of the standard deviation is equal to
the estimated or derived value.

For convenience, suggested values of Po and Po are given

in Table 6 for different classifications of the criticality of
the significant characteristic or measured property, as

discussed previously. If this classification of criticality and
the associated pairs of Po and P, are accepted, all the
information necessary to set specification limits by use of
this plan is given in Table 6.

When using this particular sampling plan, unacceptable
material means material drawn from a lot with mean X'o;
Po is the probability of rejecting this material. For ex-

ample, if the specification has only a lower, or an upper
limit, and if 1,000 lots of critical material of unacceptable
quality were offered for test and were accepted or rejected
according to this plan, 99.5 percent, or about 995 lots,
would be rejected.

If the specification has only a lower, or an upper limit,
and the actual value of the lot standard deviation, a, is
equal to the assumed or derived value so that the distance
between the means, T, of acceptable and unacceptable
material is approximately equal to Koa, the probability of
rejecting acceptable lots of critical material is 6.4 percent.
For example, if 1,000 lots of critical material were offered
for test and were accepted or rejected according to this
plan, about 64 lots would be rejected.

If the specification has both an upper and a lower limit,
the probability of rejecting good material is doubled and
Po becomes 12.8 percent, so that about 128 acceptable lots
would be- rejected.

There are three possible cases: (2-a) the specification
states a lower limit of acceptability; (2-b) the specifica-
tion states an upper limit of acceptability; and (2-c) the
specification states both an upper and a lower limit. These

cases are illustrated by the following practical examples of
the method of incorporating this acceptance plan into
specifications.

crse (2-a)-rowER LIMII oNtY

A specification is to be prepared for a granular subbase.
The source of ttris material will be local deposits of sand
which vary widely in maximum size. One of the objectives
of the specification is to provide a stable working platform
which will not be rutted or displaced by the equipment
used to construct the base course. Because it is not practi-
cal to specify gradation bands which will be suitable for
all the possible sources, and which will insu¡e the stability
of the subbase, it is decided to specify a minimum value
for the uNrFoRMrry coEFFrcrENT, C", in addition to other
quality requirements. The uniformity coefficient is defined
as the ratio of the diameter of the 60 percent finer point to
that at the 10 percent finer point on the gradation cúrve.

It is known that local sands having a value of C, less

than 3.5 are of borderline stability, so C,: 3.5 is selected
as the average value of unacceptable material (X'). Se-
cause remedial measures are easily applied if the subbase
does not meet the speciûcation requirement and proves to
be unstable, the requirement is classified as minor, so the
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x^ = ).5
P

Tq= KpCr

=2 x 1,5

=3.D
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Fígure 15. Probabí!íties Pp and P" ol rejecting lots when X-'" - X'o : 3.0 C,.

lower acceptance limit (from Table 6) is L:X'p+
0.295 R: 3.5 * 0.295 R.

The acceptance rule will be: If the average (X) of the
measurements on five samples is less than L, reject the lot;
if the average (X) is equal to or greater than Z, accept
the lot.

The specification for the subbase material would read,
in part, as follows:

GRADATION

Granular subbase material shall be taken from
pits approved by the Engineer and shall all pass a
three (3) inch sieve. The material shall have a
nominal minimum Uniformþ Coeffcient (C") of
6.5. Labor and equipment shall be furnished for
the taking of samples from the completed subbase
at locations designated by the Engineer. Five (5)
samples shall be taken for each 1,500 feet, or less,
of subbase constructed with material from a single
source. ff the results of the g¡adation tests on the
flre samples have an average value of C, less than
3.5 plus 0.295 times the diference between the
largest and smallest value, the material composing
the 1,500 feet, or less, of the subbase represented
by the samples shall be removed and replaced, or

i,j = o.l

brought to a stable condition by an approved
method.

Any material having a C" value of less than 3.5
shall be removed and replaced with material meet-
ing specification requirements.

If it is estimated that the standard deviation of Cu will
be about 1.5, the situation may be visualized as shown by
Figure 15. These sketches are similar to those of the
normal distribution, appropriate if the standard deviation
is known; but since the standard deviation is not known,
a NoN-cENTRAL t DrsrRrBUrroN is being used and the
distribution curves shown are not to scale.

In Figure 1.5, the value of Z, in the units of the char-
acteristic C, is not fixed, but depends on s, which is the
measure of variability of tle lot. As the material becomes
more variable, the value of Z is increased so that the
probability of rejecting a lot having an average value of
C":3.5 remains at 90 percent. It is douttfut that a
natural material, taken from various pits, would have a
constant standard deviation, but this is automatically taken
care of by the acceptance plan so that there is never more
than a 10 percent risk of making a Type II error and
accepting borderline mate¡ial.

+4+3-¡-2-3-4

b,5

Ts
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On the other hand, it is to the contractor's advantage not
only to supply a subbase material with a high C, value, but
also to maintain as uniform a value as possible, because

high variability could lead to rejection of material having
a satisfactory average value.

cese (2-b)-uPPBR LIMm oNLY

A specification i$ to be prepared for a base course com-
posed of Lt5-in. maximum size, graded crushed stone. It
is known that a very critical significant characteristic, with
respect to performance, is the percentage by weight of the
material in place that will pass the No. 200 sieve. The
optimum percentage for l/z-in. maximum size, well-graded
stone is about 9 percent and a quantity of minus No. 200
in excess of 12 percent will lower the load-carrying capacity
of the base and make it frost susceptible. On a judgment

basis, lots of unacceptable material are defined as those

containing a mean value of 10 percent or more of minus
No. 200 material. Because this is an essential quality
requirement the buyer is willing to pay tle cost of (a)
necessary processing (such as washing the aggregate) and
(b) using rubber-ti¡ed compaction equipment 1o mi¡imize
degradation, in order to obtain maximum use value. To

if = roz
ts,s ^rI"

= ì .94s

lT
=.733s
=.733|4R
= .27lR

make sure that the buyer gets the quality paid for, it is

necessary to design an acceptance plan that will provide

a high probability of rejecting unacceptable base construc-
tion containing as much as 10 percent minus No. 200

material. To do this, the cha¡acteristic is classed as major
and the number of samples, n, and accePtance limit, U,
are taken from Table 6. The uPPer accePtance limit, U,
is then Xe-O.27L R:10 -0.271 R. The specification
would read, in part, as follows:

The nominal percentage of material passing the
No. 200 sieve in the compacted base shall be nine
(9) percent. The Contractor shall furnish labor
and equipment for removing seven (7) samples

from each day's base construction at locations
designated by the Engineer. The space resulting
from sampling shall be reûlled and compacted in
accordance with speciûcation requirements. When
tested in accordance with .AASHO T-11 the quan-

tity of material passing the No. 200 sieve, as indi-
cated by the average of the seven (7) tests, shall
not be greater than L07o minus 0.271 times fle
difference between the largest and smallest per-

centages indicated by the seven (7) tests. Base

course not meeting this requirement shall be

removed and replaced with acceptable const¡uc-

u=Ïo-rs
= ì0 - .27tR

Fígure 1 6, Probabilíties Pe and P s of reiectíng lots whenT', - X' * : 2'62%'

Probabilities Pp and Pg
of ReÎectinq Lots when
1É-ié=2:62%
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= .295R

Figure 17, ProbabilityPe of reiectÍng lots whenFM - 2.2 or 3.0.

tion, meeting all specification requirements, at no
expetrse to the Commission.

This plan allows a tolerance of I percent minus No. 200
material above the optimum and provides a fixed 95 per-
cent probability of rejecting construction in which the
percentage of fines exceeds this tolerance. In this case,

it is difrcult to estimate the contractor's risk of having
construction containing less than 10 percent fines rejected
on the basis of the seven tests. The probability of rejecting
acceptable construction will depend on the average per-
centage of fines actually in the construction and also on
the variation in this quantity. This variation, in terms of

standard deviation, will depend on the contractor's choice
of equipment and methods used to process, place, and
compact the material. ,{ horseback guess may be that,
about 95 percent of the time, the actual percentage of
minus No. 200 at any sampling point in the base will be
between 6 and 12 percent. A rough estimate of tle stand-
ard deviation, d, ma)¿ be obtained by dividing this range
by 4 (that is, a: (12-6)/4:6/4:1.5 percent.

Using this derived value of the standard deviation the
situation may be visualized as shown by Figure 16. Similar
to the previous case, the location of U will depend on the
sample standard deviation and buyer's risk will depend on
the actual value of the lot standard deviation.

TABLE 7

SUGGESTED BALANCE OF ACCEPTANCE SPECIFICATION FACTORS; STANDARD DEVIATION KNOWN

CRITICALITY OF
REQUIRBMENT

PROBABILITY ¡

OF REJECTION
OF GOOD

MÀTERIAL, Pg

PROBABILITY
OF REJECTION
OF POOR

MATERIÀL, P"

NUMBER OF
MEASURE-
MENTS, 11

DIFFERENCE
BETWEEN
MEÀNS, 14

ACCEPTANCE
LIMITS b

Critical
Major
Minor
Contractual

0.050
0.010
0.005
0.001

0.995
0.950
0.900
0.800

6
5
4
J

-+1.72a'
-+1.78a'
-ç1.93a'
-+2.27a'

X'p + l.OSlo'
X'n * 0.736o'
X', * o'642n'
-X'n * 0.486n'

a Probability for single limit specification; when specification has both an upper and a lower limit, the probability of rejectiîg acceptable material
may theoretically be doubled.

¡X'ptr".



CÀSE (2.C)-BOTII UPPER AND LOWER LIMITS

It is necessa¡y to prePare an acceptance plan for concrete

sand, which may come from any one of several sources.

The material is to be inspected at the source and the lot
may be a stockpile or a barge load. In addition to the

requirements of AASHO M-6, it is necessary to further
define the gradation in order to insu¡e that the concrete
will have satisfactory workability, strength, and durability.
It is known that sand from different sources has different
gradations, and that a narrow gradation band would
exclude some sources.

The significant characteristic in this case is the fineness

modulus (FM), which describes the gradation by use of a
single number. Inspection of ¡esults of record tests shows

that a sand having F)t.4:2.2 is undesirably fine, whereas

a sand having FM :3.0 is undesirably coarse, and that the

standard deviation is about 0.07. Acceptance limits can be

taken from Table 6, using the minor classification. In this

case, the acceptance limits would be X'p, * 0.295 R:
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2.2 + 0.295 R and X'o, - 0'295 R: 3.0 - 0'295 R and

the acceptance clause would be:

In addition to the requirements of AASHO M-6'
concrete sand shall have a nominal Fineness

Modulus of not less than 2-2 or greater than 3'0.

The Producer shall furnish labor and equipment

for taking five (5) samples from each stockpile or
barge, at locations designated by the Engineer'
When tested in accordance with AASHO T-27 the
average FM of the five (5) test results shall not be

less than 2.20 plus 0'295 times the difference

between the largest and smallest test result or
greater than 3.00 less 0'295 times the difference

between the largest and smallest test result.

Using the estimated standard deviatior¡ of 0.07 FM units,

the situation may be visualized as shown in Figure 17. The
conditions are much the same as in the two previous cases,

except that the probability of rejecting lots of good ma-

terial is theoretically doubled, due to the double limit'
However, Iots of sand having an average FM near the

t45
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Fígure 18, Operatíng characterisrtcs, lower acceptance límit (Case 3'a).
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center of the allowable range have practically no risk of
rejection.

This plan would insure against accepting sand outside
of the speci.fication limits more than one time out of 10,
or of rejecting sand that was within the specifications mo¡e
than about one time in 100 if the standard deviation is
equal to the estimated value.

cesB 3-pr¡¡¡ To pRovIDE FD<ED pRorEcrroN AcAINsr Accnpr-
ING POOR MATERIAL OR REJECTING GOOD MATERTÀL;
STANDARD DEVIÀTION KNOWN

This plan is very similar to that used for Case 2. The
principal difference is that the true value of the standard
deviation, ø', of the characteristic is believed to be known
and unchanging. As before, Po refers to the probability of
rejecting good material or construction, and Po refers to the
probability of rejecting borderline material or construction.

As in Case 2, suggested values of probabilities for char-
acteristics of different degrees of criticality have been se-
lected and are presented, with the related acceptance given
in Table 7, which contains all the information necessary to
prepare an acceptance plan for the given probabilities.

As in Case 2,there are three possible cases: (3-a),lower
Iimit only; (3-b), upper limit only; and (3-c), with both
an upper and a lower limit. These th¡ee cases are discussed
in the following examples.

ca.sr, (3-a)-rownR LrMrr oNLY

A crushed-stone base of the speciûed type and of border-
line quality has an average density of 142 pcf and a stand-
ard deviation of 4.5 pcf. The density of the base is con-
sidered a major requirement. Values of n, To, Po, arLd Po

are taken from Table 7. Thus n :5 and the lower accept-
ance limit would be L:Yp+0.736 d:742 + (0.736

X 4.5) : 745.3 pcf. The acceptance clause of the speci-
fications would be stated like this:

Crushed-stone base shall be compacted to a
nominal density of 150 pounds per cubic foot.
Acceptable crushed-stone base construction shall
have an average density of not less than
145,3 pounds per cubic foot based on the results
of ûve (5) density tests, made in accordance with
AÀSHO Designation T-181 at locations designated
by the Engineer.

Ta=

Probability of
rejecting poor
material = 9f¿

-4=¡s

-3 -2 -l
S tanda rd

+l +2
ât¡on Scale

Ts - .642 ot = 3.?¡"

Probabil¡ty of
rejecting good
¡naterial = O.5%

Percent Loss Scale

-2 -l
Standard Deviêtion Scale

lr,

Fígure 19. Operatíng characterístícs,uppet acceptance límít (Case 3-b).
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Probability of
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materiaì = 0.
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material =
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The situation is shown in graph form by its oprnerrNc
cHARAcrERrsTrcs (Fig. 18).

cAsE (3-b)-UPPER LIMIT oNLY

Many available data indicate that coarse aggregate avail-
able in an area has a poor record of satisfactory seryice as a
component of bituminous concrete when the average Los
Angeles abrasion loss is 45 percent, and that the standard
deviation is about 5 percent. In this application the loss
on abrasion is classified as a minor requirement.

The computations for this case are quite similar to those
for Case (3-a). However, Zs is subtracted ftom71o instead
of being added to it. fnasmuch as the requirement for
Case (3-a) was a major criticality classifcation, the values
taken from Table 7 are slightly different; thus n:4 and
U :X'p- 0.642 I : 45.0 - 3.2: 41.8%. The accept-
ance clause of the specification would read:

The nominal maximum average percentage of
wear of aggregate shall be 35 percent, Acceptable
aggregate shall have aû average percent of wear of

+1¿ = LJJ s'!

4o

Percent f8 Scale

l[ = 4o.of.

Probability of
rejecting good
mat'erial = O.5%

u = 47.2%

45%

Probability of
rejecting poor
material = 9üZ

+2 +3

Ts = .642 ø'L = 36.8% u = 43.2%

35.2%

Figure 20. Operating characterístícs, upper and lower acceptance límits (Case 3-c).

not more than 41,8 percent based on the results of
four (4) tests made in accordance with AASHO
T-96 on random samples taken from the prepared
and stockpiled agg¡egate.

The situation, in graph form, is shown by the operating
characteristics (Fig. 19).

cAsE (3-c)-Borr{ uppeR AND LowER LIMlrs

A study of a bituminous-concrete su¡face mixture indicates
that the best performance is obtained when the portion of
the total aggregate passing the No. 8 sieve is maintained
at 40 percent (X'o). Tests made on samples taken from
batches in the truck indicate that the standard deviation is
about 2.5 percent at most plants. The requirement is
classiûed as minor.

This case appears more complicated, because there are
two limits. However, the computations and those for Case
(3-b) are almost identical, because the requirement has the
same criticality classification. The calculations for Case
(3-c) are as follows:

-2-¡t+l+2
Standard Deviation Scale
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X'o:X'o t 1.93 a' :40 + 1.93 X 2.5:44.83 or 35.17

L: 35.77 + 0.642 c' : 35.17 + 0.642X2.5 : 36.8
LJ :44.83 - 0.642 o' : 44.83 - 0.642 X2.5 : 43.2

The acceptance clause of the specifications would be as

follows:

The desired average value for the percent of
total aggregate passing the No. 8 sieve is 40 per-
cent. Acceptable mixtu¡es shall have an average
percent passing of not less than 36.8 percent and

not more than 43.2 percent based on the results
of four (4) mechanical analyses made in ac-

cordance with AASHO T-30.
Samples on which the tests are made shall be

taken from the batch immediately after discharge

of the mixer, by use of the sampling method
directed by the Engineer.

The situation, in graph form, is shown by the operating
characteristics (Fig. 20).

cÀsE 4-pLAN To pRovIDE PRorEcrIoN ÀcAINsr accEPTINc Lors
CONTÀINING AN EXCESSWE NUMBER OF DEFECTWE

ITEMS

It is desired to v/rite a specification defining asphaltic con-
crete pavement having a surface smoothness satisfactory
with respect to rideability. Available data indicate that a

satisfactory ride will be obtained if each 100-ft section has

no more than one V+-in. deviation from a 10-ft straight-
edge, or tbree Y+-in. deviations from a 16-ft straightedge,
with no deviations of. l/e-in. in less than a 30-in. span. Each
day's construction is to be considered a lot, and the total
number of units in the lot, on any line parallel to the cen-
terline, is the length in the lot divided by 100. The specifl-
cation would read, in part:

Pavement of acceptable smooth¡ess shall have
not more than one (1) deviation of 1/¿ inch from a

lO-foot straightedge or more than three (3) devia-
tions of /+ inch, from a 16-foot straightedge and

no deviations of /e inch or greater in a 30-inch
span, in 100 feet. Pavement having more than the
allowable number of defects in one hundred (100)
feet shall be removed and replaced, or brought to
within the allowable tolerances by a method ap-
proved by the Engineer.

The acceptance plan will be applied by first dividing the
length of the day's construction by 100. This gives the
total number of units in the lot. Table 3 is now entered
with this number and the number of randomly located
100-ft units to be tested is found in the second column'
By use of a table of random numbers the location of each

of these 100-ft units is predetermined and is marked on
the pavement. Each of these units is tested with straight-
edges. The number of 100-ft uni'ts classed as defective is
then compared with the appropriate number in Table 3

and the day's construction of pavement is classed as ac-

ceptable or nonacceptable.
For example, if 17,850 ft of pavement are finished in

one day, the number of 100-ft units in the lot is 17,850/
100 : 178. From Table 3, the appropriate sample size is
32 100-ft units.

The location of these measurements is found by the use

of a table of random numbers and each 100-ft unit is
measured and classed as defective or nondefective. Three
defective 100-ft units are found. If an allowance of 4.0
percent of total units out of tolerance is considered appro-
priate, the 4.0 percent column of Table 3 indicates that
for a sample size of 32 the lot should be accepted if the
number of defectives is not greater than 3 and rejected

if the number of defectives is 4 or more.

Inasmuch as the number of defective units was 3, the

test indicates that the pavement should be accepted.

CHÀPTER FOUR

SOME POLICY AND COST CONS¡DERATIONS

The economic aspects of highway construction provide the
principal criteria for most guidelines for writing practical
and realistic specifications. Although due consideration
should be given to aesthetic values, most highway specif-
cations are governed by overall cost, including construction
plus maintenance costs. It is beyond the scope of this
project to even attempt a detailed cost analysis of all the
various specification items governing the construction of a
modern highway. Nevertheless, certain general guidelines

which are common to the economic justification for most
specifications are presented herein.

LIFE EXPECTANCY

It has been customary to think in terms of 20 years as the
life of a road for both design and maintenance cost pro-
jections. Just how realistic this guideline is may be sub-
ject to question. Although there are, of course, many very
old roads in the sense of general location, most highways
undergo varying degrees of modification in less than 20
years. Realignment, widening, resurfacing and, less fre-
quently, total rebuilding of both secondary and primary
roads is taking place at an ever-increasing rate. It would



be interesting to know the average life of the various classes
of highways in various sections of the country. In any
case, there is nothing magic about the 20-year period.
Aithough admittedly based on opinion rather than any
factual analysis, it is tentatively suggested that l0 to 15
years would be a more realistic guideline for most road-
way materials and construction specificaíions. Major struc-
tures and certain major beltlines and expressways should
probably continue to be designed and built to 2O-year or
longer standards. All farm-to-market roads and most state
secondary roads, however, could probably be constructed
and maintained at a lower overall cost if built on the as-
sumption that they would be subject to some major modifi-
cation within 10 years. For state primary roads a 12- to
15-year life expectancy is suggested, depending on location
and anticipated use considerations.

SAFETY FACTORS

Design safety factois have an obvious influence on costs.
Although these are not directly part of the construction
specifications, they greatly influence the level of the speci-
fication requirements. Safety factors have also been called
"ignorance" factors and it is axiomatic that as research
and technological advance decrease the engineering igno-
rance level, more economic safety facto¡s can and should
be used. Overdesign is obviously costly, lvhether it be in
thickness or in specifying a higher quality of either ma-
terials or construction than is necessary.

It is probably also true that engineers are influenced in
their selection of safety factors by lack of knowledge of
the actual variability associated with both materials and
construction and with their testing and inspection. As
the variations associated with all elements of ¡oad building
are better defined, not only do more realistic tolerances
become possible from the specifications viewpoint but lower
safety factors and more economical construction also will
be feasible from the design viewpoint. It is recommended,
therefore, as a general policy guide that safety factors be
periodically reviewed and reflected in specification require-
ments in light of variance studies and the better definition
of realistic tolerances.

ECONOMIC IMPLICATIONS OF THE STATISTICAL APPROACH

Uniformíty Incentives

Probably the largest and most significant economic con-
sideration to be realized from the statistical approach to
practical and realistic constructign specifications lies in the
direct dollar motivation provided to the contractors, ma-
terials suppliers and producers. The producers or manu-
facturers of most proprietary materials (such as steel, paint,
asbestos cement.pipe) have long been aware of the im-
portance of statistical quality control. Most such manu-
facturers have learned by competitive necessity to control
the uniformity of their products and to minimize their
seller's risk. It is surprising that these same techniques
have not earlier found their way into the equally competi-
tive highway construction field. The answer probably
lies in poorly defined and usually split responsibility for

39

quality control shared in a rather hodge-podge manner by
the buyer (engineer) and the seller (contractor) under
traditional hi ghway speci-ûcations.

Process Control vs Acceptance Testing

The distinction between process control and acceptance
testing is important. Acceptance testing is based on the
principle of estimating the parameters of a characteristic
of the lot by limited sampling. Normally these parameters
consist of the average quality level and a measure of
variability or dispersion. As previously cited, if the true
mean, X', and the true standard deviatìon, o/, are known,
there is no problem in comparing against the standard re-
quirements as basis for an engineering decision to either
accept or reject the lot. The four types of acceptance
plans presented in Chapter Three provide the engineer
with means of estimating the characteristics of the lot and
of calculating the probabilities associated with making a
wrong decision. Further, he can do this with a known
degree of assurance which can be adjusted to fit the critical-
ity of the situation. It is the engineer's responsibility to
accept or reject the lot on behalf of the owner, whether that
lot be a poured footing, a barge of sand, or a day's run
of paving.

It is contrary to the normal training of most highway
engineers to think in terms of average quality and varia-
tion as the basis of acceptance or rejection, rather than
the quality of the individual increments in the lot under
question. Nevertheless, he has been "estimating" the
acceptability of the material or work all along, whether he
realized it or not. The fact that he has based his judgment
on samples taken from one point rather than another has
probably merely increased the chance of his making a
biased judgment without the benefit, and without the knowl-
edge, of the risks associated with his decision. It is just
not practical or economically feasible to test or inspect
every increment, but the size of the lot can be adjusted to
best fit the particular situation. In fact, one of the big
economic advantages to this philosophy of acceptance test-
ing is that the amount (and cost) of inspection can be
adjusted to most economically give the.protection needed.
Ilowever, in any case, the engineer accepts or rejects a
lot whether it be a truckload, 1,000 feet, or a day's run
of pavement.

Process control, on the other hand, is the means of pro-
viding adequate checks during production (or construc-
tion) to minimize the contractor's or producer's risk (sell-
er's risk) of having the lot rejected. A process is said to
be in control when all economically removable variations
have been eliminated. In fact, a primary purpose of proc-
ess control is to eliminate assignable causes of variance so
that the overall variability of the finished lot will approxi-
mare the standard deviation that was used to design the
sampling plan for acceptance of the lot. It may be said
that process control endeavors to maintain a given lével
of production with respect to both the average value and
the .degree of uniformity, whereas acceptance testing is a
check on the finished product to see to what degree these
goals have been attained.
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Process control should be the responsibility of the con-
tractor or producer. In many instances in highway con-
struction, the engineer (or his representative, the inspector)
and the producer have shared this responsibility. At a

hot-mix plant, for instance, the inspector periodically runs

bin gradations and/or extractions to guide the quality con:
trol of bituminous concrete. Even though the specifica-
tions may state in one form or another that this service

does not relieve the contractor of his responsibility to pro-
vide an acceptable product, the inspector, in fact, has as-

sumed a stake in process control. The engineer thus as-

sumes at least a moral responsibility for the success of the
completed product or construction or for its failure to meet
requirements. This split responsibility sometimes makes

difficult the strict enforcement of the specifications and
too often leads to embarrassing or compromising situations.

A recommended basic policy guideline, therefore, is
that as rapidly as possible the full responsibility for process

control be placed squarely where it belongs on the con-
tractor or producer. Steps have already been taken in this
direction in some states. In North Carolina, for example,
the State Highway Commission and the appropriate trade
associations have cooperated in the training, testing, and
qualifying of ready-mix concrete plant technicians. Virginia
has done the same for both portland cement and asphaltic
concrete, and there well may be others. West Virginia is
instituting a program for transferring this responsibility
for process control more directly to the contractors. In-
cluded in this program is the examination and qualifying
of contiactor's personnel. Of course, many contractors
have voluntarily included competent materials engineers

in their organizations. This trend and these programs

should be encouraged by all.
No matter how the responsibility for construction control

is shared, however, that control must be effective. Other-
wise, there will be either an uneconomical risk of rejection
or an 

.awkwa¡d 
situation if a large amount of completed

work is found to be unsatisfactory when tested for accept-

ance. In highway construction it is not always practical
to tear out and replace defective work, and ineffective
construction or process controls may lead to problems that
have no satisfactory solution. This report deals prirqarily
with the development of guidelines for realistic accePtance

limits and tolerances as a separate and distinct problem
from that of process control. However, if these acceptance

limits are to be met, both the level and variability of im-
portant characteristics must be controlled during produc-

tion or construction.

Dollar Incentíves for Contractor

The principles and the acceptance plans given in Chapter

Three provide great motivation in the form of direct dollar
incentive to the contractor or producer to maintain effec-

tive process control and to improve the uniformity of his

product. This incentive takes two forms, as follows:

1. Greater uniformity (lower standard deviation, ø)

means a lower seller's risk regardless of the acceptance

plan used. The probability or risk of having acceptable

material rejected can be greatly reduced, in most cases, by
even a relatively small improvement in uniformity.

2. With some acceptance plans-Plan No' 2 notably-
the average quatity level that will be accepted is a function
of the indicated sample standard deviation. The lower the
variability (range) the closer the contractor may operate
to the limiting specification value.

Thus, the contractor can save money through improved
uniforrnity of operation by not only decreasing his chance

of rejection, but also by actually being able to operate to
a lower average quality level. For instance, this could
make the difference in having to wash base course aggre-

gate for control of minus 200; or it could mean meeting

compressive strength requirements with less portland ce-

ment in the mixture; or of a lower cost local sand being
acceptable for use in an asphalt mix.

The guideline recommendation is that this powerful in-
centive be publicized so that all segments of the highway
industry will be motivated not only to make the direct
savings potentially available but also to embrace rather
than resist these basic concepts. The philosophy of speci-

fication acceptance plans based on statistical principles, re-
gardless of how sound they may be, is a diffcult one at

best. Anything that can be done to let the contractors,
materials suppliers, and producers know that they have a

¡eal dollar stake to be galned is all to the good. It is
suggested that it is not too early even now to carry this
message by appropriate committee action to the several

highway contractor and trade associations. Continued
publications on the application of statistical concepts before
technical and professional engineering groups would also

help to further prepare the way for adoption of these prin-
ciples.

Cost Incentives lor Owner

Not only does the contractor have a real cost incentive to
improve uniformity under these specifications, but the en-
gineer and the owner also benefit. Improved uniformity
means fewer highs and fewer lows, which in turn mean
fewer weak spots in the consìruction, thereby reducing
maintenance costs. These acceptance plans offer greater
assurance that the product or construction will perform as

intended. As previously noted, greater assurance in con-
struction should ultimately mean more realistic design

safety factors. Further, this assurance is tied to the critical-
ity of the requirement characteristics, thereby permitting
wiser spending of the testing and inspection dollar. These

acceptance plans and the resulting improved uniformity
they encourage should also result in lower inspection costs

because fewer samples and fewer inspectors will ultimately
be needed for the same degree of protection for the state.

Equally important is the fact that now the engineer and

the contractor will have a common goal and incentive in
helping each other attain optimum uniformity throughout.

AUTOMATION

Use of mechanical aids and electronic control will con-

tinue to offer an effective and appropriate .means for im-



proved uniformity. The motivations resulting from adop-
tion of realistic specifications based on statistical concepts

should constitute quite an inducement for greater use of
automation. It is anticipated that as the contractors begin
to realize the direct benefits of improved uniformity they
will turn to automation as a logical means for further
improvement. By the same token, of course, these things
go hand in hand in that automation becomes a factor in
encouraging the adoption of the new specifications by pro-
viding an important means for realizing the benefits there-
from.

The general guideline recommended is to encourage
automation, particularly where improved uniformity of a

finished product can be demonstrated. Like everything
else, this becomes a cost balance, and excesses should be

watched for and avoided. It is the responsibility of the
instrument manufacturers and the equipment suppliers to
"iron out the bugs" as completely as possible before bring-
ing new automation equipment onto the market, In any

case, specifications must allow for periods of manual opera-
tion for maintenance and repair of the automatic features
and controls.

The question arises as to whether the states should re-
quire automation or whether it would be better in the long
run to write and enforce the specifications in such a man-
ner as to induce or lead the contractors and equipment
manufacturers in this direction. For instance, there is
mnch current interest in the automation of hot-mix asphalt
plants. Michigan and New York will (in 1965) require
full automation with over and under cutoffs. North Da-
kota, South Dakota and Washington require automation of
proportioning and mixing; California and Texas may cover
this by a special provision.

The danger in having state highway departments take the
lead in requiring plant automation is that they may pre-
maturely force the industry into uneconomical expenditures
thai might otherwise be avoided. The same inconsistencies
arise here as in attempts to specify other equipment. The
highway industry is advancing just too rapidly for specifi-
cation writers to consistently stay up with the advancements
in automation and equipment technology. New gadgets
are coming out faster than the engineering family can
possibly evaluate and properly reflect in the specifications.
In any case, the proving ground for proprietary products
in the free enterprise system has traditionally been, and
should remain, the marketplace.

Recommended guidelines with respect to automation
atei

1. Full advantage should be taken of the economic in-
ducements toward automation by placing a dollar premium
on uniformity, as recommended elsewhere in this report.
Automation specifications themselves should be relatively
simple and limited to the minimum required to bring along
the laggards to conform with statewide quality and uniform
practice levels.

As nearly as possible "end use" type requirements shor¡ld

be specified with reasonable tolerance limits given where

appropriate. F¡ee latitude should be given for the exercise

of full competitive incentives. The contractor or producer
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shoutd have free choice of selection on the open market
and there should be no restrictions as to method, technique,

or specific equipment items that may or may not be used.

2. Provision should be made to permit operation using
manual controls if a breakdown of the automatic features
occurs. The contractor or producer should be required to
demonstrate reasonable diligence in repairing or alleviating
the breakdown. Guidelines for defining a reasonable time
allowance will vary, of course, with the process, the auto-
mation equipment, and the proximity to repair facilities.
Except in very remote areas three working days would
seem to be a reasonable allowance for the repair of the
automatic controls on a hot-mix plant or on a ready-mir
concrete plant.

3. The transition to automation should be a cooperative
venture with the contractors and producers. The state and

the appropriate trade associations should work out the
ground rules and the timing together to best fit their local
conditions.

4. Some provision should be made to recognize and

provide for special situations wherein it would not be good

business economically to completely convert all of the
plants in the state at the same time. Some of the smaller,
older plants may be doing a good and needed job of pro-
ducing most economically for a given local area. Volume
of business in that area mai make it difîcult to capitalize
complete automation over a reasonable period of time.
The recommended guideline for these special situations is

to allow operation nnder a grandfather clause until such

time as other major modifications or a change in location is

required, or until the business situation changes sufficiently
to place that plant in a different category. The category
definitions, timing, and other considerations can be spelled
out as part of the local ground rules.

5. Whatever ground rules are agreed upon for the state

should apply fairly and equally to all plants within a given
category. In some states, the commission or department
owns and operates its own plants. These are purportedly
for maintenance use primarily, but frequently reach into
sizeable new construction or resurfacing projects' The
same rules and regulations and controls that apply to con-

tractors' or producers' plants should also be enforced in
an equal manner on,the state-owned plants.

STANDARDTZATION AND RESTRICTIVE REQUIREMENT
POLtCtES

Although the optimum quality level to be specified for
the various construction components would seem to be
largely the straightforward balancing of engineering re-
quirements against overall costs, there are certain policy
questions associated with the availability and relative cost
(cost value) of some materials and products to be con-
sidered. Policy with respect to adaptation of the AASHO
specifications by the individual state highway departments
and the attitude of the Bureau of Public Roads with respect
to both standardization and to so-called restrictive require-
ments can and does have a marked influence on the guide-

Iines for realistic specifications. In this discussion there is
no criticism intended, implied or otherwise, of either
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AASHO or the Bureau of Public Roads. The ensuing dis-
cussion is merely an attempt to define and analyze objec-
tively those aspects which influence specification guidelines.

AASHO Guide Specifcatíons

On the one hand it is desirable that highway specifica-
tions be standardized as much as possible to facilitate
shipment of materials across state borders, and for the
more economical manufacture of products and equipment
for use in different parts of the country. On the other
hand, there are certain local conditions (climate and traf-
fic), precedents, and availability of materials which make
it mandatory to use different specification requirements for
some materials and products. The AASHO Guide Speci-
fications are a noteworthy milestone toward standardiza-
tion, but they are not necessarily the best engineering nor
the most economic specifications for some states. In fact,
the very nature of the compromises necessary to establish
guides for the country as a whole would in itself mitigate
against optimum use of local materials and products. In
general, the quality levels in the AASHO Specifications are
by necessity geared to accommodate that state having the
lowest level economically available for that particular item.

An obviously desirable guideline is to encourage stand-
ardization of such things as test methods or requirements
for those materials, products, or items of construction
wherein the same quality level and the same tolerances can
logically be applied equally in all states at approximately
the same cost. Even under these circumstances, however,
care should be taken in the setting up of such standards to
properly and adequately define the governing conditions
under which both the items specified and the use require-
ments are in fact equal, For instance, even though a
standard product is available at essentially the same cost
in all states, it may be good engineering to specify a dif-
ferent quality level or to place more emphasis on the testing
and control of certain product characteristics because of
differences in local use requirements. Such things as varia-
tion in freeze-thaw resistance, load requirements, traffic
count, and life expectancy are obvious, but there are other,
subtler differences. The personnel (both contractor and
highway department) in some states are most versed
through experience in the use of some methods of construc-
tion, some materials, or some proprietary products. In other
cases, the efficiency of a given technique or product may
depend upon its compatibility with other materials. Thus,
even in some of the seemingly obvious situations favoring
standardization there may be good reason for some modi-
fication to best fit local materials, practices, and people.
Nevertheless, it is recommended that objective appraisals
be made of the reasons underlying the "special" features
of state specificationswhich make them differ fromAASHO
recommended standard practice to assure that each area of
nonuniformity is really a bona fide reflection of experience
found to best fit local conditions or materials, and that the
"special" need still exists.

Guídelines for Standardìzatíon Appraísal

Guidelines for making such appraisals should include con-

sideration of two basic conditions-(1) where the quality
level is independent of cost within the limits under con-
sideration; and (2) when the cost of specifying a higher
quality level must be ofiset by some corresponding benefit.

HIGHER QUALITY AVAILÀBLE AT SÀME COST

Some localities are endowed by nature with more suitable
and higher quality road building materials than others.
Vermont, for instance, has more than enough of good hard
stone, whereas Louisiana, for one, has trouble finding suit-
able aggregate big enough to crush and relatively soft ag-
gregates are all that are available in othe¡ areas. It would
be pointless fo¡ Vermont to allow a 50 L.A. abrasion speci-
fication merely to conform with a national standard. By
the same token it is pointless for the quality level of asphalt
cement to be geared to the minimum level economically
available in some other parts of the country. North Caro-
lina, for instance, is endowed with five major asphalt sup-
pliers who routinely maintain quality levels for,the AASHO
T 1.79-60 Thin Film Oven Test well above 60 percent re-
tained penetration and 100 ductility on the residue for the
AP3 (85/100) grade. The corresponding level suggested
by the AASHO guide is 50 percent retained penetration
and 75 minimum ductility.

What should be the guidelines under these circum-
stances? On the one hand, it is agreed that any restrictive
specification that would result in restraint of trade or in-
hibit competition should be avoided as being economically
unsound in the long run. On the other hand, where there
is an adequate supply available at the same competitive
cost, it is neither logical nor economically good business
to specify and use a lower quality level material or product.
It is not only illogical to permit lower quality at the same
cost, but it can have other less obvious adverse effects. One
is to remove the motivation for research and improvement
of highway materials. If highway specifications do not keep
abreast of technological advances in either equipment or
materials, the dollar incentive for fu¡ther improvement is
endangered. Another disadvantage is to unnecessarily and
uneconomically invite the use of distress materials, with
possible resulting discouragement of capital investment for
the ins,tallation of optimum facilities for the best long-range
use of local materials.

Thus, a basic guideline for those situations in which an
adequate supply of a given material or product is available
is to specify the highest quality level that can safely be
met without increasing the cost. Safe operating levels
might be defined in cooperation with the local suppliers or
irade association and then checked by trial and error. Such
quality improvement can be reflected stepwise as warranted
and/or explored on a trial basis for reasonable periods be-
fore final adoption.

HIGHER QUÀLITY AT INCREASED COST

The problem of defining just how much a higher quality
l.vel is worth is considerably more difficult. For many
highway materials, products, and items of construction the
desired quality direction is known and test methods a¡e
available for measuring relative differences. The problem,



however, Iies in quantitatively relating that particular test

to the serviceability of the road. Some limiting values have

been established by experience and others can be calcu-

lated or estimated by one means or another on the basis of
sound engineering judgment. fn general, however, it is

extremely difficult to define the significant quality attributes

and then to quantify the relative value of a given change in
some measurable characteristic.

There are two basic approaches to obtaining better an-

swers-one is designed test road experiments, and the

other is analysis of existing roads. Test roads are notori-
ously expensive and time consuming. It is surely not
economical to attempt to quantitatively justify all of the

many specification requirements in common use. On the

other hand, designed experiments related to satellite studies

of the AASHO Test Road in Ottawa, Ill., should yield
valuable information on materials performance as well as

on design criteria. The second method is more practical
from the viewpoint of both time and cost' Some studies

are now under way and more should be instigated to meas-

ure both quality level and the variability associated with
the characteristics of existing pavements. In some cases

the further analysis of performance records and of main-
tenance costs might yield valuable information. Unfor-
tunately, in many cases lack of proper documentation or
of sufficient reliable data militates against their use.

A more thorough discussion of guidelines for surface

smoothness, thickness, and some aspects of aggregate gra-

dation requirements is contained elsewhere in this report.
A further general point, however, has to do with the

economic impact of lowering the quality level of some

materials. It should not be generally assumed that a re-
laxing of quality level will necessarily be reflected in a

significant decrease in product cost. In fact, it is con-
ceivable that over the long run a given relaxation could
actually result in a higher unit cost. Assume, for instance,

that a quarry operation has been set up on the basis that
the operating overhead can be distributed over a given

volume of production, which volume in turn was based

largely on the anticipated requirements of the highway de-

partment operating at a given specification level-i.e., L. A.
abrasion of 35. Now, if the specifications are relaxed to
let in marginal material of say an L.A. of 40, the producers

of the marginal material will have no motivation to cut
their price below that necessary to get the business, which
will probably be only slightly lower than the higher quality
product. The f¡st producer, however, must now amortize

his plant and distribute his operating overhead over a lower

volume production, thereby increasing his unit cost. Al-
though this type of situation surely does not exist with all

materials uor uûder all circumstances, the point is that

there is potentially more than meets the eye to the eco-

nomic aspects of changing specification levels. Thus, the

recommended guideline when change in cost value is a

factor is that the overall potential economic effects be ex-

plored in cooperation with the trade associations involved

and the long-range influences carefully considered in ana-

lyzing the desirability of either raising or lowering speci-

fication levels.
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COST.TOLERANCE CONSIDERATIONS

An attempt was made in this study to appraise various

methods or approaches to defining the cost-tolerance rela-

tionship as well as the cost-quality level relationship. The

benefit to be derived from making a specification more

(or less) restrictive, or from changing the quality level,

can be calculated in some cases and in others it can be

estimated on the basis of sound engineering judgment. The

corresponding increase (or potential savings) in construc-

tion costs, however, is not so easily defined. In fact, there

is essentially no quantitative information in the literature,
and few numerical data were unearthed in this study.

One frequently hears the lament "it will cost a fortune
to control it that closely," or "we can't afford to go that

high (or low)." When pinned down, however, the la-

menters are generally unable to make a reasonable estimate

as to just how much it will cost or at what point a given

change will have a significant influence on costs. It is

obvious that there must be some practical limit in many

highway specifications beyond which closer control or a

higher quality level becomes impractical because the cost

value is excessive with respect to the use value (it costs

more to accomplish than the resulting benefit is worth) '
In order to arrive at the optimum for practical and realistic

construcìion specifications, both the justification and the

corresponding cost to all segments of the industry must be

defined.
As part of this study interviews were held with various

contractors, materials suppliers, and equipment manufac-

turers, as well as with other highway engineers and trade

association executives. A check list used during these in-
terviews was intended not so much to find specific answers

but rather to explore potential sources of pertinent factual

information.
In addition to this check list a special cost-tolerance

questionnaire prepared by the research agency was dis-

tributed by the National Limestone Institute. The same

questionnaire was also provided to the Highway Director
of the Associated General Contractors for distribution to

two AGC committees.
Some of the questions were specific in that they sought

definite opinions or data relative to smöothness and thick-
ness tolerances for the principal col¡rses of both rigid and

flexible pavements. The questions concerning commercial
aggregates also were written in such a way as to invite
quantitative answers. Certain other questions were geared

to obtain some readings on those areas in either the specifi-

cations themselves or in thei¡ administration which have a

significant influence on cost. fn all cases the person being

interviewed rflas encouraged to discuss any aspect of the

overall cost-specification, cost-tolerance, or cost-adminis-

tration relationship he wanted to. The interview was Pur-
posely designed to make it easy for him to "sound off" on

his favorite gripe.
Again, it should be emphasized that the primary ob-

jective of trying these various aPProaches has been to ex-

plore means of getting the information rather than to at-

tempt wide coverage of the full industry at this time. Once

these samplings have been evaluated and the optimum
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sources for different types of cost-tolerance information
established, more comprehensive data gathering may be
warranted as part of some future project.

A summary of findings and impressions is given in the
following by class or type of information source.

State Higltway Engineers

Interviews included a chief bituminous engineer, chief ma-
terials and construction engineers, specification writers, an
assistant chief design engineer, and various field personnel.
As might be expected, these state highway engineers were
unable to quantify any significant portion of the cost-toler-
ance questions. As a group they are just not in a position
to know, or need to know, the details of construction costs
to this degree.

Both a Fennsylvania project engineer and a North Caro-
lina bituminous engineer stressed delay as being an im-
portant cost consideration-delays due to acceptance test-
ing and reporting of crushed aggregate base course were
specifically mentioned. Tolerances or limitations which
cause delays or which necessitate hand labor are most
costly. One engineer also stressed the desirability of fair
and fast estimates to minimize interest costs.

Bureau of Public Roads

Although no concerted effort was made to interview Bureau
of Public Roads engineers, the possibility of obtaining some
worthwhile facts pertinent to these cost considerations
from the production study data accumulated by the Bureau
for a number of years under the direction of Mr. Morgan
Kilpatrick, was explored. This would seem to be a good
possible source, particularly with respect to the influence
of both tolerances and quality level on production rates.
Although beyond the scope of this project, it is recom-
mended that the Bureau data be reviewed and further ana-
lyzed with these cost considerations in mind.

Contractors

Fifteen contractors were interviewed, largely in Maryland
and North Carolina. The sampling included both large and
small operators. In general, those interviewed were not
able to quantify their answers, but there were some positive
opinions and pertinent comments expressed.

In an interview with the cost engineer of a large con-
tracting organization the following opinions were obtained:

1. A surface tolerance of 1/z in. in 10 ft longitudinally
for crushed stone base is fair and costs little more to pro-
duce than would a 3/q-in. tolerance, but a l/+-in. tolerance
would be impractical. To reduce costs, the tolerance would
have to be widened to the point that no fine grading was
required.

2. A specification containing an extreme or "no pay-
ment" limit of /z-in. deficiency in base thickness, com-
bined with a requirement that in any continuous 200 ft of
finished surface the algebraic difference of any two points
on the finished surface from their_rrespective plan elevations
must not exceed Vz in., proved to be impractical. Place-
ment of about 7 percent additional hot-mix base material

was necessary to insure against deficient thickness, and if
the base was 1/z in. too thick the surface course grade
tolerance was reduced to zero,

Equipment Manulacturers

Ten highway equipment manufacturers were contacted to
determine which tolerances they considered critical in
various equipment units and what effect tightened toler-
ances would have on proifuction costs of these units. In
only one instance did a manufacturer give a direct answer.
In this case it was stated ,that the operating tolerance of an
asphalt metering device was +- 0.25 percent; to increase the
accuracy to -¡ 0.1 percent would mean approximately a
fou¡fold increase in production cost.

Other responses were less specific and only a generaliza-
tion can be drawn that as tolerances are made tighter,
production costs increase in some type of geometric
progression.

Materíals Supplìers

The materials suppliers interviewed included one asphalt
supplier and three local aggregate producers. The best
reading was obtained by the questionnaires distributed
through the good offices of the National Limestone
Institute.

None of the materials suppliers interviewed was able to
quantify the effect of closer tolerances on the cost of his
products. All have learned to live with existing specifica-
tions and have geared their process controls accordingly.
As cited elsewhere in this report, there is evidence that the
specification limits for certain quality attributes of asphalt
cements could be raised to the advantage of both the
suppliers and the users. Many of the specification require-
ments for asphalt, and for certain other proprietary prod-
ucts used in highway construction, are for definition of
grade, or for other identification purposes totally unrelated
to serviceability, durability, or other significant quality
characteristics. Some of these requirements are obsolete
and the tolerance limits have become meaningless. In
general, however, the limited interviews conducted in this
area failed to reveal any quantitative information concern-
ing the influence on cost of either tightening or opening
current specification tolerances.

Some 25 replies were received from members of the
National Limestone Institute. Practically all of these re-
plies indicated that reduction in costs was attainable if
gradation tolerances or other requirements were more
realistic. The questions that elicited the greatest response
are summarized in the following:

Questíon: What sections of highway specifications do you
think need improvement and what are your suggestions?

Most of the replies to this question were concerned with
the need for uniform gradation specifications and the adop-
tion of simpliûed practice recommended gradations. One
producer reported that he had to meet specifications for
three different state highway departments plus the Corps of
Engineers and the Bureau of Reclamation, although there
lryere no significant differences in field performance. No
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cost figures were obtained on this item, but one producer
reported that he had to maintain stockpiles of 28 di-fferent

sizes of aggregates, which increased the inventory to the
point that personal property taxes were increased.

Question: What particular tolerances are most trouble-
some with respect to your operational costs?

Various replies to this question were received. Some

concerned impractical + 5 percent (in one case -+- ZVz per-

cent) tolerances on the percent passing the No' 4 sieve,

with an estimated cost reduction of about $0'10 per ton
if the tolerance could be relaxed to include a reasonable

range. Another mentioned a requirement that only 10 per-

cent of a Yz-i¡. maximum size aggregate be retained on the
3/e-in. sieve. A reduction in cost of $0.10 to $0.20 per ton
was estimated if the specification was changed to 60 to
90 percent passing the 3/e-in. sieve. Probably the specifica-

tion limits and tolerances have the greatest effect on the

cost of crushed stone, becáuse a tight limit or tolerance, if
enforced, would require washing the stone. One producer
reported that he was unable to meet an "impossible" re-
quirement of master range 3 to 6 percent passing the

No. 200 with a lVz percent tolerance on the job-mix

formula, without washing the stone and adding back the

minus No. 200 material. He estimated a saving of $1'00
per ton if the master range was opened to 3 to 12 percent

with a 2 percent tolerance on the job-mix formula.

Questíon: In what way does the administration of speci-

fications affect your cost?

Most of the replies to this question concerned delays in
acceptance testing and reporting, unqualified personnel tak-
ing samples in the field, and delays associated with ticket
issuance and record keeping by state employees. No cost
figures were given. In response to this question one pro-
ducer noted that cu¡rent specifications resulted in the waste
of No. 4 to No. 100 material, with a consequent increase

in cost of $0.15 per ton in portland cement concrete aggre-
gate and $0.20 per ton in bituminous concrete aggregate.

Trade Assocìations

Eight trade associations were contacted to varying degrees

in connection with this study. In general, it is believed that
the permanent staffs, particularly the technical directors,

of the trade associations (proprietary products, materials,

equipment manufacturers, and contractors groups) are in
alosition to make valuable contributions toward improved
highway specifications. They rePresent a source of worth-
while practical information which should be utilized by the

highway speciûcation writer. Full cooppration beween the
technical staffs of tle state highway commission and tle
trade associations should be encouraged. An important
general recommended guideline is that the specification
writer give the appropriate trade association full oppor-
tunity to review and comment on any anticipated change,

revision, or modification to be made in any speciûcation
pertinent to its interests.

Some trade association executives are in a position to
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know or to estimate a few of the factors related to the cost-

benefit, cost-level, or cost-tolerance question. In general,

however, the amount of firsthand quantitative inJormation
available was found to be relatively scanty. It is believed,
however, that the trade associations are a logical avenue for
obtaining the necessary data through their members, given

sufficient time and guidance as to the specific information
needed. In all cases they were cooperative, interested, and

in agreement that it is highly desirable to quantify those

factors necessary to attain practical and realistic speciûca-

tions for their segment of the industry.
Discussion with one of the larger trade associations is

presented in greater detail. To obtain the point of view of
the National Crushed Stone Association, its headquarters

stafi was interviewed with two basic objeetives in mind:
( 1) To determine what long-range .improvements in aggre-

gate specifications were of most interest to the membership;

and (2) to explore the availability of cost-tolerance rela-

tionships. Information obtained in reply to queries per-

taining to these objectives was as follows:

lYith respect to the needs for ímproved crushed stone

specífications:

1. The greatest need lies in improved methods of sam-

pling. Particularly needed is the determination of the
sampling errors or the variability in test results as a func-
tion of both sampling technique and the inherent variation
due to random distribution of the different sized aggregate

particles.
2. Next in importance has to do with test requirements

with no established correlation with the quality or service-
ability of the finished product. Research work by the
Missouri Highway Department on the relationship between
shale content and quality was cited as a good example of
the type of irrformation needed to limit the amount of
deleterious material on a sound economical basis. The
scratch test was cited as an example of poor engineering
because of lack of established relationship with a meaning-
ful quality attribute. Another areÈ needing better defini-
tion is the amount and nature of minus 200 material.
Dusty stone should not be permitted for certain applica-
tions, such as bituminous surface treatment, but it is need-
less to require washing for some other end uses unless the
nature of the dust itself is bad.

3. With respect to tolerances the existing limits are
considered to be fair and reasonable, with the exception

of those on the minus 200 wherein better definition with
relation to end use is needed.

4. Lack of standard specifcations for crushed stone

properties or gradation is not serious as far as the state

highway departments are concerned; but it is serious among

other agencies, such as the Army Corps of Engineers and

the New York Port Authority. In other words, there is
apparently little existing problem for those quarries pro-
ducing for shipment to more than one state ior nor¡nal
highway use. There is considerable problem, however, due

to lack of standardization among other than state highway
department agencies.
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TABLE 8

RAILROAD BALLAST PRODUCTION (SEVERINGHAUS)

PERCENT PASSING

SPECIFICÀTION 2 r¡¡. 1 rN. 3/¿ lN. t/z l¡¡.
OUTPUT
(rows/Hn)

AREA
Exact
Medium special
Coarse special
Fine special
Std. quant. prod.

100
100
100
97-100
100
98-r00

90-100
100
88-93
86-92
90-95
85-90

20-55
30-40
3545
20-30
50-60
40-55

9-15
4-6

l0-12
8-10

10-18
0-15

65
130
165
165
200

0-5
0-l
0-1
0-1
1-3
o-2

-l

I

I

f

l
{

With respect to the adntinístration of crushed stone
specificatíons:

1. Delays due to acceptance testing and reporting have
given trouble in isolated areas.

2. 'the matter of confusion caused by improper sam-
pling and the lack of definition of sampling error has been
discussed previously.

Vltith respect to the relationship between specification
limits and costs of commercial aggregates:

l. In general, it does not necessarily follow that a lower-
ing of quality level or the opening of allowable tolerance
will result in an appreciably lower price to the consumer.
Often the change merely lets in new competition from
marginal producers with but little effect on the price
structure. In fact, it can have a serious adverse effect in
those situations wherein a large volume throughput is
needed to proteci the rather substantial capital investments
in machinery and handling equipment associated with some
crushed-stone operations. In such a case the unit price
actually may have to be increased to maintain a profitable
operation, or the facility may have to be shut down, result-
ing in curtailment or loss to the state of the higher quality
ag$egate production.

2. With respect to gradation tolerances, one must con-
sider screening efficiency as a function of production rate.
The qualitative interrelationships are known, although
sometimes poorly understood, but the quantitative analyses
soon break down because of lack of factual data. Some
data were obtained showing the effect on the output of
railroad ballast in tons per hour as a function of specifica-

tion tole¡ances. These data (Table 8) show that a normal
production rate of 200 tons per hour was reduced to
65 tons per hour as the specifications were changed.

3. The point at which a given specification limit for
commercial aggregates will influence cost will vary widely
from area to area. Two examples were cited:

(a) Where there is plenty of cheap water, washing
aggregate is not as economically significant as it is in some
western states where the availability of water is limited.
The particular aggregate source is also a factor-serpen-
tine is generally bad, silica dust is normally already con-
trolled because of health hazard., granite is no problem
generally, but western limestone is most serious because
of water availability.

(b) L.A. abrasion limits should be set on an area basis.
Where there is no hard stone it is obviously uneconomical
to specify a low maximum L.A. Conversely, it would be
poor engineering to allow the use of soft aggregates in
Vermont, for instance. Thus, the economics of the speci-
fication limits must be governed by available supply.

4. With respect to sodium sulfate soundness, specifica-
tion limits are too low in many cases. The relationship to
quality is questionable, particularly in the lower levels.
Additional research on the stone itself is needed.

5. With respect to flat and elongated particles, there,is
apparently a good bit of current interest in ASTM on this
subject. It is believed that 10 percent on a 5:1 basis iS

acceptable, but anything less would hurt economically. In
portland cement concrete it costs more to get workability
with a higher percentage of flat and elongated particles, but
the relationships have not been quantified.
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CITAPTER FIVE

ADMINISTRATIVE AND GENERAL ENGINEERING GUIDELINES

FEDERAL CONTROL PROCEDURES

No discussion of specification level or specifcation toler-

ances can be really complete without recognizing the in-
fluences of the controls associated with highway construc-

tion involving federal funds. Whether such controls are

right or wrong, or whether the administration is properly

handled, is neither here nor there for Purposes of this

report. However, the fact that the record sampling pro-

cedures are in existence, and that some degree of federal

checking will probably continue, is germane.

Adoption of the guidelines contained in this report for
practical and realistic construction specifications should

greatly help to solve some of the communications problems

that plague practically all levels of road building. Many of
the problems that arise are due to lack qf understanding or
of differences in interpretation of the specifications, not

only between contractors and engineers, but also between

lawyers and engineers or accountants and engineers in both

state and federal government. Different practices and in-
terpretations of the same regulations are applied in dif-
erent states. Also, within some states and within some

offices of the Bureau of Public Roads there is still evidence

of lack of uniform thinking regarding some aspects of
federal controls of highway funds and construction. Much
progress is being made through the fine cooperative efforts

of AASHO, the Bureau of Public Roads, HRB, ARBA'
AGC and other trade and technical associations. However,

a continuing policy guideline should be to foster a better
understanding of the basic philosophy and reasons for con-

struction specifications from the engineer's viewpoint; and

a better understanding of the philosophy and need for
practical and realistic control of both quality and dollars

throughout all segments of the highway industry. The need

for better understanding of basic philosophies will become

even more important as the new statistical concepts are

adopted.
The acceptance testing plans and the procedures Pre-

sented in Chapter Three will also assist in obtaining a better

correlation between Bureau record sampling results and the

state routine control test resr¡lts. Also, as the new methods

of incorporating realistic construction tolerances into the

specifications are adopted there should be fewer discrepan-

cies which are the fault of neither the contractor nor the

state but which arise from poorly worded requirements

which fail to take into account the normal variability
associated with most highway materials.

In the meantime, however, there is need to recognize a

potential danger arising from current federal control poli-

cies. Simply stated, the danger is that there may be too

much emphasis placed on finding means of satisfying the

letter rather than the intent of the law to the detriment of
proper specifications for control of highway construction
to obtain the most economical and serviceable roads over

the long pull. More speci-fically, the danger consists of
relaxing speciflcation tolerances and adjusting the quality

levels so that there will be essentially no negative test re-

sults that have to be "explained'" If the engineers at both

state and federal levels are encouraged to relax specifica-

tion tolerances prematurely and unwisely, there is an

obvious danger to both serviceability and overall cost.

Further, if engineers refrain from or PostPone the up-
grading of their specifications where indicated to take

advantage of improved materials or construction tech-

niques, the danger is also obvious. The degree to which
either of these have really hurt construction to date cannot

be defined, but specific cases in both categories are known.
Full cognizance of the situation should be taken to avoid

being stampeded into unwise tolerances now and to avoid
jeopardizing the acceptance of realistic tolerances as they

are defined and become available later on.

This problem is largely a matter of timing and two guide-

lines are recommended, as follows:

l. That the work necessary for definition of realistic

tolerances and adoption of statistical concepts in both the

writing of improved speciflcations and the acceptance test-

ing for compliance be expedited'
2. In the meantime, that the influences of pressures all

up and down the line be re-examined in light of the im-
provements, both those under way and those made to date,

in highway construction controls. This should apply to the

Legislative Investigation Committee, the General Account-

ing Office, the Bureau of Public Roads, and the state

highway departments at all levels. This does not mean

curtailment of any worthwhile functions or relaxing of the

responsibilities associated with these important areas of
public domain. It does mean recognizing and weighing the

consequences of relaxing specification tolerances simply to
avoid negative results on a test report.

UNIFORM INTERPRETATION AND ENFORCEMENT

The best of specifications cannot fully accomplish their
mission unless they are uniformly interpreted and enforced'

This statement may seem a bit trite and obvious at first, but
failure on the part of the engineers to enforce the specifica-

tions can and does have far-reaching eftects on the whole

highway industry. If the guidelines and principles recom-

mended in this report are followed, there should be con-

siderably less chance for ambiguity and misinterpretation
on the part of contractors and engineers or lawyers and

accountants. Much of this advantage will be lost, how-

ever, if in spite of greater clarity there is a lack of uniform
enforcement.

It is the engineer's responsibility and his duty, not only

to the owner but also to the rest of the industry, including

the contractor, to enforce the ground rules. This does not
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have to be rigid and arbitrary adherence applied in a
police-state atmosphere. The speciûcations can and should
be applied in a just and fair manner with the contractor
and the engineer (inspector) working together.

Most contractors state that they want to do a good job-
that they want to upgrade the quality standards of road
construction and will wholeheartedly back and support
sound and realistically applied quality controls. However,
there is no practical way in which the contractors can
really police themselves. They can summarily dismiss the
"fly-by-night" from their associations, but they have neither
the means no¡ the authority Jor controlling the quality of
the other fellow's work. This is the responsibility of the
engineers in public domain, and if they do not do a proper,
uniform job of quality control,.they are letting down the
legitimate contractor who is trying to build a better road.
He wants and should have uniform interpretation and
enforcement of the specifications to protect his competitive
position as well as the quality of the roads. Forcing him
to compete-and cômpete he must-with shoddy work-
manship or substandard mate¡ials is obviously unfair and
detrimental to everyone and "to all levels of the highway
industry. The cont¡actors have a responsibility and must
do their part, but the engineers set both the ground rules
and the level of attainment.

Consider, however, the effects of nonuniformity in any
sense, either interpretation or enforcement of the specifica-
tions or of the policy ground rules. Under these circum-
stances the contractor has two recourses, One, he can
raise his bid to allow for strict enforcement or adverse
(to him) interpretation; or two, he can take a chance on
getting by or of finding some other means of ..coming out"
on the job. In either case, he is in an untenable position
which the taxpayers must ultimately pay for in oìe way
or another.

There should be some ¡easonable leeway for the exercise
of engineering judgment in the field to handle extenuating
circumstances cooperatively in a straightforward and busi-
nesslike manner. With uniform interpretations and with
uniform administrative policies such reasonable latitudes
should be, and are, practical and of benefit to all concerned.

What then, is the guideline that can be included in the
specification that will provide assurance to the engineer
that his decisions with respect to interpretation and en-
forcement of requirements will not be unduly criticized?
Can this same guideline give assurance to the contractor
that the requirements wilt be uniformly enforced? possi-
bly the gist of such a guideline may be found in the doc-
trine of 'lsubstantial conformance,' aS stated by Sherwood
K. Booth, Deputy General Counsel, Bureau of public
Roads, in a panel discussion presented before the AASHO
Committee on Legal Affairs, Detroit, Mich., December 2,
1960:

Where a contractor in good faith has made sub-
stantial performance of the terms of the contract
but there are slight omissions and defects which
can be readily remedied so that an allowance there-
for out of the contract price will give the other
party in substance what he has bargained for, the
contractor may recover the contract.price, less the
damages on account of the omissions. On the

other hand, if the defect is substantial, goes to the
essence, and cannot be corrected witbout replace-
ment of the work, the contractor would be required
to bear the replacement cost.

EDUCATIONAL CONSIDERATIONS

Acceptance of the statistical approach can do much to pro-
mote uniformity of interpretation of specifications. The
engineer who is aware of the statistical risks involved in
making an acceptance decision knows how much evidence
is necessary to defend that decision, if necessity should
a¡ise, The contractor who understands the workings of an
acceptance plan can proceed with confidence when he must
meet the requirements of such a plan, knowing that it is
based on practical limits, and that this plan will be applied
uniformly to the work of his competitors as well as to his
own. The technician who has been briefed on the rudi_
ments of statistics will not flinch from the test result that
is "a little outside the specification" and will realize that
he is doing his employer a disservice if he does not report
it, instead of deciding to ',take another sample."

Currently, many engineers appeæ to be under the im-
pression that adopting statistically derived speciûcation
limits means controls will be relaxed and that inferior
quality witl be accepted. For this reason, the bottleneck
to the acceptance of the statistical approach is at the top,
and the higher echelon must be convinced that the purpose
of statistical limits is to recognize that there are consider-
able variations in the level of any characteristic of any
material or of any type of construction. Some of these
people may be hard to convince, because data acquired by
current research programs indicate that the normal range
of variation of some characteristics is much larger than
indicated by control tests based on '.representative,' sam-
ples.

Concurrently, these top people must be brought to real-
ize that only after the actual variation existing in current
construction is known can the causes of this variation be
analyzed, and the quality level and uniformity increased by
removal of assignable causes of variation, when such in_
crease would result in greater use value.

It is believed that the program currently being imple-
mented by the Bureau of public Roads will do much to
convince those enginee¡s who have an opportunity to
examine data derived from probability sampling that wide
variations do exist in acceptable construction. The next
question is: What to do about it? How are top engineers
to interpret these data so as to gain a personal understand_
ing of its significance and implications? How are these
data to be analyzed and utilized? How are speciûcations
to be written that will properly allow for normal variation,
but will distinguish acceptable material or construction
from that which is unacceptable, under different conditions
of criticality? How are technicians to be trained in the
important details of acquiring and processing data? Some
guidelines for handling these problems have been presented
in this report, but a full treatment of all pertinent details
is far beyond its scope.

It is evident rhat a highway engineering statistical
manual should be available and some of the requirements
for such a manual are eyen now apparent. This manual
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should not assume that the user had any prior knowledge
of statistical methods and should:

1. Be con-ûned to theory and method pertinent to high-
way engineering problems.

2. Be written, as far as is possible, in simple engineering
language, with full explanation of all statistical terms.

3. Be written in "programmed learning" format so as to
be suitable for either training course or self-study use.

4. Contain worked out examples of typical applications

of statistical methods to highway construction.

Such a manual would accomplish many purposes. One

that may not be obvious would be to standardize the
mathematical and statistical symbols used by highway
engineers. IJnless such symbols and thei¡ precise defini-
tions have common usage, considerable confusion and

misunderstanding can be expected in connection with the
interpretation of future technical papers and reports dealing
with highway construction statistics.

VALUE ENGINEERING

Definition of Terms

Everyone wants more road for the money, but any ex-
perienced highway engineer knows that it is false economy
to jeopardize quality. To reduce quality below some criti-
cal point means heavy maintenance costs, an increasingly
serious problem as highway mileage is extended. To obtain
optimum mileage with available funds, without obligating
large amounts of future funds for maintenance, requires
that allocated resources be expended with maximum effi-
cieocy, and herein lies the potential contribution of value
engineering.

Value engineering must be carefully defined and clearly
understood if it is to provide significant economies in high-
way construction. This requires, first, an understanding of
what constitutes value in highway construction and an

explanation of what value engineering is, and what it is not.
The value of a canteen of water to a thirsty man varies

with the man's distance from a source of supply. The value
of a ship's compass to its navigator is vastly different from
its value to a housewife. The obvious logic of these state-

ments illustrates that value is a variable.
Value, although it is a broad term, has been categorized

so that it can be defined meaningfully. Three such cate-
gories of principal importance with respect to highway
construction are:

L. Use value---The obtained characteristics and qualities

of a material, product, or item of construction, associated

with accomplishment of functional performance.

The main performance characteristics of a pavement are

safety, smoothness, longevity, and the ability to suPPort

wheel loads without permanent deformation.
2- Cotst.value-_The Brice.of a .collection of units of

material or an item of construction, having specified char-
acteristics, in terms of money, proportion of available
manpower, or depletion of natural resources.

Here, natural rèsources refer to local materials having
some particular characteristic, which are in short supply,
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or will be exhausted in the foreseeable futu¡e. Manpower
refers particularly to qualified engineering or technician
personnel available within the budget of a highway
department,

3. Aesthetic value-The worth of an item of construc-
tion in terms of pleasing appearance or gratifying
performance.

Appearance, as used here, refers to minor details of
construction, such as special finishes on concrete surfaces.

Obviously, any specification requirement has some cost
value associated with it. To be justified it must have some

equivalent use value or some worthwhile combination of
use value and aesthetic value. The relationships, as applied
to highway construction, are the province of value engi-
neering, which can be defined as follows:

Value engineering-An organized effort directed at ana-

lyzing the function of highway components with the pur-
pose of achieving the required function at the lowest toial
cost.

The definition of highway components seems obvious;
such things as embankment, base, surface course, struc-
tures, and drainage are easily listed. But value engineer-
ing can include the means of achieving the function of a

component such as the administrative and engineering costs

of operating a highway department. In addition to the
direct cost of a square yard of base there is an associated
cost of inspection and testing of materials, field and lab-
oratory testing, paperwork, and the processing of claims.
These secondary costs, although relatively small, are related
to the number and nature of specification requirements.

As used in the preceding definition of value engineering,
function means the same as performance or use value.
Required means that neither more nor less than what is
actually needed ,and wanted is to be attained. By or-
ganized effort is meant a definite set of procedures which
will achieve the desired result.

Procedures

With respect to highway construction, procedures should
include:

1. Component selection.-Components selected for
function analysis should represent a substantial part of
the overall cost of the construction of a highway so that any
possible reduction in unit cost will achieve significant sav-
ings. There should also be an apparent potential for cost
reduction. One criterion is to compare the current unit cost
with that for similar items, fulfilling the same purpose,
constructed in other areas.

2. Determination of function.-The function(s) that
must be performed by each component must be analyzed.
The function of a component may vary according to antici-
pated trafrc demands or because of climatic coqditio4s,

3. Information gathering.-This means the collection of
all pertinent facts concerning the component. These in-
clude the present cost, projected availability of materials,
essential performance characteristics, actual level and vari-
ability of measurable properties of current acceptable
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material or construction, and historical background of
present requirements.

4. Development of alternatives.-The creation of ideas
for the use of other materials, or different methods of
construction, that appear to have sufficient potentials for
performing the required function at a reduced cost to
warrant testing, or use on a trial basis.

5. Cost analysis of alternatives.-The development of
estimates of the cost of alternatives and the selection of one
or more that will effect economies.

6. Testing of alternatives.-Laboratory tests, trial sec-
tions, or other proof that the use of the selected alterna-
tives will not jeopardize the functional requirements of the
component.

7. Preparation of specification.-The specification
should include only those requirements essential to func-
tional performance. At this point application of unjustiûed
safety factors or incorporation of arbitrary or redundant
requirements can wipe out the cost savings originally
anticipated.

Objective ol Value Engineering

At this point the difference between cost-cutting and value
engineering should be clear. Cost-cutting is attacking
things as they are to reduce their cost. Value engineering,
on the other hand, takes nothing for granted and attacks
everything about a component that will not change the
essential performance characteristics or use value below
the required level. In short, value engineering is a re-
appraisal of highway component requirements, from both
a function and a cost standpoint, done to assure maximum
value using more recent knowledge of relative material and
equipment costs on the one hand, and a better under-
standing of the technical and engineering requirements
related to performance on the other.

The basic objective of many current specification re-
quirements, at the time they were written, was to achieve
a standard by some means or other. The objective of value
engineering is to provide a component having the required
functional performance at a reduced cost value.

GENERAL ENG¡NEERING GUIDELINES

There are but few general engineering guidelines to cover
the technical aspects of construction specifications. Each
material, product, or item of construction has its own
problems, its own reasons for being, its own primary and
secondary control factors or properties, It is obviously
beyond the scope of this limited study to even attempt the
establishment of guidelines for each individual material or
item of construction. Nevertheless, a few general guide-
lines or principles are given, following which the three
items specifcally mentioned in the project statement-
aggregates, thickness, and smoothness-are covered in
greater detail.

General guidelines recommeoded for the engineering or
technical aspects of highway construction specifications
are:

1. Each material, product, or item of construction

should be classified as to its relative importance. The
metal used in highway signs, for instance, is not as im-
portant as the steel girders in a bridge. Each has its func-
tion, and each exerts its influence on overall serviceability
and costs. However, the consequences of accepting a
faulty bridge girder could be extremely serious, whereas
a faulty lot of signs can be more readily replaced.

The criteria or guidelines for judging the relative im-
portance of the various materials, products, or items of
const¡uction themselves are the same as those given for
criticality. It should be noted, however, that the criticality
ratings apply to the specification requirement and include
considerations other than the relative importance of the
item itself.

2. The specification requirements for a given material,
product, or item of construction should also be classified.
There are certain primary characteristics which are critical
to satisfactory performance, whereas other requirements
are of secondary nature having contractual or identification
significance only, For instance, the tensile strength and
elongation characteristics of steel cables used in prestressed
concrete beams would have a significant bearing on the
structural integrity of a concrete structure and therefore
should be classed as a critical requirernent. Sudden failure
of the structure could result in loss of life and every pre-
caution should be taken to avoid this possibility. On the
other hand, actual diameters of individual wires in the
cables are not so important. It is obviously uneconomical
and poor engineering to spend as much time and money
on the testing of secondary specification requirements as is
spent on the primary characteristics. Just because a ma-
terial or item of construction is in itself an important part
of the construction does not necessarily mean that each
specification requirement is important. In fact, the service-
ability of most highway construction items is a function of,
or can be described by, a relatively few primary character-
istics. It is recommended that emphasis be placed on
pinpointing those primary characteristics which really are
meaningful, thereby enabling spending of the testing dollar
to better advantage.

3. The buyer's and seller's risks should be established at
practical and realistic levels to reflect the criticality of the
specification requirements, as defined in Chapter Three. It
should be noted that criticality is a function of both the
relative importance of the material, product, or item of
construction itself and the significance of the characteristic
or requirement specified.

4. Quite independent of the relative significance of some

specification requirements (i.e., primary versus secondary
characteristics) is the matter of relative significance as a
function of historical experience in a given local area
(state or region). The ASTM and AASHO specifications
for many construction materials (such as portland cement,
asphalt cement) contain a number of secondary require-
ments which are only significant, or the qualify levels of
which are only significant, in certain parts of the country.
Some state specifications a¡e so far behind current quality
levels that the significance of some of their specification
requirements have lost meaning. For instance, the ductility



at 77'F requirement of 100 * cm is pointless in most parts

of the country, not because ductility per se is unimportant,
but because most modern asphalts never fail the test. It is

pointless to repeatedly run the ductility on every lot of
asphalt cement to be approved by a state highway depart-

ment, at least on the east coast, when a spot check from
each refinery or supplier once or twice a year would suffce'

Thus, it is recommended that the engineering or techni-
cal significance of the secondary requirements of proprie-
tary materials in particular be examined periodically from
the viewpoint of the number of failures historically en-

countered. This evidence should then be used to either
upgrade the quality level requirement or to adjust the

frequency of testing to most economically obtain the

protection deemed necessary.
5. A further general engineering guideline is to attempt

to define specified characteristics or requirements as a

single factor that can þe expressed numerically. It is

recognized that the interrelationships existing among the

specification requirements for some materials or items of
construction are important, Nevertheless, for the sake of
clarity and to facilitate the use of statistical methods, it is
highly desirable to reduce these relationships to measure-

ments that can be expressed as a single factor or coefficient
whenever possible. Examples include use of fineness modu-

lus or the Hudson 7 instead of aggregate gradation on

various sieves; VTS index rather than viscosity at two or
three different temperatures to define the viscosity-tempera-
ture relationship of asphalt cement; or the uniformity co-

efficient, Cu, for relative particle size control. Illustrations
of the use of this principle are scattered throughout this

report. Whenever possible, coefficients or factors derived

from rational analyses of fundamental properties should be

used. However, empirical relationships or factors can and

do serve a useful function in highway specifications when
properly used as interim expediencies pending further
definition of fundamental properties.

.6. The point has already been made that the relatively
few primary characteristics governing quality should be

pinpointed and emphasized in the specification. A corol-
lary to this is the recommendation that critical and ob-
jective engineering analyses of the specification require-

ments be made periodically in an attempt to find new and

better relationships with service performance. Just because

"we have always done it that way" does not constitute a

good criterion for a practical and realistic construction

specification.
Bases for improved specifications for construction, as

well as for design, are potentially available from the

AASHO Road Test. Two examples of use of this in-
formation in writing more ¡ealistic thickness and smooth-

ness specifications are given in Chapters Seven and Eight.

But this is only a start. The engineering family should be

alert to the other applications, not only from the AASHO
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Road Test but also from the multimillion-dollar annual re-
search program made mandatory by the Congressional
Highway Act. The results of research conducted (a) by
the states themselves or under the l1/z percent HPR pro-
gram, (b) within the Bureau of Public Roads, and (c)
under these National Cooperative Highway Research Pro-
gram studies should be reflected, where appropriate, in the

specifications if optimum value is to be derived from these

expenditures. This eftort is in addition to an already
impressive advance in highway construction technology
from the stepped-up lesearch sponsored by the materials
suppliers, equipment manufacturers, contractors, trade as-

sociations, and other free enterprise segments of the in-
dustry. Thus, a basic guideline recommendation is that
each state highway department establish a suitable means

for taking a good close look at the engineering and techni-
cal aspects of its specificatiots each year to assure keeping

abreast. Reflection in the specification requirements is one

of the most important and significant ways in which tech-

nological advances and the fruits of modern research can

be reduced to practice.

SCOPE OF SPECIF¡C ENGINEERING GUIDELINES

The three items-aggregate gradation, thickness of bases

and pavements, surface smoothness-as suggested in the

project statement, have been selected to illustrate these

general guidelines. These are reported separately in Chap-
ters Six, Seven, and Eight. An attempt has been made to
find some new approach to define and relate a significant
specification characteristic to serviceability' Current prac-
tice, as reflected by the specification requirements of a

sampling of 15 state highway departments and 2 federal
agencies, is included. In some qases it has been possible

to provide a reasonably current tabulation of specific re-
quirements for all 50 state highway departments. In read-
ing these chapters it should be understood that:

l. No attempt has been made to cover all the literature
pertaining to these broad subjects, only that pertinent to
specification writing.

2. The specification requirements for the 17 agencies

are current, but in those cases where tabulations are pre-

sented covering all 50 state highway departments the latest
available published data were used as a source of in-
formation.

3. An attempt has purposely been made to find some-

thing novel or new to illustrate various points. These ideas

are admittedly not time proven and, although believed to
be technically sound on the basis of current information,
they are undoubtedly subject to challenge, at least in paf.

4. No attempt has been made to write a textbook cover-
ing all of the technical aspects of aggtegates, thickness, or
smoothness. Rather, the objective has been to select those
aspects illustrative of certain guidelines germane to the
writing of practical and realistic construction sPecifications.
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CII.APTER SIX

AGGREGATE GRADATIONS

In this and the following two chapters nó attempt has been
made to write a textbook. Instead, the objectives are to
present illustrative guidelines and new approaches to meth-
ods of analyarg relationships between specification re-
quirements and performance.

PURPOSE OF CONTROLLING GRADATION OF

AGGREGATES

It is generally .agreed that of the various controllable
characteristics of aggregates, gradation is of primary inter-
est. However, there is not unanimity of opinion as to the
importance of controlling gradation or what variations
should be allowed under various conditions. Economic
considerations and availability of local materials have led
to a diversity of requirements for gradation of aggregates
used for similar purposes in difierent geographic areas.
This is exemplified by the requirements for gradation of
base course aggregates in various states shown in Table 11.
Several swveys have shown that this diversity is character-
istic of requirements for other applications.

The basic reasons for specifying gradation are as

follows:

1. To limit maximum size because of restricting dimen-
sional considerations.

2. To limit the quantity of fines (minus No. 200 ma-
terial) because of plasticity or capillarity and frost.action
considerations,

3. To control the quantity and size of aggregate voids.
4. To limit the surface area.
5. To produce adequate shear strength.
6. To obtain adequate workability.
7. To control the texture of exposed surfaces.

RELATIONSHIP OF GRADATION TO VOIDS

Requirements as to maximum size and quantity of FrNES

depend on the particular use to be made of the aggregate.
The proportion of particles of different sizes within this
maximum and minimum range, for most applications, is
related to certain mathematical relationships. Workability,
density, and shear strength are more or less interrelated
and are maximized when the proportion of one size group
to another is in the ratio, R, of 1 to 1.35.

As shown in Figure 21, when ag$egates are separated
into size groups by the use of sTANDARD sreves absolute
minirnum voidage is obtained when the percentage passing
each sieve is approximately 1,35 times the percentage
passing the next smallei sieve.

This may or may not be a desirable condition. In
asphaltic concrete, for example, it is necessary to provide
sufficient aggregate voidage to accommodate the quantity
of asphalt required to coat the aggregate particles with
durable films of asphalt. The relative size of the voids is

also of importance, because small voids tend to reduce
permeability whereas large voids reduce capillarity and
provide space for frost expansion. Working from this
concept of the effect of the ratio of one size group to
another, aggregate gradations can be tailored for specific
applications. For example, Table 9 gives three theoretical
gradations having the same maximum size but with widely
diff erent voidage characteristics.

Gradations A and C have approximately the same excess
of voids over gradation B, but the voids differ greatly in
average size. The quantily of voids.as affected by grada-.
tion is relative, inasmuch as particle shape and surface
texture of the particles will determine absolute voidage in
any particular gradation.

The ratio of I to 1.35 for successive size groups agrees
well with the maximum density log-log slope of 0.45 veri-
fied by the Bureau of Public Roads and with Fuller's para-
bolic maximum density curve, which has influenced many
gradation specifications. However, as previously stated,
maximum density may not produce optimum voidage for
some applications, and any theoretical curve used as a basis
for a gradation band should be investigated with respect to
its suitability for use under actual construction conditions.
For example, the relationship between percent asphalt by
volume required for durability of asphaltic concrete, .and
the aggregate voidage resulting from the aggregate grada-
tion is such that the aggregate voidage should exceed 15 to
17 percent, rather than be forced to a minimum value. As
can be seen by inspection of current specifications, it is
common practice to grade binder courses so as to produce
large voids (R > i.35) and wearing courses so as to pro-
duce small voids (R < 1.35).

TABLE 9

EFFECT OF GRADATION RATIO ON VOID SIZE

PERCENT PASSING

SIEVE
stzB

GRÄDATION À,
HIGH PER- GRÀDÂTION B,
CENTAGE OF MÎ{IMUM
SMALL VOIDS VOIDS

GR.ADATION C,
HIGH PER-
CENTAGE OF
LARGE VOIDS

l.Vz in.
3/+ ìn.
3/e iÐ'

No.4
No.8
No. 16
No.30
No.50
No. 100
No.200

100
83.3
69.4
57.8
48.2
40.2
33.5
27.9
23.3
19.4

R:1.2

100
74.1
54.9
40.7
30.1
22.3
16.5
12.2
9.0
6.7

R:1.35

100
62.5
39.r
24.4
15.3
9.6
6.0
3.8
2.4
1.5

R-1.6

li. "

l-....



AGGREGATE GRADATION SPEC¡FICATIONS

Asphaltíc Concrete

BASIS OF CURRENT SPECIFICATIONS

A review of current specifications for asphaltic concrete
aggregates has shown that there is an extreme diversity in
gradation requirements, even for paving mixtures used for
similar purposes. This lack of uniformity of requirements
is illustrated by the typical gradings speciled by the agen-
cies included in Table 10. In the broad a¡ea of paving
mixtures, some aggregates are WELL GRADED, some sKIp
cRADED, some opEN GRADED, and some DENSE GRÁDED.

Inasmuch as all of these mixtures are presumably giving
satisfactory service in some application, there is little evi-
dence that gradation is intrinsically related to performance.
Although, in general, dense-graded aggregates having a

relatively large maximum size show a high resistance to
deformation in laboratory tests, this is not necessarily an
indication of superior use value, because pooRLy-cRADED

sand aggregate has given satisfactory performance in some
applications. On the other hand, gradations based on
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theoretical cuwes have not performed satisfactorily in some
pavements. In other words, there does not appear to be
any basis in current practice for a "best" type of gradation
for universal application. Ilowever, there are certain gen-
eral considerations that may be considered to be guide-
lines for judging the practicality of any gradation specifed
for use in an asphaltic paving mixture.

MAXIMUM SIZB OF AGGREGATB

In general, the size of the sieve through which all orpraç-
tically all of the graded aggregate must pass is limited to
about th to 2/e the thickness of the paving course. Also,
as maximum size increases, the stability, or resistance to
deformation, increases and the proportion of asphalt re-
quired to produce a durable mixture decreases. For this
reason, gradations starting with a large maximum size of
aggregate up lo lr/z or 2 in. are both suitable and eco-
nomical for black base construction in areas where crushed
stone is available locally. In overlay work, black base us-
ing a large maximum size of aggregate has been found to
reduce or defer reflection cracking. For construction of
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Fígure 21. Relatíonshíp of Pt/Pzratío to aggregate voídage.



T.{BLE 10

GRADATION OF AGGREGATES FOR BITUMINOUS MIXTURE (HOT-PLANT MIX)

AGENCY MIXTIJRE

Base, f-in. max. coarsea
Surface, Y¿-in. max. coarse
Surface, Y¿-in. max, medium
Surface, fa-ln, max. fine
Surface, %-in, max. coarse
Surface, %-in, max. medium
Surface, \á-in. max, fine
Surface, s/s-in. max.
Surface, No. 4 max.
Based
Leveling ¡
Surface, Type A
Surface, Type B
Binder, A t
Binder, specíal, B"
Surface v
Binder
Leveling
Surface, 254
Surface, 314
Base, Type C
Base, Type D
Surface, Type A
Surface, Type B
Base, S.A.
Base, D.G.
Surface, S.A.
Surface, S.A,
Surface, S.A.
Surface, D.G.
Surface
Mix Ibb
Mix II co

Mix III cc
Mix IVdd
Mix V ec

Mix VIrr
Mix VIIsc
Class Ä
Class B
Class C
Class D
Binder
Base
Surface, 1A
Surface, lAC
Surface, 2A
Surface, 2B
Surface, 3A
Base¡n
Surface, Type Aoo
Surface, Type B nr
Surface, Type Çcr
Base, binder, Type A
Binde¡, surf., Type B
Level, surf,, Type C
Binder
Surface, Nat. S.
Surface, Gr, S.
Surface, Sn. S.
Base, TyÞe AYY
Base, lev., Type B '"
Surface, Type C "o"
Surface, Type D Âta
Surface, Type E
Base, bínder
Surface, No. 3
Surface, No. 4

E

F

TorAL PAssrNG stF,\P, srzB (Vo)

G

H

I
J ccc

2 rN, 1% rN, 1 rN.

90-100

95-100 80-95 50-65
100 90-100 6o-75100 95-100 65-80100 95-100 70-85100 95-100 70-90100 95-100 80-95100 95-100 80-95

100 95-100
100

7¿ rN. r/z rN.

70-95 48-62
90-100 60-80r00 90-100 70-85100 95-100
95-100 r 10-30r

95_100 I 2H0s
95_100 m

100 "
100 0

100 p

7e IN'

M

N

o

P ddd

a

7¡ rN. No. 4 No. 8

100100 95-100 65-90

0-35 * 2s-70*
0-25 w 2M5r

8-25 ¡
0-10 x
0-5 x

1 00 95-100 q

100 85-100q
100 98-100c

95-100 r

100 70-100 5s-8s 45-70100 70-100 55-85100 70-100100 75-100100 90-100 3s-65
100 60-75 20-50

. 100 tt-ot8o

100
100

100 95-100
10-35 w 10L45 x 5-40 c

0-5 t, 7-30x 7-30kk 10-35 c
0_6x 10_35Ìk 10_358

0_7kk 25_50c
100 80-100 60-80100 80-100 70-90100 80-100100 90-100 38-68

100
100

100 95_100 ft 1 5_40 kk 70_25 s
100 95_100 uü 10.-40 s

100 95_100vv 10*35 s100 95-100 sw

100 95_100 65_90
100 95-100 75-100

r00 95-100

35-50
40-55 27-4045-60 3H5
50-65 37-52
5M7 35-50
55-72 38-5558-75 4340
60-85 50-70
95-100 70-802840 23-33
32-43 2ç3640-s2 3H0
50-ó0 40-50

5-15 h

5-15 h

10-30b

40-60
15-30
5Ms
52-68

100
100

100

opening sieves, dddTypes A and C=coarse-graded; Types B and D=fine-graded: Type E=sbeet asphâlt.

100h

4o-70
70-85

No. 10 No.30 No.40

90-100
100

0-20
10-25
20-4.5
12-40
20-35
0-10

70-90
75-100

100
40_70

0-15h
5-15 h
5-25h
8_30 h

15-30h
8-25 h

0-5 h

72-:2.5
11_t)
12-25
18-30
15-30
l8-33
20-35
2840
35-50
77-25
19-21
18-28
25-35

7-221
1-14 I

7--221
74-36
14-36
2540k
30-50 k
20_!,0

5-15
35-50
35-50
70-100
30-5s
90-100
45-80
60-90
75-95
25-55

l-11 z

2-l4z
2-742
2-17 z

8.222
3-25 z

4-25 z

2045
30-50
35-55
20-35

No.50 No.80 No.200 BrruMEN

30-55
40-ó5
50-75
35_55

10-35
5-20

65-85
95-100
90-1 00
88-93
60-80

0_5tt
0-10 r r

0_10 I I

0-15 I I
40-55
50-70
55-75
15-44

5-18 
'5-18 t

5-18 
'

2-7
3-6
3-7
4-10

4-8
6-12
7-14
7-16
14
1-5
¿t-8 "
6_10 bbb

3-7
3-7

6-14
7-75
8-16

70-20
3-10 E

3-10 k
3-10 k

4

8-16
8-16
545

15-45 3

1,545
15-45 s

75-45 s

15-45 "

2-13x
3-16 I
3-16 t
3-2Qr
4-9\
6-25 |
8-28r t
7-15
8-20

10-23
6-13

15-30
18-32
15-90
35-90
35-15
35-90
35-90
35-90

4.0-5.5 c

4.s-5.5 c

5.M.5"
5.0-8.0 c

3.5-7.0
3.5-7.0

4-7
4-8
4-8

4.5-8.0
5.0-9.0
3.5-4.5 c

4.2-5.0 c

5.2-6.2c
5.24.2c
5.5-9.5
4.0-7.0
7.5-12.0
5.0-10.0
6.0-11.0
6.0-10.0
3.5-7.0 c

4-6
5-:l
5-8

5.5-9
5-8
8-1 1

9-11.5

5-20hh
0-5 hh

32-65 hh

45-70hh
65-80 hh

58-72hh
25-55 hr
10-40 hm
2045úm
2045úú
20-45 nn

10-30
100

85-100
85-1 00

2-75 aa

5-18 a¡
5-18 Âr
4-24ua
¿l-15 !a
8-30 Â¡

10-35 aÂ

.5-8
5-1
0-5
0-5
4-8
¿t-8
2-15
1-15 3

7-15
7-20a
?-203
1-15 3

2-10
0-5
4-8
4-8
4-8
4-8
4-10
0-15
4-8
4-9
,1-10
2-8

2-6
2-8
5-12
6-12l4
0-5
0-8
0-8
0-8
?-8
3-9
4-10
0-5
9-1 5
9-15
0-15
0-8
0-8
0-8
0-8
7-20
3-72
5-72
5-10

90-100
90-1 00

5-20h
5-25 h

10-30h
10-30 h

100x¡
40-65
45-85
70-85

2-14 |
¿1-18,
4-18 t
6-22t
3-15 I

10-28 
'12-33 t

10-25
15-30
15-33
10-18

15-39 r I 7-25
8-40 r r

35-70
35-54

5-20 r r

30-45
35-50
40-55
7-24rt

88-100 rr
65-82 r r
?0-90 rr

0-20 |

0-30 I

0-30 r

0-30 I

15+0 I

25-50 7-2030-60 10-2550-70 10-25

3-12
3-15

1740
1+-32
2-10

2-77 E

3-15 k
3-15 k
3-15 k

4-19 7-14
70-92 50-8045-64 26-42
65-85 50-70

3-t5 t
4_20t
4_25 t
4_25 t

2M5t

15-30
15-30
1 8-33

=+ãs.s
2.54.0
5.8-7.0
6.0-8.0
7.5-8.5
7.0-8.0
s.8-7.0

4-8
4.0-9.5
4.5-9.5
4.5-9.5
4.H.5c
5.0-7.5 c

5.0-7.5 c

4.O-7.5
9.0-12.5
7.5-1 1.0
8.0-11.0

3-6
3.5-7
3.5-7
4.0-8.0
't.5-12
3.5-6.0
5.0-7.0
5.0-7.0

8--20
10-20
10-22
0-10 "3

20403s
74-2488
20-35 33 1

2-75k
3-20 k
3-25 k
3-25k

72-32k
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Figure 22. Relationshíp of Ã to asphalt demand.

binder courses, T+ in. appears to be a practical maximum
size, whereas asphaltic concrete wearing courses for high-
ways usually are limited to Yz or s/e i¡.

PERCENTAGE OF FILLER

Most designers of asphaltic concrete paving mixtures pre-
fer using a percentage by weight of filler, or minus No. 200
material, about equal to the percentage by weight of as-
phalt. Although the maximum allowable ratio depends
largely on the type or source of the filler material, under
general conditions ,there is increased danger of brittle pave-
ment when the percentage by weight of effective minus
No. 200 in the paving mixture exceeds 1.2 times the
percentage by weight of asphalt.

GR.ÀDATION OF INTERMEDIATE ACGREGATB

Although, as previously mentioned, many types of grada-
tions a¡e in use with apparent success, an aggregate that is
well graded ffom coarse to fi:re has the advantage of mini-
mi"iog segregation. This type of gradation, which appears
as a nearly straight line on a semilog plot, has been found
to offer good resistance To post-compaction under heavy
treffic. Most important, however, it usually provides sufr-
cient void spacg between the aggregate particles to hold
the asphalt required for pavement durability.

A suitable gradation, regardless of type, must provide a
balance between the surface area of the aggregate and the
voids between the aggregate particles. Initially the aggre-

gate particles must be coated with a quantity of asphalt that
will provide films of durable thickness, and after com-
paction the aggregate voids must be only partly fllled with
this quantity of asphalt. For wearing courses of asphaltic
concrete the minimum percentage by volume of asphalt
required for durability, as indicated by the value of the
HUDSoN ,4, a measure of coarseness of a gradation, is
shown approximately in Figure 22. The corresponding
approximate aggregate voidage required may be found
from

VMA: 1.2 (SD + 1.5) (9)

in which VMA is the percentage of voids in the compacted
mixture not filled with asphalt, and ,S¿ is the percentage of
asph.alt by volume. Eq. 9 is essentially equivalent to the
Marshall criterion that7í to 80 percent of the VMA should
be filled with asphalt and was derived from data contained
in Technical Memorandum No. 3-254, "fnvestigation of
the Design and Control of Asphalt Paving Mixtures,"
Department of the Army, Corps of Engineers, Mississippi
River Commission, Waterways Experiment Station, Vicks-
burg, Miss. (May 1948) (see Fig. 23).

For typical wearing cou¡se mixtures the minimum as-
phalt by volume is about 13 percent. The corresponding
required minimum aggregate voidage is about 16 percent.

Although it is customary to fi¡st select a gradation that
will fall near the center of specification limits and then
design a mixture by finding the percentage of asphalt that
will satisfy empirical criteria, this procedure does not
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necessarily insure a durable mixture. A more logical step which suggests that a practical fine aggregate gradation

. would be to first design a gradation that would provide the speciûcation need include only the allowable range of
proper aggtegate voidage with the particular combination percentages passing the No. 4, the maximum allowable

. of aggregates to be used. percentage passing the No. 100 and a permissible range in
i 1o further insure durability by minimizing permeability fineness modulus, as in the example (Case 2-C) given in

to air and water, the total volume of aggregate voids in ¿ Chapter Three. This range in FM should be based on an
wearing course should be made up of relatively small voids. investigation of gradations of available aggregate and a

' This means that the gradation must contain a considerabls value engineering analysis of the possibilities of effecting
p.rcentage of sand, as is usual in the case of a well-graded savings in cost by using a wider or alternatè range of

: mixture of aggregate particles. acceptable FM values.

. UNEAGGREGATE COARSEAGGREGATB

, Examination of current gradation requirements for fine A study of the coarse aggregate gradations currently speci-

t aggregate for portland cement concrete by the various fied by highway agencies shows an extreme diversity in
, highway agencies shows that practically all specify that requirements. In connection with another study (NCHRP
r 100 percent shall pass tJte 3/s-in. sieve and 95 to 100 per- contract HR 10-2) wide variations were found in the gra-

cent shall pass the .No. 4 sieve. Requirements for per- dations of coarse aggregates at the time of being batched
. centages passing the other sieves vary over.a wide rânge, into mixer trucks. Because the resulting concrete was

,i



TABLE 11

GRADATION REQUIREMENTS FOR AGGREGATE BASES

MD(
DESICNATIONÀGENCY

of
P

Cl 1,1Y2 i¡. max.
Cl. 1,3/c in. max.
C|.2, 1Y2 in. max.
C|.2,3/+ in. max.
Subbase
Surface A
Surface B
Surface C
No. i
No.2
No. 3

A, 2 in. max.
B,7t/z in. mæ<.

C, 1 in. max.
No. 7 Gravel
No. 8 C¡ushed stone
No. 9 Crushed gravel

Cl. 3 Crushed rock
Cl.5 Gravel
Cl. 5A Gravel
Cl. 58 Gravel
NS
SS
NC
SC
Type A, Grade 1

Type A, Grade 2
Type A, Grade 3

Type A, Grade 4
Type A, Grade 5
Type A, Grade 6
Type B, Grade 1

Type B, Grade 2
Type B, G¡ade 3

Type 2A
Type 2B
Type 5A
Class 1

Class 2

Type A
Type B

Grade 1, Type A
Grade2, Type A
Grade 3, Type A
Grade 2, Type B
Grade 3, Type B
Grade 2, Type C
Grade 3, Type C
Grade2, Type D
Grade 3, Type D
Grade 2, Type E
Grade 3, Type E
No. I Crushed gravel
No. I Crushed stone
No. 2 Crushed gravel
No. 2 Crushed stone
T.B.M.

100

100

95-100

100

100

100

100

d

100

100

100

K

L'
M
N

100
100
100

s 20-40 percent passing No. 16
o n"qoiå-"ots io, -'iot. No. 10 fraction include clay and
c 100 percent passing 4-in. sieve.
d 100 percent passing 3-in. sieve.
e 100 percent passing 2rl2-in. sieve.

PERCENT PASSING, BY WEIGHT

2 rN. 73/q û-1. lY2 w. 1 N.

100

100

100
90-100
90-100
90-100
95-100

90-100
90-100

100
100

100

90-100

90-100

90-100

70-100
100

100

90-100
100

80-100
95-100

100

100
40-100

100

100
100

3/+ w. Yz w. 7e rN. No.4

100

100

100

45-80
60-100

100
55-85
70-95

100
100
100
r00

85-100

100
100
100

70-100
95-r00
65-100
75-100

50-85
90-r00
50-80
90-100

95-100
50-90

100

50-80
55-85
70-100
80-100

100
90-r00
90-100
90-100

30-60
30-65
40-70

65-100
60-90
60-90
40-60

3045
35-55
2545
35-55
30-60
30-60
30-50
30-60
20-50
20-50
20-50
30-60
30-60
35-65
40-60
40-60
40-60

35-10
35-80
35-80
35-10
30-85
40-85
30-70
30-63
25-60
25-60
25-60
25-60
25-60
25-60
25-50
25-55
30-60
3s-75
30-80
25-60
30-60
40-:70

25-60
25-60
20-50

35-55
2s-55

25-:10
25-:70

35-55

30-60
2s-55
35-65
30-60
35-65

25-50
25-50^
25-50"

45-100
70-100
35-90
45-90

65-90
50-95
50-95
50-85

30-75
25-60

50-70

100
50-80

100

100
100

70-90

70-100
70-100
s5-90
80-100
85-100

50-85
40-100
30-75

75-100

100
100
100 85-100

40-75
30-65
50-85
4r*.75
50-85

silt limitatìons; no master range for other fractioDs.

t Agency does not specify a master range, but specifies gradation requirements for the component aggregates used to produce the finished product.
c 70-92 percent passing /s-i¡. sieve.

¡¡o. 8 No. 10 No. 30 No.40 No.200

t0-25
10-30
r0-25
10-30

2H.5

2045
15-40
15-40
15-40

20-35
2545
25-65
25-70
25-55
25-65b
28-65 b

25-50 b

25-50b

2045
30-55

2043
15-35

2045
15-40
25-50
2045

5-25
5-25
5-25

10-30
10-30
15-30
1.5--25

t2-30
10-35
10-35
10-30

15-30
10-40
1 5-30

10-30
8-26
7-22

20-10
15-40
15-40
15-30
I 5-35
15-50
15-55
30-50
35-55
35-55
35-55
15-30

t5-30

l5-30

57

2-9
2-9
2-9
,_o
5-15
7-t5
5-L2
5-12
0-10
0-10
0-r0
5-15
5-15
5-15
5-10
5-15
5-15
3-7
5-13
3-10
3-10
3-:7

12
12
12
l2
t2
12

8
I
8

4.5-12
4.5-12

5-12
3-10
4-12

0-15
4-12
3-10

3-10
3-12
3-10
3-12
5-12
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presumably satisfactory, and because investigators have
found little or no effect of the gradation of the intermediate
aggegate on concrete strength, simptified gradation re-
quirements appear to be an area of possible cost savings,
Special stockpiling procedures or rescreening of aggregates
add appreciably to the cost of concrete. If coarse aggre-
gate specification requirements could be reduced to a
range of percentages passing a étated maximum sized
sieve, a range of allowable percentages passing a minimum
sized sieve, and a range of FM values for the intermediate
gradation, acceptance testing could be simplified. A value
engineering analysis would indicate the potential savings in
product cost.

CURRENT PRACTICE

Gradation requirements for fine and coarse aggregate for
portland cement concrete, as specified by the highway
agencies in 1963, are given in Appendix B.

Base Courses

Aggregate base courses should be more or less dense
graded, especially the fraction larger than the No. 4 sieve.
The aggregate fraction passing the No. 4 sieve should be
open graded. It is extremely important that the large
spaces between the particles in the coarse fraction be filted
completely with the fine f¡action. Aggregate base courses
containing large air voids that are not filled with finer
material are subject to particle rearrangement, with subse-

quent change in volume or shape, and to degradation.
AJso, large air voids in aggregate base cou¡ses permit
intrusion of subgrade material during periods when the
subgrade becomes soft, which causes the base to become
unstable.

As previously stated, the flne fraction should be open
graded, with the material fine¡ than the No. 40 sieve pref-
erably not greater than about 50 to 60 percent of the minus
No. 10 sieve material, and the amount passing the No. 200
sieve not more than two-thirds of the amount passing the
No. 40 sieve. This latter stipulation is very important,
because fines passing the No. 200 sieve contain material
that may cause the mass to be frost susceptible, expansive,
and plastic. Open-graded fines in an aggregate mass will,
of course, cause the mass to be slightly less dense; on the
other hand, the mass will be more permeable (free drain-
ing), and less likely to develop Dore pressure that will
cause elasticity.

As shown in Table 11, the majority of engineers prefers
a 1.- to 2-in. maximum size aggregate for base course con-
struction, because a larger maximum size is more subject
to segregation due to a wider range in particle size from
coarse to fine. The objectives of having a fairly dense-
graded aggregate with small-sized voids and allowing for
a reasonable variation in gradation can be met by placing
the gradation band above the maximum density cu¡ve for
the maximum-sized aggregate. This is shown in Figure
24, where the gradation band is bounded by the maximum
density cu¡ve for lVz-in. aggregate on the coarse side, and

oz
,n
,A

Í
Fz
l¡,(,
E
L¡
L

SIEVE SIZE

Fígure 24. Practícal gradation limíts, aggregate base course.

SIEVE NUMBER
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by a nearly parallel band on the fine side. The curve for
the coarse side is generated by dividing the percentages
passing the standard sieves repeatedly by R: 1.35. From
Figure 2l it can be seen that this gradation will provide
nearly maximum density, and that any excess of voids will
tend to be small, rather than large. Additional protection
against plasticity, or frost effects, can be obtained by re-
ducing the percentage passing the No. 200 to below the
theoretically computed value.

The gradation limit on the fine side should be spaced a
distance above the maximum density curve, which is the
limit on tÏe coarse side, that will allow for a realistic de-
gree of variation. This will require a band width of about
four standard deviation units. A typical curve based on
tests of pavement samples of pugmill-mixed material is
shown in Figure 24 and Table 12. If the job-mix formula
is locatecl at the midpoint of this band, the gradation of
95 percent of the material should fall within the specified
gradation band.

PARAMETERS FOR DEFINING GRADATION

To measure and assess the effects of changes in gradation
by the use of statistical methods, it is necessary to describe
the gradation by a single number rather than a multiplicity
of percentages, Use of such a parameter makes possible
the application of statistical methods of measuring varia-
tion and the derivation of significant limits.

The fineness modulus (FM), originated by Abrams, is
such a parameter and is useful when dealing with aggre-
gates for portland cement concrete. However, it was in-
tentionally designed to exclude the inîuence of the minus
No. 200 on the gradation. This makes the FM unsuitable
for use when dealing with aggregates for bituminous con-
crete or when other aggregate mixtures contain a signifi-
cant quantity of fines.

Recent studies have resulted in the concept of the so-
called Hudson l-, which is simply l/100th of the sum of
the percentages passing the ten standard sieves starting
with the lVz-in. and including the No. 200 sieve. Theoret-
ical, and limited experimental, investigation indicates that
I is a fundamental constant related to the relative surface
area of the aggregate in any mixture of particle sizes. The
relationship of Ã to the asphalt demand in hot-mix bitumi-
nous pavement is shown in Figure 22, which shows that,
with asphaltic concrete aggregates in the usual range of 7
of frdm 4.00 to 6.00, a change of 0.50 in the value of 7
would change the asphalt demand by about 1 percent by
volume, which is enough to affect the performance of the
mixture. Thus 7 appears to be a sensitive measure which
can be used in specifications. For example, the specifica-
tions for bituminous concrete could contain a provision
that if the 7 value of the actual aggregate gradation, as

shown by bin tests, cannot be maintained within 0.50 of
the I value of the design mix, the mixture shall be rede-
signed. Although 7 is not directly correlated with aggre-
gate voidage, it does a.fford a means of detecting significant
changes in a gradation as a whole, and can be used as a
measure of variation in any connection where changes in
the surface area of an aggregate mixtu¡e are of importance.

TABLE 12

PRACTICAL GRADATION LIMITS,
AGGREGATE BASE COURSES

PERCENT P,A,SSING

SIEVE

SIZE
COÀRSE

UfvUf, Z "

FINE ÄÁSHO

ttv:r,U b spec.

lVz in.
I in.
3/¿ in.
Vz i¡.
3/e in.
No.4
No.8
No. 10
No. 16
No. 30
No.40
No.50
No. 100
No. 200

100
80-100
70-90
60-80

40-60

2846

16-33

7-20
3-12

"R=1.35. bLl4o.

The uniformity coefficient, C*, is still another parameter
that is useful in characterizing the properties of a gradation.

REAL AND APPARENT VARIATIONS IN
AGGREGATE GRAÐATION

In connection with another study (NCHRP contract HR
10-2) probability samples of aggregates were taken from
different points in the process stream, including the point
at which the aggregates were incorporated into the product
or item of construction. In general, unexpectedly large
variations were found in the gradation of single-increment
samples, including the samples taken at the point of use.
Inasmuch as these samples were taken from aggregate
streams going into actual products or items of construction,
which were presumably satisfactory, the question arises as
to the significance of these variations and related failure of
many single-increment samples to fall within the limits of
the gradation specification. The sources of the overall
variation are shown in Figure 12. It will be seen that
within-batch variation is a sizable component.

This is the difference in gradation found between two
increments taken from the same batch of aggregate, such
as that weighed out for a mixer-truck load of concrete.
This variance has no significance as far as the quality of
the concrete is concerned, because it will disappear and a
new pattern of variance will be established when the con-
crete is mixed. Ilowever, a gradation test on a sample
composed of a single increment may indicate an apparent
failure to meet the gradation specification. For tlis reason,
gradation requirements should be tied to a definite sam-
pling plan that will average out temporary, within-batch,
segregation. Such a plan would require taking several
random portions of equal sizp from each batch, and mixing
of these portions to form a composite increment. If this
is not done, either specification limits must be very wide
or it must be accepted that many test results will fall out-
side of the limits.

100

9l

79
62
46

32
24

t8
13
11

100

74

55
4l
30

)')
t7

12
9
7
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ACCURACY OF PERCENTAGES PASSING SIEVES FOUND
BY TESTS ON INGREMENTS

Necessity lor Accuracy in Gradation Tests

In a perfectly-mixed mass of aggregate containing particles
of different sizes the distribution of any size of particle is
randomized, as in Figure 118. For this reason, there is
some minimum size of test portion necessary if the per-
centage of particles of that size in the mixture must be
found with some desired degree of accuracy. In fairness to
the producer, practical and realistic specification limits
should allow for variations in test results to be expected
with a reasonably-sized test portion, as well as some varia-
'iion in the actual gradation. The specification writer should
be aware of the relationship between the accuracy of the
gradation test and the test portion size.

Basic Equatíon

In a mass of perfectly-mixed graded aggregate, free from
segregation, the particles are arranged in a statistically
randomized pattern. As a result of this randomization,
the proportions of the different sized particles in a sample
taken from the mass are subject to natural law and will
have an inherent variance which results in a standard devi-
ation for each of the percentages of different sized particles
separated by sieving. The size of this standard deviation
is given by

in which

W : minimum sample (test portion) weight, in pounds,
required to attain an accuracy of + I percent 95
times out of 100;

P : percent by weight passing a designated sieve; and
F : average particle weight, in grams, of all particles

larger than the openings of the designated sieve.

Computing Average Particle Weight

The average particle weight, g-, can only be determined ac-
curately by counting, then weighing, a large number of
particles. However, a method based on theory, but slightly
modified to conform to experimental results of counting
and weighing many thousands of particles, has been de-
veloped for estimating this value. It is believed that this
method is sufficiently accurate for estimating the value of þ
of either rounded or angular particles in the range of 2.60

- 2.10 bulk specific gravity. For very heavy or very light
particles the value of þ should be adjusted by use of the
factor B.s.g./2.65.

The fi¡st step is to determine the average size, ã, of the
particles passing a sieve having openings of size d, and
¡etained on a sieve having openings of size d". It may be
sufficiently accurate to take the geometrical mean of the
two sieve openings (A : V dld), but a more precise esti-
mate is

(10)

in which

P - percent, by weight, of the aggregate passing (or
retained on) a designated sieve;

dø : standard deviation of P,-

w : average particle weight of the aggregate retained
on the designated sieve; and

W : total sample (test portion) weight (weight of all
particles placed on the sieves).

Results of sieve analyses are usually reported in terms
of the percent by weight passing the sieve, to the nearest
whole percent. For the percent to be entirely significant
there must be at least an equal chance of obtaining the
same value if another test is made on another test portion
from the same sample increment. In other words, con-
ditions must be such that it is possible to attain an accuracy
of-= l percent. For this to be true 95 times out of 100,
the results must fall within -+ 2ø of the true mean, so ao
:0.5.

With this limitation, Eq. 10 may now be restated as

, _P(10O-P)w
0.25

," : l'r'oor'a

However, samples o¡ test portions of coarse aggregate
are usually measured in terms of pounds, whereas aggre-
gate particle weights are ,most conveniently stated in terms
of grams. Making these adjustments, Eq. 11 becomes

w _ P(100-P)E
tt3

For example, suppose a base material has 99 percent
passing a 2Vz-in. sieve and 50 percent passing a l-in. sieve.
The sieve openings are 2t/z in. : 63.5 mm and 1 in.:
25.4 mm,respectively.

Substituting these values in Eq. 13 gives

a _ 0.4343(6?:1 _ 25.4) : 4"t .23 mm.

"'(ffi)
The next step is to compute the average particle weight,

ã. The equation, baSed on counting-weighing many thou-
sands of particles of different aggregates, is

g- - 0.003 d-'?'8 (14)

which evaluates to p : 0.003 X 47.232.8 : 99.9.

Computíng Required lt/eìght of Test portíon

Then, from F,q. 12, W :50(10O - 50) 99.9/ 1.13 :2,21O
lb.

Accuracy ol Small Samples

These computations indicate that more than a ton of aggre-
gate would have to be passed through the sieves in order
to measure the percent passing the l-in. sieve with a 95
percent assurance of an accuracy of :t 1 percent. Use of
such large samples may be too imprac,tical to consider, but

- 0.4343( d. - d^)

"r(+)
(13)

(11)

(t2)



61

For example, an aggregate has tìe following gradation:use of smaller samples leads to a loss of accuracy. The
size sample required by AASHO T-27 f.or a ZVz-in. maxt-
mum size aggregate is 25,000 grams, or about 55 lb. To
find the accuracy obtainable with this size sample, Eq. 10

may be stated as Sieve
Size

Percent
Passing

Sieve
Size

Avg.
Particle

Percent Weight, ?
Pass.-Ret. (gm)

( 1s)

which for the values used in the example gives a" :3.17.
For a 95 percent degree of assurance, z: 1.96. There-

fore, -+ À : -f Zcø:1.96x3.17 - -+- 6.2 percent.
This means that if the AASHO sized sample is used, the

results should be reported as

Sieve Size Percent Passing

I in. 50+6

If the specification limits were 35-65 percent passing the
l-in. sieve, under the foregoing conditions the actual grada-
tion would have to be maintained between 41-59 percent,
otherwise the + 6 percent inaccuracy of the test would
cause a percentage of the test results to indicate that the
aggregate did not meet the gradation specification.

Checking lor Governing Percentage

In most cases the required test portion size will be de-
termined by the percentage passing the second largest sieve
in the gradation; that is, the one following that which
passes 95-100 percent of the aggregate. In doubtful cases,

the test portion weight required by other sieve sizes can
be checked by substituting the proper value fo¡ E in E'q. 12.

For the percent passing the 3/+-in. sieve the required test

portion weight is W :97 ( 100 - 97) x 32/ Ll3 : 82.5 lb.
To find the required test portion weight with respect to

the percent passing fhe 3/a-in. sieve, the average weight of
the particles retained on that sieve must be found' There

are 3 percent of lr/z- to 3/q-in. particles and 57 percent of
3/c- to 7a-in. particles, so the average weight is p:
(3 X 3Z)-+ (57.X 4.1) : 5.5 and the required tesr por-3+57
tion weight is W : (3 + 57)(100 - 3 - 57) X 5.5/II3
: 117 lb.

In this case, the percentage passing the second largest
sieve was high enough to require a lower sample weight
than the percentage passing the third largest sieve. Of
course, the largest sample weigbt governs.

Use ol Nomograph

In lieu of making the preceding computations the nomo-
graph of Figure 25 may be used to estimate either test por-
tion (sample) size or the accuracy of the gradation test.

",:luw# lYz tn.
3/q in.
3/a in.
No.4

32
4.1
0.6

100
97
40

8

lr/z-3/+
3/q-3/e
3/a-No.4

3

57
32

CÉIAPTER SEVEN

SURFACE SIVIOOTHNESS

Pavement rideability is a term used to describe the relative
absence of discomfo¡t experienced by the occupants of
vehicles, usually automobiles moving over a pavement at
high speeds. Paving engineers, conûactors, and others
concerned with the coDstruction of pavements need some
quantitative method of measuring the quality of rideability.
Such a method would provide a criterion of roughness or
smootb¡ess that could be incorporated in specifications and
construction controls.

Three factors contribute to what is commonly called
pavement roughness. A coarse-textured surface and pave-
ment joints create rumbles and thumping noises, small and
closely-spaced deviations from grade set up vibrations in
the unsprung parts of the vehicle, and large deviations from
grade, even if widely spaced, cause the car body and pas-

sengers to be accelerated vertically.

SPECIFIED METHODS AND CRITERIA

Most cu¡rent specifications for surface smoothness are con-
cerned with small, closely-spaced deviations from grade,
and require that the pavement surface be tested by placing
a straightedge on the suface of the completed pavement
in successive positions parallel to the center line, covering
the entire width of the pavement from edge to edge. The
straightedge is advanced in this manner continuously or in
successive stages of not more than one-half the lengfh of
the straightedge. The straightedge length most often speci-

fied is 10 ft, although some agencies specify lengths of 12

or 16 ft. Most specific¿1is¡s limit deviations of the pave-
ment surface from tle bottom of the straightedge to /e in.,
although deviations of V+ in, are permitted by some.

Some specifications require that the pavement cross sec-
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WEIGHT OF SAMPLE IN POUNDS

ooooq o oooo9c? o o
OO\cOf\{| tf) \'

qêèëË1

STANDARD DEVIATION

o.

hsN@G
hl

No!;9N@61

qo
(\t-

oooocî C.{RE

b

IN

o
c¡-ïc-uc?

.To\
I

{

o\
I

lo)

co
t{

oo
¡oã € ãñF Ë Ë

WEIGHT IN GRAMS

l

1

PERCENT DEVIATION FROM TRUE VALUE ËXCEEDED ONLY ONE TIME IN TWENTY

VARIATION FACTOR

rô tô
- or oi <,r _q f .*."*i p RRg e i

oo
oo
@O.t

ôP oo€ l.\

AVERAGE
q

PART lC t E

9-NoÌ.'

GRAMS

oRo o h oooô=o q I 9N@õ,
o Q o ooo e o oo
- Cl o th

TIMITS OF TARGEST SIZE PARTICLES RETAINED ON SIEVE

PERCENT BY WEIGHT PASSING SIEVE

Ee rl)oc¡¡rôl\@co@ c)c{o¡0.q.

8çs rôONtôcìN €rô

T

6

b
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1.

USE O¡. NOMOGRAPH TO ESTIMATE SAMPLE WEIGHT

Select the critical sieve size. This is usually the size follow-
ing that sieve which passes 90-l00To of the aggregate.

For Exarnple: If. 99% passes tine Ztt sieve and 5Olo passes the
I" sieve, the lrt sieve i.s the critical size.

Deterrnine the average particle weight of all particles retained
on the critical sieve. If this is unknown, it can be estirnated
roughly f¡orn the values shown on the left of the ! scate.

To find I approxirnately by use of the scale on this page, find
the weight opposite the rnid.-point of the distance between the
sieve size that the particles pass and. the sieve size on which
they are retained. Then calculate a weighed average for the
total rnaterial retained on the designated sieve.
For Exarnple: Sieve Percent Particle

Size Pas s -Ret Weight

3.

U,
ln
Irr EÞ
9
N¡î

4.

T
7{
õ
m

{
fil

õ

z
on

=u',

3/4-318 30
3/8-4 50
4-8 l0

=@=1.?
30+50+10

4.r
0.6
0. 09

g (Av. wt. particles
Ret on No. I sieve)

5.

Frorn the percentage passing the critical sieve on scale P,
project a line through the aveiage particle weight orÁ 6câ1e

! to scale F,

tr'or Exarnple: U 5|%passes the ltr sieve and the average
particle weight of the aggregate retained on the sieve is 70
grarns, project a line frorn 50 on scale P through ?0 on scale
ã to 386 on scale tr..

tr'rom the point on scale F, project a line through the desired
degree of accuracy on scaleÂ to the required total sarnple
weight on scale 'W.

For Exarnple: With an F factor of 386 and a desired degree of
accuracy oî. * ?%, the line projected through these points indi-
cates a required sample weight o1.370 pounds on scale W.

The accuracy obtained by the use of a larger or srnaller
sarnple can be found by projecting a line frorn the tr'factor
to the actual sarnple weight and ¡eadi¡rg tJle result on scale À .

For Exarnple: With an F facto¡ of 386 and an actual sarnple
weight of 50 pounds, the percent passing the lrr sieve rvill be
correct to within * 5%, 95 times in 100 deterrninations.

t12

l3¡l

2

zlz

3



TABLE 13

TOLERANCES

AGENCY

A

B

FOR SURFACE SMOOTT{NESS AND THICKNESS OF PAVEMENT COURSFS

TOLER.ANCE IN SMOOTHNESS

c

D

SUBGRADB I BASE

None spec.b

None spec.

3/e to 3/¿ i^.
/10 ft
W ia./L6 fth

None spec.

None spec.

0.05 ft of
est, grade
Vz in. ofest.
grade
0.10 ft of
est. grade
None

0.1 ft of est.
gxade
True to
grade and
cross sect.
3/e in./ l0 ft

Vz in./l0 ft

F

G

H

I

J

None spec,

3/a tn./ lO ft

3/e in./16 ft

Vz in./10 ft

3/e in./ l0 ft.

Y4 tn./10 ftl
3/e in./ 70 ft"
3/e in./ 70 ftp

Yz tn./16ft'

3/e in./ l0 ft

Y4 i\./16 ft

Va in./10 ft

SURFACE

0.01 ft/ t2 ft

V¿ in./ 12 ft
bit.; Va in./
12 ft conc.
Ye tr\,/ 12 ft

Bit. and
conc. Y¿ in/
t6 ft
1/e in./ l0 ft

-,
Ve in/10 ft

Ve i¡./ l0 ft"
tr'e in./10 ft

Ye in/10 ft

_,

_,
N6 in./ft""

NUMBER OF
MEÂSURE-
MENTS'

K

L

Continuous

Continuous

Cont. at 5-ft
interv.
As directed

Continuous

Continuous

At random
loc,
Continuous

At random
1oc.
At random
loc.

At random
loc.
As ord. by
eng.

Continuous

Subg. every
100 ft
Bases every
50 ft
Surf. every
5fr
Continuous

Âs ord. by
eng.
Continuous

M

N

Correct or
replace

Correct or
replace

Correct or
replace

Correct or
replace

Correct or
replace

Correct or
replace

Correct or
replace

Correct or
replace

Correct or
replace

Correct or
replace

Correct or
replace

Correct or
replace

Correct or
replace

Correct or
replace

THICKNESS MEÀSUREMENTS
AND NUMBER

BAsEs I SURFACES

o

P

a

Cores as I Cores as
di¡ected j dir""t"d

Cores as I Cores as
directed I directed

I

Cores every I Cores every
500 sq yd I 2,000 ft
Cores every I 1 Core for
300 sq yd I each day's

I work
Cores every I Cores and
Z5O f.t I levels at

I zso rt
None I Co... 

"u"ryI 1,000 ft

Nof spec.

lz in./16 ft

Not spec.

r AII measurements by straiehtedge.
b Subgrade required ro be within¡.lo ft of established grade.

dTreated and untreated base materials and bituminous concrete surfaces spread uniformly ãs d.irected, and pâid for by the ton.
o For portland cement concrete.

and to be removed and replaced at the discretion of the engineer.

TOLERANCE ÄLLOWED

_ cc

14 in./16 ft

Vq in./10 ft"

_d

None spec. d

_d

Not spec. d

Lh n.

Y2 in.

-lïVo to
lSVo plan
thickness
Not spec,u

Vz in.

1/z in,

Vz in,

_t

Ve, in.

1y'¿ in.

lz in.

Cores every I Cores every
333 fr | 1,000 ft
Cores every I Cores every
200 ft I ¿OO tt

SURFÀCËS

_dd

_aE

Ve in./10 ft

_d

0.01 fr "

-dNone "

Y4 LÊ,

Y4 in.

_t
0.2 to 1.0 in."

_k
1/z in.'
Yz in.'' ^

3/e in.

Vz in.''q

Y4 in. for
bit; none for
PC conc.
Vz in.''n'"

Vz in,oo

Cores every | Cores every
500 fr | 500 ft
Cores every I cor". 

"u"ry2,000 sq yd" | 1,000 sq yd "

PENALTY OR ADJUSTMENT

Co¡rect or
replace

Correct or
replace

Correct

Cor¡ect

Correct or
replace

Correct or
replace

Correct or
replace

Correct or
replace

Correct or
replace

Correct or
replace

Correct or
replace

Cor¡ect or
replace

Correct or
replace

Correct or
repl.ace

SURFACES

C"ra"at "treplace r

Correct or
replace

Correct or
replace o' t

Correct or
replace "' I

Correct or
replace

Correct or
replace

Correct or
replace

Correct or
replace

Correct or
replace

Correct or
replace

Correct or
replace

Colrect or
replace

Correct or
replace

Correct or
replace

Cores every
1.000 ft
Cores every
1,000 ft

_v

Cores every
2,000 sq yd"
Cores every
500 fr

I core every
3,000 sq yd
Cores at
random
1 core every
1,000 ft'

3 cores every
600 sq yd
Not spec.

I core every
1,000 fr"

Not spec.

t/4 iî.q \n

Correct or
replace

Correct or
replace

Correct or
replace "

Correct or
replace

Correct or
replace

Correct or
teplace "
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tion be checked with a template, usually cut to the plan
cross section and of a length equal to the width of one
t¡avel lane of the pavement. This permits checking not
only the shape of the pavement cross section with the
template, but also the elevation of the sides with respect to
plan elevation. Some agencies require the use of string-
lines 25 and 50 ft long, stretched parallel to the center line
of the pavement, and limit variations to Za in. and t/z in.,
respectively.

Table 13 gives this information for 15 state highway
departments and 2 fede¡al agencies. By agreement, these
agencies are not identified, but include California, Coio-
rado, Corps of Engineers, Federal Aviation Agency, Illi-
nois, Michigan, Minnesota, Mississippi, Montana, New
Jersey, New Mexico, New york, Ohio, Oklahoma, penn-
sylvania, Texas, and W.isconsin, not necessari.ly in the order
given. This sampling is believed to represent a typical
cross section of the highway industry. Attention is also
called to the data presented in Appendix B. In addition,
a ¡eview of the latest available State Highway Specifica-
tions, the Bureau of Public Roads Fp-61, and the AASHO
Guide Specifications is summarized in .the following. This
summary is based on the latest available data, but without
verification check as to the date of the most recent revision.

Considerable variation is found in the tole¡ances per_
mitted longitudinally, as shown by Table 14.

Tolerances in cross section are specified by 15 of the
state highway departments and the Bureau of public Roads
(Table 15). Thirty-five state highway departments and
the AASHO Guide Specifications for Highway Construc-
tion make no stipulation for tolerance in cross section.

OTHER METHODS

Two devices that have been used for measuring the rough-
ness of completed pavements are the roughometer and
the AASHO profilometer.

TABLE 14

SUMMARY OF PERMITTED LONGITUDINAL
DEVIATIONS FROM STRAIGHTEDGE OR STRINGLINE

NO. OF
AGENCIES

ä E ¡ç:Ëã å :;38
ð.:.9coç

Ë g; åËä;å 3¡ å sç i:Ë:i å5 : if åcË;
€ Ë.ã b q''

i ËE e dÈ E3€Èr :E ' iË *Ëi¡É
Ë 'ii ' Ë€ scfåçs:Ë$ I sE É::ËËã ß ã4 ' An t -;.9í å'ë g .=ä ö .¡Eî Ë ,E= ,E c :E E

E Ëff scs iË* ¡Ëå:l
Ë ¡.d: +.Egà. ã:; rË!fi.8g:S: €:;Ë i:; dàFTe

;ååËåååååËËfËiËËE
Eiås ;gr E HÊ:Ë ËË ËËg ;

"* ;åi råË:F l:Ë ;:å;iËI 'ãc .9s 1 : ;Þ €

¡s;ËËË iËtsË i+Ë Ëiå;ËË; ã; .€ sE -EEEgi: S.E.Y ÊÈ iIt b

E "; E E€ äsegËE ESx :¡'t E:: g

: g{ ã €E eA;eil *å*Ë ;s !rÊ E

Ë ËË; :i gleåËå ËË;;;¡; cff i

å Ii åË¡g å,ãgååËËgååËå åËã ååå å¡

ãå: : Ê s åË Ë åås E ËE E Eãff åEËËEEE,3 i Ë€ ËË
Þ¡ - nx - E c o ¡'". E- ¡ > È x '.: f E:E É 3I 3ü:É ,ìË ¡ ËrEå

18 SHD

2 SHD
r SHD
l SHD

BPR
2 SHD
2 SHD, AASHO
l SHD
l SHD

13 SHD
l SHD
5 SHD
l SHD
l SHD
1 SIID
l SHD

PERMITTED DEVIÀTION

le in. in 7O ft,90Vo of meas.;
1/+ in. in lO fr., l0%

l/e in. in 12 ft
0.01 ft in 12 ft
la in. in 14 f.t
t/e in. in 16 ft
%o in. in 10 ft
fi6 in. in 15 ft
s/6 in. in 16 ft
l/q in. in l0 ft
V+ in. in 12 ft
V¿ in. in 16 ft
/¿ in. in20 ft,s/ß in. in l0 ft, /e in. in 3 ft
-+-/¿ in. from grade elev.
-+5fi6 in. from grade elev.
-t-0.05 ft from grade elev.
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TABLE 15

SUMMARY OF PERMITTED CROSS.SECTION
DEVIATIONS FROM TEMPLATE

PERMITTED
DEVIATION

NO. OF
ÀGENCIES

Ys'l¡.
0.02 ft
r/¿ in,
%o in'
r/z in.

2 SHD, BPR
l SHD
8 SHD
2 SHD
2 SHD

The roughometer is a device that records the vertical
oscillations of a wheel wi.th reference to a suspended mass.

The vertical oscillations are cumulative and are expressed

in inches per mile.
A¡other device for measuring pavement roughness was

designed at the AASHO Road Test. This device is a

longitudiral profilometer which constantly measures the
slopes of all inequalities on the pavement surfacè (see Fig.
26). TbLe slopes are sampled at l-ft intervals and analyzed
statistically for deter'mination of a factor called sropE
vARIÂNcE (SZ) used in the AASHO equation for deter-
mining the pRESENT sERvIcEABILITy INDEX (PSI) of the
pavement.

The BPR roughometer and AASHO pavement ratings
are compared in Table 16.

SLOPE VARIANCE CRITER¡A

The present serviceability index of a pavement is an ex-
pression of its ability to serve high-speed, high-volume,
mixed traffic in its present condition. The factors used in
its dete¡mination are roughness, cracking, patching, and

in bituminous pavements, rutting. The equation developed
at theAASHO Road Test for present serviceability index is:

For rigid (portland cement concrete) pavements

PSI:5.41 - 1.80 tog (1 * SY) - 0.09 VC'+ P (16)

in which,

PSI : present serviceability index;

37 - mean slope variance in the two wheelpaths as

measured by the AASHO profilometer, X 106;

C - linear feet of cracking per 1,000 sq ft of pavement

TABLE 16

COMPARISON OF PAVEMENT RATINGS

BPR RoucHoMErr.n (nv.)

Fisure 26. Principle ol AASHO longitudinal profilometer.

area (including the lengths taken parallel or per-
pendicular to the center of the pavement, which-
ever is greater, of all cracks that are sealed,
opened, or spalled at the surface for the width of
1/+ i¡. or more for at least one-half their length);
and

P : bituminous patching, in sq ft per 1,000 sq ft of
pavement area.

For flexible (bítuminous concrete) pavements

PSI: 5.03 - 1.91 log (1 * sZ) - O.Ot

!e+V - r.38 .Ð, ( 17)

in which

C : cracking, in sq ft per 1,000 sq ft of pavement area
(including only cracking that has progressed to
the stage where cracks have connected together
to form a grid-type pattern or where the surfacing
segments have become loose); and

RD : mean depth of rutting in both wheelpaths, meas-
ured in inches undef a 4-ft straightedge.

Eqs. 16 and L7 reveal that the value of PSI is influenced
more by the expressions 1.80 log (1 * SZ) ana 1.91 tog
(1 + S-Z), the roughness factors, than by the other'vari-
ables. It follows that newly constructed pavements must
be constructed quite smooth in order to have as high an

initial PSI as possible, i.o allow for a decrease after tle
surface has been deformed by traffic or by consolidation
of the underlying courses.

At the AASHO Road Test, the average initial PSI for
the portland cement pavements was found to be 4.5. As-
suming that there were no cracks or patching in the new
pavements, the expression for roughness, 1.80 log (1 *
57¡, in Eq. 16 had a value of 5.41 - 4.5 : 0.91. It
follows then, that 1.80 log (1 + SZ) :0.91, from which
SV : 2.20 for portland cement conc¡ete pavements.

Similarly, the average initial PSI for the bituminous con-
crete pavements was found to be 4.2. Assuming that there
\ilere n€ cracks or patching, and that there was no rutting
in the new pavements, the expression for roughness, 1,91
log (1 * S7), in F,q. 17 had a value of 5.03 - 4:.2: O.83.
It follows then, that 1.91 log (1 + S-Z) : 0.83, from which
9 : 1.72 for,bituminous concrete pavements.

RELATING SLOPE VARIANCE TO STRAIGHTEDGE

DEVIATIONS

Computìng Slope Varíance

Slope variance by definition is the variance (mean square
deviation) of a set of slopes about the mean slope. This

PAVEMENT
RÂTING coNc. BIT.

AASHO

PsI '

Outstanding
Excellent
Good
Fair
Poor

67
67-81
81-99
99-1,21
tzt

54
54-66
66-82
82-102
102

4.5
4.54.1
4:l:3.7
3.7-3.3
3.3

¡ Present serviceabilit¡¡ index.



is the same basic measure of variability as that discussed

in Chapter Three and is calculated by

" >(x - x)"
n-I

( 18)

in which

sz : variance;
X : slope;
X : arithmetic mean; and

n : number of values.

Mean slope variance, SZ, as used in the AASHO equations'

¡,,z ¡ 106.

Limíting or Critical Values of Slope Varíance

Inasmuch as the construction sPecifications for the sub-

grade and pavements at the A.{SHO Road Test followed

Ih" ,u.rtg" for the country, the values of SV-2'2o for
portland cement concrete pavement and 1'72 for bitumi-

nous concrete pavement-may be considered to be opti-

mum limiting values (critical values) for this parameter on

newly constructed pavements. (Note: The word "critical"

as used in this context refers to the optimum limiting value

and is not related to the "criticality" of the specification

requirement.) These are the average values required to
produce initial PSI values of 4.5 and 4.2 for new pave-

-"ot, ".tu-ed 
to be free of cracking, patching, and rutting

or disto¡tion. Whether or not these are practical and

realistic guidelines for good average construction may be

debatable at this time' On the one hand, the closer con-

trol and the 'test" asPects of the Ottawa construction might

have resulted in better than average workmanship' On

the other, the chopped-up nature of the test sections may

have resulted in lower than average smoothness. Never-

theless, these 57 values of 2.2O f.or portland cement con-

crete and 1J2 f.or bituminous concrete pavement may be

taken as the best interim target values now available,

rq>resentative of optimurn average smoothness attainable

with present-daY equiPment.
Obviously, a realistic specification for smoothness should

allow for some Practical and reasonable divergence from
these optimu.m targets. An attribute sampling plan is

recommended which allows for some Percentage of defec-

tives in each lot of pavement. On a pureþ arbitrary basis,

4 percent of pavement area defective is suggested as an

initial acceptable quality level. As is developed later, when

using a straightedge the definition of a defective will in-
volve both span and the number of vertical deviations in

the {.est segment.

Relating Slope Varíance to Devíøtíow and Span

Because it is not practical to use a roughometer or a pro-

filomete¡ for acceptânce testing of fresh pavements (when

corrections could still be made), it is desi¡able to develop

a relationship .between these criteria and the lowly straight-
edge. Slope variance is a function of both the vertical
height (or depth) of a bump (or depression) in the pave-

ment and the rate of change of slope, which is a function
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of span of the deviation from the plane surface. By as-

suming that the prof,lometer wheel always starts at the

inception of the deviation (rise or depression) and that the

average slope may be represented by a straight line from
the peak (or depth) to this initial point. of deviation, it is
possible to calculate the theoretical slope variance cor-
responding to the number of deviations and their spans in
a given length of pavement. These calculations have been

made for both /e -in. and r/q -in. deviations occurring at dif-
ferent span lengths in 100 ft of pavement' The results
were then analyzed, to explore the relative magnitude and

direction of the relationships based on these assumptions.

Figures 27 and,28 show that there is a relationship be-

tween SZ and the spans of deviations in 100 ft of pavement.
Figure 27 gives curves for 1,2,3,4, 5, and 50 /s-in. de-
viations from the surface plane per 100 ft. Figure 28
gives curves for 1,2,3, and 50 V+-in. deviations from the
surface plane per 100 ft.

Figure 27 shows that:

1. Spans of. 1/e-in. deviations in 100 ft of P.C. concrete
pavement become critical (producing values of SZ in ex-
cess of 2.2) only when they are less than about 7.1 ft in
length, regardless of number. The following numbers of
/e-in. deviations are critical in 100 ft of P.C. concrete
pavement: I of less than 2.0 ft, 2 of. less than 3.6 ft, 3 of
less than 5.2 ft,4 of less than 6.0 ft,5 of less than 6.7 ft.

2. Spans of. /a-in. deviations in 100 ft of bituminous
concrete pavement become critical (producing values of

^S7 in excess of. L.72) only when their lengths are less thân
about 8 ft, regardless of number. The following numbers
of r/e-in. deviations are critical in 100 ft of bituminous
concrete pavement: L of less than 2.4 ft, 2 of.less than 4.7
ft. 3 of less than 6.2 ft,4 of less than 7.1 ft, and 5 of less

than 7.8 ft.

Figure 28 shows tlat:
1. Spans of r/¿-in. deviations in 100 ft of P. C. concrete

pavement become critical only when they are less than
about 14.1 ft in length, regardless of number. The follow-
ing numbers of. t/e-in. deviations are critical in 100 ft of
P. C. concrete pavement: 1 of less tha¡7 .3 ft,2 of.less than
1Z ft, 3 of less than 1 3.9 ft.

2. Spans of t/¿-in. deviations in 100 ft of bituminous
concrete pavement b'ecome critical only when their lengths
are less than about 15.9 ft, regardless of number. The
following numbers of. l/q-in. deviations are critical in 100

ft of bituminous concrete pavement: 1 of less than 9.3 ft,
2 of less than 14.5 ft, 3 of less than 15.9 ft.

I nl erences Aff e ctíng G uìdelines for Smo othne s s

Requírements

It can be seen from tle foregoing analysis that specifica-
lis¡s limiting irregularities, as shown by the straightedge
test, unconditionally to ly'e ir. are not srtfficiently restrictive
to prevent acceptance of pavements that can have 37
values above those critical for P.C. concrete and bitumi-
nous concrete pavements. To prevent this possibility, speci-
fications should also restrict the number of deviations
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x lo-2 for lz8 inchdcviotion

Figurc 27. Critical nutnber of l/e-ín. devíations per 100 ft ol pavement; relatíonshíp between slope-varíance attd span.

and their corresponding spans in a given length of a sec-

tion of P.C. concrete and bituminous concrete pavements

to that given in the previous section. Criteria based on
deviations of less that Ye in. are not believed practicable
at this time from the standpoint of accuracy of measure-
meot and the ability of paving equipment to perform.

Limiting the irregularities to 7/+ in., with restriction of
their number atrd corresponding span lengths, in a given
lèngth of pavement section will lead to acceptance of more
sections. of pavement with SZ values greater than critical.
It will be noted that 1 deviation of l/q in. in 100 ft of
pavement must not have a span length less than 7.3 ft for
P.C. concrete pavements and 9.3 ft for bituminous con-
crete pavements. Usually longer straightedges are speci-

fied for 1/¿-in. deviafions; however, as may be seen from
the foregoing analysis, this is no solution of the problem.

PAVEMENT CROSS SECTION

Another factor that affects the rideability of bituminous
pavements is the uniformity of transverse grade. Many
current specifications ignore this factor, although some
agencies are becoming conscious of its importance.

It is important that the surface of the pavement follow
the established transverse grade in order to avoid sags and
humps that cannot be detected by the straightedge along
the pavement edges. One \ryay to eliminate sags and humps
in the fnished surface is to set grade stakes at 25-ft inter-

SV = 2.20 Criticol for P.C. concrete povemenl

SY =1.72 Criticol for bituminous concrele povement

2
3
4
5
6

2

3
4
5

50
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Curve ì/4" Deviotions Per

Number IOO Feet of Povemeni

SY = 2.2O Criticol for
P.C. concrele
povemento

o
I

o
o
6

õ#i* x l0-2 for V4 inch deviolion

Figure 28. Crítícal namber oÍ /¿-in. devíatíons per 100 Ít oÍ pavement; relatíonship
between slope-varíance and sqan.

vals along both sides of the pavement and to stretch string-
lines between them.

Several equipment manufacturers have developed paving

equipment that is capable of laying pavement surfaces to
relatively narrow tolerances from both longitudinal and

transverse grade,

RECOM MENDATIONS FOR SPECIF¡CATION REQUI REMENTS

Methods of Testíng Pavement Surlace

STRåIGITTBDGE

Pavement smoothness as affected by small, closely-spaced
deviations from grade is dependent on the value of the
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\AV
Figure 29. Stringline method of checkíng smoothness of pavement surface.

slope variance, which may be estimated by the straightedge
test, provided both vertical deviation and span length are
taken into account.

It should be understood that the charts developed herein
f.or /e- andl/¿-in. deviations (Figs. 27 and 28) are approxi-
mations only and are not intended for use without further
checking and verification. They are presented here pri-
marily to illustrate a new approach to real smoothness re-
quirements based on AASHO Road Test criteria, but using
a practical field tool, the straightedge, to measure the com-
bined effect of vertical deviation and span length.

STRINGLINE

Pavement smoothness as affected by widely-spaced devia-
tions may be determined by use of a stringline by stretching
a light, strong line parallel to the centerline over blocks of
equal height placed on the pavement surface. Deviation
of the pavement surface from the stringline should be
measured with a stepped gage block, slid along the pave-
ment surface underneath the line as shown in Figure 29.

GRÀDE STÀKES

Pavement smoothness as affected by both longitudinal and
transverse deviations from grade can be determined by use
of grade stakes, provided the stakes are set accurately to
grade on both sides of and spaced 25 ft apart along the
pavement. Measurements should be made from stringlines
stretched transversely across the pavement, parallel to the
pavement surfaces.

Specification Tolerances

10-roor srR-{rcHTEDcE prr_R.{LLEL To cENTERIINE

For measurement with a 10-ft straightedge parallel to the
centerline the speciûcation tolerances should be not more
than 4 percent of 100-ft sections having more than (a) no
deviations of Ye in. or grea,ter in a 30-in. span, (b) one
deviation of. V+ in. or greater in a 10-ft. span, and (c) three
deviations of /+ in. or greater in a 16-ft. span. All pave-
ment .more than -r Yz in. from the plan grade should be
rejected.

S0-noot sTRTNGLINE pÀR{LLBL To cENTBRLINE

Ninety-five percent of 50-ft measurements with a string-
line parallel to the centerline should be within + s/a in,
AII pavement more than -r Vz in. fuom the plan grade
should be rejected.

TRÀNSVERSB STRINGLINE FROM GRÀ-DE STAKES

Ninety-five percent of measurements with a transverse
stringline from grade stakes should ,be within -r tÀ in. of.
the plan grade. All pavement more than -r t/z in. from the
plan grade should be rejected.

The foregoing are primarily for purposes of illustration;
other tolerances may be substituted as appropriate. The
general guideline is that both the vertical distance and the
span be taken into consideration in writing meaningful
specification requirements for pavement smoothness.

a:

t

I

I
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CHÄPTER EIGHT

THICKNESS OF PAVEMENT COURSE

THEORETICAL BASIS FOR THICKNESS REQUIREMENTS

Flexible Pavement

Of the many available methods for computing the required

thickness of flexible Pavement courses' the method de-

veloped by the AASHO Operating Committee oD Design

from data obtained from the AASHO Road Test seems to

be the most logical and practical. However, there still re-

main several factors that must be assumed or estimated'

Variations in these estimates lead to diffe¡ences in the com-

puted thickness of the various pavement components, or

òour."r, that exceed the tolerances permitted in their thick-

nesses by cur¡ent speciûcations. Some of these factors are

discussed in the following.
The soil suPport value is selected f¡om tests made on

samples of the soil taken to rePresent the proposed sub-

grade, and the test values are correlated with the value

obtained, using the same test method, on a sample of the

soil representing the su,bgrade at the AASHO Road Test'

The data in I/RB Special Report ó6 show the variations in
test values obtained by the many agencies participating'

Relatively small differences in the selection of the soil

support value produce differences in pavement thicknesses

that exceed the tolerances permitted by speciflcation.

The pavement is designed to withstand an estimated

number of equivalent 18,000-lb single-axle load applica-

tions ovér a Z}-year period. This estimate is based on the

volume and character of the present traffic (often not too

accurate) projected over a ZO-year period. The method

of converting the mixed traffic to equivalent 18'000-lb

single-axle load applications is questioned by some traffic

analysts.
The selection of a regional factor is a .matter of judg-

ment on the part of the pavement design engineer. A
regional factor of 1.0 represents the environmental con-

ditions at the AASHO Road Test. Values of 0'5 to 3'0

are suggested for the continental United States by the

"AASHO Interim Guide for the Design of Flexible Pave-

ment Structures." The value of the regional factor has aà

appreciable effect on the pavement thickness obtained.

The strength coefficients of only three flexible pavement

components were established at the AASHO Road Test.

They are bituminous concrete surface (including binder),
0.44 SN per inch; crushed stone base, 0.14 SN per inch;
and gravel su,bbase, 0.11 SN per inch. The coefficients of
other mate¡ials have been estimated based on rationaliza-
tion and tests, but not to the accuracy of these th¡ee ma-

terials.
The details of this design method for flexible pavements

are contained in the "AASHO Interim Guide for the De-

sign of Flexible Pavement Structures." A nomograph is

used to relate the supPort value of the subgrade, the volume

and character of the traffic, the prevailing envi¡onmental

condition, and a pavement consisting of two or more com'

ponents of specified thicknesses that are selective' The

tuppo.t value of the subgrade, determined by test and

¡uãgment, is represented by an abstract number from 1 to

10. The volume and character of the traffic, determined

from current traffic data extrapolated to that expected over

a Z}-year period, is analyzed to determine the number

of equivalent 18,000-lb (lS-kip) single-axle load appli-

cations. This number may be expressed as a daily average

by dividing by 7,300 (365 days X 20 years). The pre-

vailing environmental condition or regional factor is ex-

pressed in numbers,0.5 to 3.0, and is based on a value of
1.0 for the conditions that prevailed during the AASHO
Road Test. The pavement thickness is expressed as a

srRUcruRAL NUMBER, which is the sum of the thickness

of the pavement components multiplied by their respective

strength coefficients.

Rigid Paventents

Portland cement concrete pavements are usually designed

by a theoretical method originally developed by Wester-

gaard. The original equations have since been modified in
an attempt to bring them into better agreement with re-

search findings, and to allow for variations in subgrade

support due to warping of the concrete slabs.

The design thickness is based on:

1. Supporting power of the subgrade soil. This is ex-

pressed as the modulus of subgrade reaction, k, deter-

mined by plate bearing tests, and usually varies rather

widely at different locations. Furthermore, the correction

to compensate for the loss in strength which might occur

if the soil ever became saturated during future use is not

fully satisfactorY.
2, Flexural strength of the pavement concrete as meas-

ured on laboratory test specimens after 28-day curing'

For most conditions a flexural strength of 600 to 700 Psi

is specified. An allowance must be made for the effects of
fatigue, which may decrease the design strength to as little
as 50 percent of the test strength, depending on the judg-

ment of the designer.
3. Anticipated equivalent wheel loads. In some cases

an additional correction factor of about 1'2 is applied to

allow for the effects of imPact.

As a result of the uncertainties introduced by the use of
assumed values and correction factors, the design pavement

thickness is usually selected as the whole number of inches

next greater than the computed value.

Thus, it should be noted that for both flexible and rigid
pavements the thickness design for each course is su'bject

io a number of approximations. The magnitude of these

approximations is such that design theory does not afford

a sound basis for justification of very close thickness toler-

ances for any of the courses of either flexible or rigid
pavements.
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EFFECTS OF VARIATION IN THICKNESS

In spite of the foregoing conclusion, the eflects of varia_
tion in thickness a¡e calculated in the following to show
the theoretical loss of performance versLts construction
cost.

Flexible Pavement

Studies have shown that a deficiency of 0.24 in. in the de_
sign thickness of a 3-in. bituminous coDcrete component of
a flexible pavement would theoretically reduce its traffic
carrying capacity from 120 daily equivalent lg-kip single-
axle load applications ,to 100, or a reduction of 17 percent,
whereas the monetary value of the pavement deficiency
amounts to only 8 percent of the cost of the 3 in. of
bituminous concrete surface. Continuing this analysis to
inciude also deficiencies of vz in. in the 6-in. crushed stone
base and /z-in. in the 10-in. gravel subbase, the carrying
capacity of the hypothetical pdvement would be reduced to
about 80 daily equivalent 18-kìp single-axle load applica_
tions, or 33 percent.

Rigid Pavement

Assuming that a specified 9-in. thickness of concrete sla,b
would carry 610 single-axte loads per day, a deflciency of
V+ in. in thickness would reduce the theoretical carrying
capacity to about 510 daily single-axle loads. This is a
reduction of about 16.5 percent in performance and Z.g
percent in monetary value. A deficiency of. t/z in. in thick_
ness would ¡educe the carrying capacity to abot¡t 410
single-axle loads per day. This is equivaient to a 33 per-
cent loss of performance and 5.6 percent in monetary
value.

THlCKNESS TOLERANCES

AASHO Road. Test Tolerances

At the AASHO Road Test the specifications permitted
variations of. -+ Y+ in. from the specified thicknesses of the
bituminous concrete surface. The records show that of the
cores taken 2.7 percent exceed this tolerance on the minus
side and 2.6 percent exceed it on the plus side. The mean
of the deviations is zero, the range being from _ lz in. to
* 7e in.

The AASHO Road Test specifications permitted a varia_
tion of -+- lz in. from the specified thicknesses of the
crushed stone base and gravel subbase. According to the
records, of the cores taken from the crushed stone base
0.8 percent exceed this tolerance on the minus side and
15.0 percent exceèd it on the plus side. The ,mean of the
deviations is * 1/+ in., the range being from - L in. to
* l1/z in. The records show that of the co¡es taken from
the gravel subbase 3.6 percent exceed the tolerance on the
minus side, and, 10.5 percent exceed it on the plus side.
The mean of the deviations is * /re in., the range being
from-1in.to*Zit.

The pavements at the AASHO Road Test were con-
structed unde¡ ra.ther rigid inspection, so it is indicated
that limits of the variations in thickness specified for the

three pavement components of the flexible pavements
are about as narrovr' as is practicable at this time. The
same can be said for the toierances permitted fo¡ the p.C.
concrete pavements. A deviation of t lc in. from the
speciûed thickness was permitted by the specifications.
The record shows that of the cores taken 2,7 percent
exceed this tolerance on the minus side and 3.5 percent
exceed it on the plus side. The mean of the va¡iations
is I 1/,rz in., the range being from - Ze in. to I 7/s in.

State H ighway Tolerances

As shown in Table 13, the listed agencies either do not
specify a tolerance fo¡ base thickness or, in most cases,
aliow Vz in. The tolerance for surface cou¡se thickness
varies from ys to y2 in.

Practical T olerances and. P e nalt ie s

Specification tolerances for the thickness of pavement
components should be kept within the limits of the ability
of mode¡n paving equipment to produce. Specifying too
narrow limits may cause expensive construction procedures
that cannot be justified. It is questionable whether pave-
ment design methods have been developed to the point
where the thickness produced by any method is sufficiently
precise to warrant a very close tolerance in thick¡ess. On
the other hand, very wide variations in pavement thick-
ness should not be permitted, as they a¡e not necessary
from the standpoint of placement, do not reduce the cost
of construction, and are conducive to poor workmanship,
Also, there is some extreme limit whe¡e the thickness of
a pavement cou¡se becomes critical from a performance
standpoint; if ,the deficiency in thickness exceeds this
limit the pavement should not,be accepted.

When pavement compoûents such as subbase, base, or
bituminous surface courses are paid for on a unit weight or
unit volume basis, considerable variation in the thickness
of individual courses can be allowed withou.t penalty,
provided the extreme limits are not exceeded. However, it
should be stipulated that excess tonnage required for
surface courses thicker than the nominal thickness, plus
a reasonable tolerance, will not be paid for. Omission of
this requirement can result in a serious overrun of
quantities.

When payment for pavement courses is on a lump sum
or square yard basis, it is necessary, in order to insure
full .measure, that only small deficiencies be allowed with-
out penalty, In fact, some agencies allow no tolerance on
the minus side without penalty. A reasonably wide toler-
ance, with penalty, makes it possible for the contractor
to bring the wearing course of the pavement to plan grade
and have the thickness rvithin the acceptance tolerances.
If the grade of each course is properly controlled there
will be no penalty.

The basis for the penalty to be assessed when the
deficiency of a course exceèds the tolerance is largely a
matter of judgment. Theory indicates that loss of per-
formance is greater than tåe leduction in cost of construc_
tion, and that graduated penalties .for deûciencies in thick_
ness of flexible pavement course should be roughly twice



the cost on a fractional-inch thickness basis, while the
graduated penalty for P.C. concrete pavement should be

roughly five times the cost on a fractional-inch thickness
basis. As previously discussed, it is doubtful that this
basis for assessing penalties is justified from the stand-
point of actual loss of use value. However, a penalty on
a straight fractional-inch thickness basis invites nonuni-
formity of thickness, .because it may be cheaper to do
sloppy work and accept the penalty than to control the
grade properly. On an entirely arbitrary basis, a penalty
of lYz times the fractional-inch cost is suggested for
flexible pavement courses and ZVz times the fractional-
inch cost for P.C. concrete pavement.

When the deficiency in thickness of any course exceeds

the extreme li.mit it should be removed and replaced, or it
may be accepted without payment.

Practical and Realistic S pecification Requirements

In view of the factors discussed in the foregoing it is
suggested that specifications dealing with the thickness of
pavement courses for which payment is made on a lump
sum or square yard basis contain the following:

l. A statement as to the nominal, or desired, thickness
of the course.

2. An allowa'ble tolerance from this thickness.
3. The percentage of area that 'must fall within this

tolerance for acceptance without penalty.

73

4. The penalty that will be assessed against lots having
an excessive percentage outside of the tolerance.

5. The size of the lot that will be tested for accePtance.

6. The acceptance plan on which the acceptance deci-
sion will be based and the stage of construction at which
the lot will be sampled and tested.

7. The extreme limit of deficiency which witl lead to
rejection of that area of the course which is defective.

Appropriate acceptance plans have been described and
exemplified elsewhere in this report. Numerical limits
and toierances should be based on the normal variation
found in acceptable construction by probabilitl sampling.

F¡om available data, these tolerances probably should
be of the following orders:

TOLER.ANCE FROM PLAN

THICKNESS (IN.)

PAVEMENT

COURSE

80% on couRSE 100Vo ro
TC BE WITHIN EXCEED

Asphaltic concrete wearing
Asphaltic concrete binder
Asphaltic conc¡ete base
Aggregate base
Bituminous-stabilized base

Cement-treated base
P.C. concrete

- 0.00 to + 0,50 - 0.25

- 0.25 to - 0.50

- 0.25 to * 0.50 - 0.75

-0J5 to * 1.00 - t.25

- 0.50 to + 1.00 - L.25

- 1.00 to + 1.50 - 1,.75

- 0.00 to - 0.50

CTIA,PTER NINE

EDITORIAL GUIDELINES

In addition to being technically competent, accurate, and
complete, specifications must be written as clearly and con-
cisely as possible. Certain conventions peculiar to specifica-
tions must be observed, and the specifications must be
written in accordance with contemporary usage and
grammar. This chapter has been prepared as a reference to
which the specifications writer may turn for guidance in
the final writing and editing of specifications. Only the
more important matters of usage and grammar can be
treated here. Further information can be obtained from
any of the many textbooks dealing with technical writing.

PROPER USE OF WORDS

Ase Simple Language

Specifications should be written in language that both the
contractor and the engineer can understand. High-sound-
ing words and phrases and pseudo-legal terms should

never be used. When there is a choice between a long
word and a short word that both mean the same thing,
the shorter word should always be used.

It is much easier for construction personnel to under-
stand two two-syllable words than one four-syllable word
that means the same thing. Even some college-level people
are unable to read and understand relatively simple English.
Furtherrnore, many people who need to understand speciû-
cations do not have a background that enables them to
"tie-in" and understand technical information regarding
materials and methods used in highway construction. Con-
sequently, every effort must be made to write specifications
as accurately, briefly, and clearly as possible.

Av oid Conf using or A mbiguous'14/ ords

Even though the meaning of a technical term .may seem
obvious, it is advisable to deûne the term, Because most
technical terms used in specifications occur fairly often,



74

it is best to include in a separate subsection an extensive
list of dofinitions. It will be helpful if a sep,arate series
of sheets giving definitions of technical terms is prepared.
Even common words should be defined. For example,
"tons" should be defined as short tons or long tons, and
"days" as calendar days or working days.

Confusion often is caused by the use of different words
which are intended to have the same meaning. For in-
stance, the words "embankment" and "fill" usually are
considered to have the same meaning. In the speciûcations,
under definitions, it should be said that "embankment" is

also called a "û11." However, only one of these words should
be used in the body of the speciûcations.

A common word that is often used in a faulty manner is
"either." Do not say: "A stable shoulder shall be con-
structed on either side of the traveled way." This state-
ment could be interpreted to mean that a shoulder is
required on only one side. The correct statement would
be: "A stable shoulder shall be constructed on ¿acå side
of the traveled way."

Another word that may have a vague meaning is "any."
This word is sometimes used where "all" or "every" would
be better. For instance, it is better to say "AlI otersize
mate¡ial shall be crushed," rather than "Any oversize
material shall be crushed." AIso, "Every pit or quarry
used as a source of material shall be approved by the En-
gineer," is clearer than "Any pit or quarry used. ."
Ilowever, use of the word "any" is cor¡ect in the following
statement: "Before any malerial is removed from a pit
or quarry for use in construction, the source shall be
approved by the Engineer."

Another important consideration in the choice of a wo¡d
is to be sure that the word will be given its intended
meaning. For instance, the word "grade" may refer to
the quality of material, to the rate of slope of a road, or
to the desired elevation of a certain point, Also, 'the word
"graded or "grading" may refer to the shaping of a

roadbed or to the gradation of sizes of particles of aggre-

gate. If the meaning of any one of these words is not
evident from the other terms used in connection with it,
its meaning must be specified. In the sentence, "This work
shall consist of a pavement composed of dense-graded

bituminous coDcrete, constructed on a prepared roadbed
in accordance with these Specifications and in conformity
rvith the lines, grades, thickness, or weight per square
yard, and typical cross section shown on the Flans," the
expression "dense-graded" and the word "grades" are

used with different senses. In this case, the meaning of
the sentence will probably be clear. Ilowever, it is advis-
able to avoid use of the same word, or two forms of a

word, with two different meanings in a single sentence, or
in two sentences close together.

Put Controlling Words ín the Right Places

The meaning of a sentence often depends on the position of
the word 'lonly" in the sentence. In the following three
statements, the word "only" appears in different places,

but the other rjvords are the same:

L. OnIy the Engineer shall decide whether or not this
method can be used.

2. The Engineer shall decide only whether or not this
method can be used.

3. The Engineer shall decide whether or not orzly this
method can be used.

The fi¡st sentence means that the engineer is the only
person who can decide. The second sentence means that
the engineer can decide whether or not the method is
suitable, but he cannot decide, for example, when the
work will be done. The third sentence means that the
engineer shall decide whether the method described must
be used or whether some other method may be substituted.

An error is often made when the words "either" and
"or" are used. In the following sentence, the wo¡d "either"
is in the wrong place. "Burlap and cotton mats may be

eíther left in place for at least 72 hours or may, after 12

hours, be removed and replaced with. . . ." The correct
arrangement is: "Burlap and cotton m.afs either may be

left in place for at least 72 hours or may be removed after
12 hours and replaced with. . ." In a correct sentence,
the same construction must be used after both "eithe¡" and
t'or."

PROPER CHOICE OF WORDS

Use ol "Shall" and "Will"
'When reference is made to a responsibility of the con-
tractor or to a requirement of a material, the word "shall"
should be used in preference to "will." Examples are the
following: "The aggregate shall be spread uniformly," or
"Bituminous .material shall be of the type and grade called
for."

Even if the contractor is responsible for an operation,
however, it is usually advisable to avoid the use of the
word "contractor" if possible. For example, it is best

to say "The aggregate shall be spread uniformly," rather
than "The Contractor shall spread the aggregate uni-
formly."

The word "will" is preferred where something is to
be done by the engineer; for instance, "Construction
stakes w¿Il be set by the Engineer."

Use of Technícal Words

Technical words should be used in their exact technical
meaning. The words "lineal" and "linear" are confused
in many specifications. The latter word is preferred lilhen
referring to a unit of ,measure that has a single dimension.
A Ïnear foot means that the unit of measure is not square
or cubic.

Similarly, 'oamount" is preferred when ¡efer¡ing to
money, but "quantity" when referring to materials or
items of construction.

Use of "andl or"

The expression "and/or" should not be used. For instance,
do not say "The equipment used by the Contractor shall
include a roller, a poìtrer broom and/ or a power blower,

I

i

I



a self-porvered pressure distributor for spreading bitumi-
nous material, and equipment .for heating bituminous

material." Instead say, "The equipment used by the Con-

tractor shall include the following items: .a roller; a power

broom or a power blower, or both a broom and a blower;
a self-powered .".

Use ol "the"

In order to avoid the "telegraphic" style occurring when

the article "the" is omitted, ",the" should be used in a

specification in any place whe¡e it would appear in no¡mal
writing. For instance say, "After the rough grading is

completed, the area of. the old roadbed shall be scari-ûed

or plowed. ." rather than, "After rough grading is com-
pleted, area of old roadbed shall be scarified or plowed. . ' ."

LENGTH OF SENTENCES

How many words should a sentence contain? The best

answer is that a sentence should be as short as possible,

but its meaning must be clear. A long sentence usually
cannot be easily understood by the average person' How-
ever, it is often necessary to use a fairly long sentence

in order to express an idea properly. But a long, rambling
sentence which can easily 'be broken up into two or more
sentences should be avoided. An example of a poor long
sentence is as follows:

"It is mutually agreed that it is inhe¡ent in the nature

of highway construction that some changes in the Plans

and Specifications may be necessaiy during the course of
construction to adjust them to field conditions and that
it is of the essence of the contract to recognize a no¡mal
and expected margin of change within the meaning of
the clauses 'Changes' and 'Changed Conditions' in the

'General Provisions' of the contract as not requiring or per-

mitting any adjustment of contract prices, provided that
any change or changes do not result in (1) an increase

or decrease of more tt.an 25 percent in the original con-

tract amount, in the quantity of any major item, or in the

length of project, or (2) a substantial change in the char-

acter of the work to be performed under a contract pay item
or items that ,materially increases or decreases the cost

of its performance."

A long sentence is usually the result of trying to include

too many details with the principal statement. A suggested

revision of the foregoing sentence is as follows:

"During the cou¡se of highway construction, it is to
be expected that some changes in the Plans and Specifica-

tions will be necessary 'to make them suitable for the

actual conditions in the field. Within the meaning of the

terms 'Changes' and 'Changed Conditions' in the 'General
Provisions' of the contract, the Contractor must accept the
provision that certain changes will not require or permit
any adjustment of the contract prices. A change or a group

of changes will be so classified if it meets both of the fol-
lowilg requirements: (1) the increase or decrease in
the o'riginal amount of the cont¡act, in the quantity of any

major item, or in the length of time covered by tle con-

tract will not exceed 25 percent; (2) the character of the
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work to be performed under any pay item in the contract
will not be changed enough to cause a substantial increase

or decrease in the cost of such work."

Occasionally, a seûtence contains words that do not
really give useful information. Such words not only make

the sentence unnecessarily long, but may even tend to make

the meaning of the sentence obscure.

USE OF CAPITALS

A capital letter should be used at the beginning of title
words such as: Article, Contractor, Engineer, Plans, Sec-

tion, Special .Provisions, Speciûcations, Table, and Type
(of material).

PUNCTUATION

The three most useful marks of punctuation within sen-

tences are the comma, the semicolon, and the colon. A¡
exhaustive discussion of their uses is beyond 'the scope of
this report, but listed in the following, with examples, are

the major uses of ,the three marks:

Use ol the Comma

The comma is used:

1. To separate two main clauses (two complete ideas

that could actually be sentences) when they are joined by
a coordinating conjunc,tion (and, but, yet, or, nor). ,Ex-

ample: The word "shall" ís used when reference ís made

to a responsíbtlity of the Contractor, bttt "will" ís used

when somethíng is to be done by the Engineer.
2. To separate elements in a series. Example: The Con-

tractor shatl bear all expenses of constructing and main-
taining such roøds, detours, approaches, and interseclions.
(Nore: The comma before "and" should never be

omitted.)
3. To set off an interrupting phrase or construction.

Example: The Engineer tnay, by written order, suspend

the performance of the work.
4. To set off a non¡estrictive modifier, usually a clause

beginning with "which" or "whichever." Example: The
quantity of bituminous material to be paid for shall be the

number of gallons or tons, whichever ìs called for in the bid
schedule, used as ordered inthe accepted work.

In this sentence, the 'þhichever" clause is nonrestrictive
because it is not essential to the meaning of the sentence;

it is simply an additionat fact included by the writer. On

the other hand, in the following sentence the "which"
clause is restrictive because it specifies a required char-
acteristic of the telltale device. Example: Beam scales

shall be equipped with a telltale device which will start to

functíon when the load beíng øpplied is within 10 lb o!
the desíred load.

A good test of whether a clause is restrictive or nonre-
strictive is to deter'mine whether it can be omitted f¡om
the sentence without changing the intended meaning of the

sentence.
5. To separate an adverbial (or conditional) clause

from the main clause which follows. Example: Betore
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any material to be íncorporated in the work is removed
front a pit or quaruy, the source shall be approved by the
Engineer.

6. To separate long prepositional phrases or verbal
ph-rases that begin sentences.

Example 1-Prepositional Ph¡ase: Belore delivery to
the site of construction, one-half of the length of each
dowel bar shall be painted with one coat of red lead or
bituminous material.

Example 2-Verbal Phrase: Belore beginning the grad-
ing operation, the Contractor shall.

Example 3-Verbal Phrase: To ínsure the salety of the
public, the Contractor shall.

Use ol the Semiciolon

The semicolon is used:

1. To separate closely related main clauses not con-
nected by a coordinating conjunction. Example: The
spacing between the sidewalls ol adjacent tires shall not
exceed 5 inches; the rear tires shall be staggered with rela-
tion to the front tires.

2. Before a transitional conjunction bet\ryeen two main
clauses. Example: Specifications must be technìcally cor-
rect; furthermore, they must be capable of immediate com-
prehension by the reader.

Use ol the Colon

The colon is used to indicate that a list follows. Example:
The aggregate shall be placed on the pile by one ol the
followìng: a front-end loader, a dump truck, or a portable
conveyor.

COMMON TYPES OF GRAMMATICAL MISTAKES

Faulty P ronoun Ref erence

A pronoun must always have an absolutely clear anteced-
ent; in other words, what the pronoun stands for must be
immediately evident. The pronouns most frequently mis-
used are "this" and "which."

Incorrect: The wearing surface shall then be rerolled,' 
which must be completed before cooling to
120 F. (Here, the 'þhich" refers to the
whole concept of rerolling the surface; the
word has no clear and precise antecedent.)

Improved: The wearing surface shall then be rerolled
before the paving mixture has cooled to
120F.

Incorrect: Coning of stockpiles results in segregation.
?åls is not permitted.

Improved: Coning,of stockpiles is not permitted.

Danglíng Modífiers

A dangling modifier is a group of words, usually contain-
ing a participle or an infinitive, which seems to operate
on the wrong word. The word that names the doer of
the action in the participle o¡ ínfinitive phrase is the wrong
word.

be taken. ("Care" is not doing the
scarifying; a piece of'equipment or an
operator of a piece of equipment is do-
ing the work.) The dangling modiûe¡
may be eliminated by (1) making it
into a complete dependent clause, or
(2) changing the subject of the main
part of the sentence.

Improved: (1) When the surlace is being scarified or
disced, ca¡e shall be taken.

(2) When scarifying or discing, the operator
shall take care. . . .

Incorrect: The wearing surface shall then be re-
rolled, using first the pneumatic-tired
roller and finishing with the steel-
wheeled roller.

Improved: The wearing surface shall then be re-
rolled, first with the pneumatic-tired
roller and then with the steel-wheeled
roller.

Lack ol Agreement Between Subject and Verb

Where other words come between the subject of a sentence
and the verb, an incorrect form of the verb is often used,
Because most verbs in specifications are in a form in-
volving the auxiliary verb "shall" or "will," this type of
mistake does not often occur. However, three examples
follow:

(1) Incorreclr Good agreement between the results of
tests and the measured values índicate
that the work is satisfactory.

(2) Incorrecl.' An estimate of the number of pieces of
equipment thai will be ¡vailable are
helpful in. . .

(3) Incorrec¡.' Unless sufficient measurements for es-
tablishing the average thickness of the
slab ¡s made.

In the first sentence the subject is "agreement," which
is singular, and the verb should be "indicates." In the
second sentence, the subject is "estimate" and the verb
should be "is." In the third sentence, the subject is ,.meas-

urements" and the verb should be "are made."

Dífferent Forms in Parallel Construction

Care must be taken to use the correct form of expressions
where two or more conditions are listed as a seriès. Here
are two examples of incorrect construction:

(l) Incotect: A vibrator may be attached to the
spreader, finishing machine, or may be
mounted on a separate carriage.

(2) Incorrect.' The front screed shall be lifted and
brought directly over the joint, set upon
it, and the forward motion of the finish-
ing machine shall be resumed.

An easy way of correcting the first sentence would be:
"A vibrator may be attached to the spreader or to theIncorrect: When scarilying or díscíng, care sbaJT



ûnishing machine, or it may be mounted on a separate

carriage."
The idea in the second incorrect sentence may be ex-

pressed correctly in this way: "The front screed shall be

lifted, brought directly over the joint, and set upon it.
Then the forward motion of the. ."

USE OF ABBREVIATIONS

In order to save space, standard * abbreviations should be
used for the names of units of measurement. Some stand-
ard abbreviations are as follows:
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sp gr : speciûc gravity
sq ft : square foot (feet)
sq in. : square inch(es)
std : standard
tan : tangent
M : thousand(s)
kip : thousand Pound(s)
spell out 

=1.,ißwt : weight
yd - yard(s)
yr - year(s)

Note that no "s" is used for the plural of any measure-

ment unit abbreviation, and that no period is used except

rvhen the abbreviation spells a wo¡d in itself; for example,
in. for inch(es).

Abbreviations should also be used for certain well-known
organizations, such as AASHO, ASTM, A.SA, BPR, HRB.

SUMMARY

Basic Príncíples

In order that a specification will be interpreted correctly
and that there will be no chance of misunderstanding by

the contractor, a few simple principles should be kept in
mind, as follows:

1. The simplest possible language should always be

used.
2. Confusing and ambiguous words must be avoided or

clarified.
3. Controlling words must be properly placed.
4. Sentences should be kept.as short as is consistent

with comprehension and meaning.
5. Punctuation must be handled with great care.

Things to Do

1. Use the words "shall" and "will" properly.
2. Use the best word.
3. Put each word in the right place.
4. Use the word "the" wherever it belongs.

5. Use short sentences.

6. Use capital letters for the beginnings of words which
resemble titles.

7. Use commas properly.

Thíngs Not to Do

1. Do not include vague expressions in requirements'
2, Do not use the expression "and/or."
3. Do not include unnecessary words.
4. Do not use dangling participles.
5. Do not use the word "same" as a pronoun or the

word "said" as an adjective.
6. Do not use symbols such as Vo or #.

spell out
avg
bbl
bu
ctoc
cm
cir
cu
cu ft
cu yd
F
diam
$
doz
el
ft
fpm
gal
gpm
hp
hp-hr
hr
in.
ID
kg
lin ft
max
spell out
mph
min
min
spell out
pPm
pt
tb
lb-ft
lb per cu ft
psf
psi
qt
spell out
shP

- acre(s)
: average
: bar¡el(s)
: bushel(s)
: center to center
: centimeter(s)
: circular
: cubic
: cubic foot (feet)
: cubic yard(s)
: degree(s) Fahrenheit
: diameter(s)
: dollar(s)
: dozen(s)
: eievation
: foot (feet)
: feet per minute

- gallon(s)
: gallon(s) per minute
: horsepower
: horsepower-hour(s)

- hour(s)
: inch(es)
: inside diameter
: kilogram(s)
: linear foot (feet)
: maximum

- mile(s)

- mile(s) per hour
: minimum
: minute(s)
: month(s)

- part(s) per million

- pint(s)

- pound(s)
: pound-foot (feet)

- pound(s) per cubic foot

- pound(s) per square foot

- pound(s) per square inch

- quart(s)

- rod(s)
: shaft horsepower

. Americat Standards Association.
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ASTM PREC¡SION STATEMENTS

The material of this chapter is, in part, historical in nature,
reflecting as it does the status of ASTM precision state-

ments as of June 1963. Since that date ASTM Committee
D-4 has been active in restudying and making recom-
mendations for changes in the format of precision state-

ments. Much of the emphasis of these changes will be

directed towards reducing reliance on the rterms ",repeata-

bility" and "reproducibility" and giving greater significance
to the standard deviation, q, and the relation that various
multiples of this parameter have to a set of data. This
will be done by refe¡ence to ASTM Designation E-1"17,

Recommended Practice for the Use ol Terms Precísion and
Accuracy as Applíed to Measurement oÍ a Property ol a

Material, and to the new ASTM Manual STP 335 for con-
ducting an Interlaboratory Study ol a Test Method. The
tables in this chapter listing methods having precision state-
ments do not include actions taken in the June 1964

meeting, at which time several statements we¡e revised or
newly adopted.

FUNCTION OF ASTM

The investigations and researches of ASTM technical com-
mittees have led to the development of more than. 3,200
standards, speciûcations, and methods of test. Many of
these standards serve as the backbone of the highway con-
struction industry by providing uniform guidelines for
specifying and testing materials. Each test method de-

scribes an orderly procedure for measuring a property of a

material, and includes all of the details essential to obtain-
ing satisfactory precision of measurement. Defiling this
degree of precision is one of the advisory functions of
ASTM Committee E-11 on Statistical Methods. Such pre-
cision statements take into account the normal variability
that will result from different equipment, different opera-
tors, sampling yariations, and other influencing factors.
The realization of the necessity of required statistical
studies to provide a basis for these statements has caused
some of the tests lacking precision statements to be viewed
with some degree of skepticism, or at least has caused the
obtained test values to be examined and applied with
extreme caution.

FACTORS AFFECTING PRECIS¡ON

Any test procedure involving operator and equipment may
be subject to both random and systematic error, resulting
in a variation of the individual results of a group of test
data by the same or different operators. Users of the test
should be posted as to the magnitude of such variations that
may reasonably be expec,ted. The precision statemeût sec-

tion of a method of test is intended to accomplish this
result. To use a method of test without a precision state-

ment is none other than buying the proverbial "pig in a

poke."
Random errors in testing will result in a spread of the

test data about a mean or central value. The greater the
number of test'results and the tighter the operational con-
trol of all steps in the testing procedure, the smaller will
be this variation or spread of individual values about the
mean value. Statistically, the measure of this variation
about the mean is the standard deviation, ø, or, more
strictly speaking, the estimate of the standard deviation, s,

because it is based on a small amount of experimental data
rather than on all possible data. This spread of the data
about its mean as the result of random error is the measure
of the precision of the test method.

It should be recognized, however, that the foregoing
mean or central value is not necessarily the true value,
regardless of the amount of experimental data used in its
evaluation. If systematic e¡ror is present as between several
groups of the experimental data, there will be a shift of
the previously described mean value away from the t¡ue
value, although the spread of the several groups of the
experimental data about their means may not be affected.
This variation of the mean from the true value, as the result
of systematic error, is called the nres of the system, and
measures the accuracy of the data. Unfortunately, in many
ASTM methods of test there is no simple or sure way of
determining the true value of the prop€rty being measured.

Who may say, for instance, what is the true measure of
the penetration or softeDing point of a given sample of
asphalt? Thus, the variation of the measu¡e of a property
usually includes, in a group of results, both random and
systematic error. For this reason the estimate of the
standard deviation has within itself elernents of both preci
sion and accuracy. Therefore, the cooperative testing com-
mittee engaged in devising a given method of test should
give careful consideration to the elimination of sources of
systematic error. In general, in ASTM development of
test methods this elimination of systematic error is not so

much a conscious' technical procedure as it is a rule of
common sense. Ordinarily, after a common sense ap-
praisal of a proposed test method by some group of ex-
perts in the field, the ,meau or central value of some con-
siderable number of replicate results is accepted as the
true value, from which error deviations are measured,
There is a cer.tain laxity here, it must be admitted; as a
result, the terms precision and accr¡racy are frequently
looseþ regarded as identical, whereas in reality they are,
by definition, different quantities.

METHODS OF DETERMINING PRECISION

In general ASTM practice the cooperative test program
employed in developing a proposed method of test is itself



necessarily limited in terms of operators, samples, labora-
tories, and test machine assemblies. It is therefore neces-
sary that the developers of a method of test concern them-
selves not only with the potential precision and accuracy
of the several steps in the proposed procedure, and with the
balance between operators, sa,mples, laboratories, and
equipment, but also with the establishment of the linkage
between their limited experimental data and the statistical
universe of results from all other possible operators, labora-
tories, and equipment assemblies working with other
samples of the material in question at other times and
places, but still unde¡ the restrictions and procedures pre-
scribed by the method of test in question.

A subcommittee of ASTM D2 has considered this situa-
tion and in ASTM Proceedings 53: 379 (1953) has made
certain proposals as to processing the data and as to the
format for a precision stâtement to be a part of all ASTM
methods of test. Although the statistical analyses on which
the arguments of this a¡ticle are based involve certain ap-
proximations, their results are straightforward, readily un-
derstandable, and sufficiently exact for the purposes in-
tended. It would be a significant advance if all cooperative
testing committees v/ere to follow this method of process-
ing the data for definition of permissible va¡iation between
results by the same or different operators.

REPEATABILITY AND REPRODUCIBILITY

The D2 sub-committee, in the 1953 Proceedings article
previously refe¡red to, evaluated the variability in the re-
sults of a test procedure for two different situations, as

follows:

1. For repeatability, which is the quantitative measure
of the variability associated with a single operator in a
given laboratory, generally using the same apparatus, and
producing his group. of test results over a sho¡t interval
of time;

2. For reproducibílíry, which is the quantitative meas-
ure of the variability associated with two different operators
working in two different la,boratories with similar but
different assemblies of test apparatus and with each opera-
tor generally producing his group of test data on different
sample aliquots and, nor'mally, over a short interval of
time.

In case of both repeatability and reproducibility these
measures of variabilities are, rnore specificalþ, defined as

the greatest difference beûween two simple and .independent

test results that can be considered acceptable (i.e., not
significantly different) at some stated probability level of
being within a given magnitude under the testing methods
of the recommended practice. Each of the two independent
test results to be compared may be the average of a few
replicates. The probability level advocated for purposes of
this study is the 95 percent level, meaning that in the long
run two randomly selected values will be found not to ex-
ceed the stated difference 95 times out of 100.

This greatest difference between two independent results,
that is not expected to be exçeeded more than 5 percent of
the ti.me, is geared to the estimate of the standard deviation
of the data produced by the cooperative study setting up
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the method of test procedure. More specifically, this
greatest difference value is made up of the product of the
estimate of the standard deviation and a factor which varies
with the degrees of freedom (i.e., number of independent
test values less one) in the cooperative development data
under repeatability and reproducibility conditions.

In repeatability, the estimate of the standard deviation,

^S", is normally derived by pooling the replicate values of
a number of operators in the different cooperating labora-
toriès, and is given as

z(x1-k)2 *2(x'_ Í')r+ . . . >(xx-xù"

( 1e)
in which

k : number of operators;
/rr : nurn,ber of determinations, Xr, by

whose average value is Ír;
t1e : fruûrber of determinations, Xr, by

whose average value is 1r;
nk : number of determina.tions, X¡, by operator k,

whose average value is X¿; and
(n,- r) * (n"- 1) + . (nn- 1) : degrees of

freedom of
the repeata-
bility dara.

Similarly, for reproducibility :

s":1/

operator L,

operator 2,

-v)" +

(20)

in which

/c : number of laboratories;

Ír : average of results by laboratory 1;

Xr: averageof results by laboratory 2;

X o - averageof results of laboratory ft ;

X: uu".ug. ofresults over all laboratories; and
(,t- 1): degrees of freedom of the reproducibility

arTay.

CONFIDENCE LIMITS

For an infinite Dumber of tests the standard deviation, cr,

is related to the difference between, or spread of, a pair of
randomìy selected test values. In this long run a raqge
of.2.77o should not be exceeded, because of the operation
of random errors, 95 percent of the time. Thus, this magni-
tude or range sets the value for the system of the confidence
level or confidence limit, of 95 percent. However, in
practice only a finifs ¡urnþg¡ of experimental results are
developed by the cooperative testing study of the developers
of the method of test. From these results only the estimate
of the standard deviation-not the standard deviation it-
self-may be evaluated, and this is the mo¡e susceptible to
deviation from the standard deviation, a, the fewer the
available data (i.e., the fewer the degrees of freedom as

t.:4/ffi
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TABLE 17

ASTM D4 SPECIFICATIONS NOT REQUIRING A PRECISION STATEMENT

JURISDICTION
SPEC.

NO. MÀIN SUB COMMENTS

D8-63 D4

D75-59 D4

D98-59 D4

D140-55 D4/D8

lij24143 D4

D242-57T D4

D244-6lT D4

D290-51 D4

D448 D4

D49047 D4

D597-46 D4

D598-46 D4

D632-58 D4

D633-44 D4

D692-63 D4

D693-54 D4

D694-62

D946-63T D4

D977-63T D4

D979-51 D4

D995-61T D4

D1073-63 D4

Dl139-61T D4

D1190-52T D4

D1191-52T D4

1b

3a

3b

3a

3d

Definition of Terms Relating to Materials for
Roads and Pavements

Sampling Stone, Slag, Gravel, Sand and Stone
Block for Use as Highway Materials

Specifications for Calcium Chloride

Sampling Bituminous Materials

Specifications for Asphalt Filler for Brick Pave-
ments

Specifications for Mineral Filler for Bituminous
Paving Mixtures

Test for Coating Ability and Water Resistance,
etc.

Recommended Practice for Bituminous Mixing
Plant Inspection

Specifications for Standard Sizes of Coarse ,{g-
gregate for Highway Construction

Speciflcations for Tar

Specifications for Cut-Back Asphalt, Rapid
Cure Type

Specifications for Cut-Back Asphalt, Medium
Cure Type

Specification for Sodium Chloride

Standard Volume Correction Table for Tar and
Coal Tar Pitch

Specifications for Coarse Aggregate for Bitu-
minous Paving Mixtures

Specifications for Crushed Stone and Crushed
Slag for Bituminous Macadam Base and Sur-
face Courses of Pavements

Specifications for Crushed Stone, Crushed Slag,
and Crushed Gravel fo¡ Dry-Bound or Water-
Bound Macadam Base Courses

Specifications for Asphalt Cement for Use in
Pavement Construction

Specifications for Emulsified Asphalt

Sampling Bituminous Paving Mixtures

Specifications for Requirements for Mixing
Plants for Hot Mixed, Hot Laid Bituminous
Paving Mixtures

Specifications for Fine .Aggregate for Bitu-
minous Paving Mixtures

Specifications for Crushed Stone, Crushed Slag,
and Gravel for Single or Multiple Bituminous
Surface Treatments

Speciûcations for Concrete Joint Sealer, Hot
Poured Elastic Type

Tests forConcrete Joint Sealers

Unsuited for precision statement

Unsuited for precision statement

For test operations uses D345-48

Unsuited for precision statement

For test operations uses D4-52, D5-61,
D6-39T, D36-26, D92-57, Dll3-44, Dl40-
55,D16542

For test operations uses D546-55

Unsuited for precision statement; tests too sub-
jective

Unsuited for precision statement

Unsuited for precision statement

For test operations uses D4-52, D20-56, D36-
26, D70-52, D95-58, Dl39-49, D87248,
D1665-61

For test operations uses D4-52, D5-61, D88-
56, Drt344, D402-55, D I 3 I 0-597

For test operations uses D4-52, D5-61, D88-
5 6, D11.344, D402-55, D 1 3 10-597

For test operations uses Official Methods of
Analysis of Assoc. of Official Agricultural
Chemists for Salt

Unsuited for precision statement

For test operations uses D75-59, C29-60, C88-
63, C131-55, Cl36-617

For test operations uses D75-59, C29-60,
c131-55, Cl36-63

For test operations uses D75-59, D423-61T,
D424-59, C29-60, C88-63, C131-t5, Cl36-
63

For test operations uses D4-52, D5-61, D6-
39T, D92-57, Dll344, D140-55, D27l-58

For test procedures uses D244-60, for 7 special
tests; uses D4-52, D5-61, D70-52, Dll3-
44,D128-61

Unsuited for precision statement

Unsuited for precision statement

For test operations uses D75-59, C88-63,
c125-58, Cl36-63

For test operations uses D75-59, C29-60, C88-
63, Ct23-57A. C131-55, CI3Ç6LT, Cl42-

' 55T, C235-577

For test operations uses Dl191-527

3 tests unsuited for precision statements; 1 test
with partial precision coverage via D95-58;
1 test without precision coverage needed

5a

4c

2d

5a

4d

4a

I

I

4a

3b

4d,

5a

5a

5a

4a

4b

5a

5a

3d

3d

3a

2d
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TABLE l7-Contínued

JURISDICTION
SPEC.

NO. MÀIN SUB TITLB COMMENTS

Di369-58

D1663-597

D1664-597

D1751-607

Di752-60T D4

Dr753-60T D4

Di850-61T D4

D1852-61T D4

D1854-617

D2026-637

D2027-63T D4

D2028-63T D4

2e

2d

a^

3d

D4

D4

D4

D4

Recommended Practice for Quantities of Ma-
terials for Bituminous Surface Treatments

Specifications for Hot Mixed, Hot Laid Asphalt
Paving Mixtures

Test for Coating and Shipping of Bituminous
Aggregate Mixtures

Specifications for Expansion Joint Fillers for
Concrete Paving and Structural Construction
(Non-Extruding and Resilient Bituminous
Types)

Specifications for Preformed Expansion Joint
Filler for Concrete Paving and Structural
Construction (Non-Extruding and Non-Re-
silient Bituminous TYpes)

Specifications for Hot Mixed, Hot Laid Tar
Paving Mixtures

Specifications for Concrete Joint Sealer, Cold
,{pplication Type

Testing Jet Fuel Resistant Concrete Joint
Sealer, Cold Application Elastic Type

Specifications for Jet Fuel Resistant Concrete
Joint Sealer, Hot Poured Elastic Type

Specifications for Liquid Asphalt, Slow Curing
Type

Specifications for Liquid Asphalt, Medium Cu¡-
ing Tþe

Specifications for Liquid Asphalt, Rapid Curing
Type

Unsuited for precision statement

For test operations uses D75-59, D140-55'
D979-51, D423-61T, D424-59, D546-55,
D1097-58, Cl27-59, Ct28-59, C136-6lT

Unsuited for precision statement; too subjective
on "go no-go" basis of visual appraisal

For test operations uses D545-49

For test operations uses D545-49

For test operations uses D75-59, D423-61T,
D424-59, D979-5t, D1097-58, C127-59,
ct28-59, C136_61T

For test operations uses D1851-61T, D1191-
52T, D5-61 (with grease cone replacing
needle)

For test operations uses D5-61 (with grease

cone replacing needle), D140-55, D1853-
617

For test operations uses D140-55, D1855-617

For test operations uses D4-52, D88-56' D92-
62, D95-58, Dll344, D13949, D140-55,
D243-3 6, D40Z-5 5, D445 -61

For test operations uses D4-52, D5-61, D88-
56, D95-58, D11344, D14o-55, D402-55,
D445-61, Dl3l0-597

For test operations uses D4-52, D5-61, D88-
.56, D95-5S, Dll344, D140-55, D402-55,
D445-6r, D13 r0-597

3d

3d

3d

3d

D4

4a

previously defined). Thus, to meet any given confidence
level, or ,for a speciûc probability to obtain, a larger multi-
plier than 2.77 is required in practice.

The multipliers of the estimates of standard deviations
in repeatability or in reproducibility that are applicable for
defining the range between any two selected values that
should not be exceeded 95 percent of the pair selectioDs

are given in the previously cited subcommittee report.*

FORMAT OF PRECISION STATEMENTS

The authors of the same subcommittee rePort t summarized

their precision statement recommendations as follows:

Precision:
The following data should be used for judging

the acceptability of resr¡lts (95 percent probability)
according to the concept of precision as given in
the ASTM Proposed Recommended Practice for

+ ASTM P¡oceeilings 53:382 (1953), Table 1.
t låid., Section 9,

Applying Precision Data Given in ASTM Methods
of Test for Petroleum Products and Lubricants.

(a) Repeatability
Duplicate results by the same operator

should be considered suspect if they difier by
more than the following amounts:

Range or Sample Description Repeatability

Reproducibility
The result submitted by each of two

laboratories should not be considered suspect
unless tley differ by more than the following
amounts:

Range or Sample Description Reproducibility

(b)
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TABLE 18

ASTM D4 SPECIFiCATIONS NEEDING BUT HAVING NO PRECISION STATEMENT

PRECISION STATEMENT
JURISDICTION

SPEC

NO. MAIN TITLE
NO. OF
TESTS RÄNGE

CONFIDENCE
LEVEL

DEGREES OF
FREEDOM

D2-33

D3-18

D4-52

D11344

D139-49

D16542
D289-63

D345-58

D423-61'1

D424-59

D517-50

D54549

D546-55

D76249

D872-48

D9l5-61
D9t647T

D994-53

D1074-60

D1075-54

D1097-58

D1138-52

D1189-61

Dt46t

D1159-627

Dr560-63T D4

D1561-63T D4

Test for Abrasion of Rock by Use of
Deval Machine

Test for Toughness of Rock

Test for Bitumen (CS, Soluble)

Test for Ductility of Bituminous Ma-
terials

Float Test for Bituminous Mate¡ials

Test for Bitumen Soluble in CCL
Test for Abrasion of Graded Coarse Ag-

gregate by Use of Deval Machine
Sampling and Testing Calcium Chloride
Test for Liquid Limit of Soils

Test for Plastic Limit and plasticity of
Soils

Specifications for Asphalt plant

Testing P¡eformed Expansion Joint Fill-
ers for Concrete (Non-Extruding and
Resilient Types)

Test for Sieve Analysis of Mineral Filler
Test for Hot Extraction of ,A,sphaltic

Materials and Recovery of Bitumen
by Modified Abson Procedure

Test for Sulfonation Index of Road Tars
Testing Soil-Bituminous Mixtures
Test for Shear Strength of Flexible Road

Surfaces, Subgrades, and Fills by
Burggraf Apparatus

Specifications for Preformed Expansion
Joints for Concrete (BituminouJ Type)

Test for Compressive Strength of Bitu-
minous Mixtures

Test for Effect of Water on Cohesion of
Compacted Bituminous Mixtures

Test for Bitumen Content of Paving Mix-
tures by Centrifuge

Test for Resistance to Plastic Flow of
Fine Aggregate-Bituminous Mixtu¡es
by Hubbard-Field Apparatus

Test for Vacuum Distillation of Liquid
and Semi-Solid Asphaltic Materials for
Residue of Specified Penetration

Test for Moisture or Volatile Distillates
in Bituminous Paving Mixtures

Test for Resistance to Plastic Flow of
Bituminous Mixtures Using the Mar-
shall Apparatus

Test for Resistance to Deformation and
Cohesion of Bituminous Mixtures by
Hveem Apparatus

Preparation of Test Specimens of Bitu-
minous Mixtures by the Calif. Knead-
ing Compactor

Test for Recovery of Asphalt from Solu-
tion by Abson Method

D4

D4

D4

D4

D4

D4

D4

D4

D18

Dl8

D4

D4

D4

D4

D4

Dl8
D18

D4

D4

D4

D4

D4

D4

D4

D4

5b

5b

4h

4e

4e

4h

5b

3d

3d

3d

5b

2f.

XXX

1

I

I

I

I
1

3

1

2

4

8

X
X
X

X
X
X

X
X
X

X
X

X
X
X

X
X

X

I

I
3

1

X
X
X

X
X
X

X
x
X

x
X
X

X
X
X

X'
xb

X"
xb

X'
xb

X
X

X
X
X

X
X
x

4d

2a

2a

4f.

4f.

2a

2a

2a

X. X'

X

X

xc

X

X

x

X"

X

X

x

xc

x

X

x

x

X

X

X

x

x

xc

x

x

x

XD1856-63 D4 2f x
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TABLE l8-Continued

PRECISION STATEMENT

JURÌSDICTION
SPEC.

NO.

NO. OF
TESTS

CONFIDENCE DEGREES OF

LEVEL FREEDOM

D2t70-637

D2172-637

c88-63 "

cltT-627

c123-637

c13t-55

c r 36-63

ct42-55T t

C9

C9/D4

C9

c9/D4

c9/D4

C9

D4

D4

4e

2f

5b

5b

5b

Test for Kinematic Viscosity of Asphalts

Test for Quantitative Extraction of
Bitumen from Bituminous Paving Mix-
tures

Test for Soundness of Aggregâte by Use
of Sodium Sulfate or Magnesium SuI-
fate

Test for Materials Finer than 200 Sieve
in Aggregate by Washing

Test for Light TVeight Pieces in Aggre-
gate

Test for ,{brasion of Coarse Aggregate
by Los Angeles Machine

Test for Sieve or Screen Analysis of Fine
and Coarse Aggregate

Test for Clay Lumps in Natural Aggre-
gates

I
5

X
xd

x

X

X

X

X

X

X

xd

X

X

X

X

X

X

X

X

XU

X

X

X

X

X

X

Xc235-62T C9/D4 5b Test for Scratch Hardness of Coarse Ag- 1 X
gregate Particles

À 3 tests; 1 unsuited fo¡ precisio¡ statement, too subjective.
b 5 tests; 1 by D5-61 md ÞlO2-55 with parrial precision coverage; 2 unsuited for precision stâtement, too subjective.
c I test; 1 by D95-58 with prtial precision coverage.
d 4 tests; 1 by D 95-62 with partial precision coverage.
o Reagents of C88*53 caued for by Þ692, D694, D1073, D1139.
t Called for by Dl139.

In considering this recommended format for the preci-
sion statement, several comments may be made, as follows:

1. The repeatability section uses positive phrasing (i.e.,

"should be considered suspect if . . ."), whereas the
reproducibility section uses negative phrasing (i.e., "should
not be considered suspect unless . ."). Use of the posi-
tive form of phrasing in both sections is recommended as

the firmer and more symmetrical,
2. In the range values tha.t appear in the columns

headed "Repeatability" and "Reproducibility" in the for-
mat, the individual values of the estimate of the standard
deviation and the multiplying factor become lost. In the
interest of preserving the full integrity (or lack of it)
of the original cooperative development data, it is recom-
mended that somewhere in each of the repeatability and
reproducibility sections the values of the estimates of the
standard deviations in repeatability and in reproducibility
be posted as they were used in the cooperative committee
development report.

3. In the format recommended by the D2 report the
degrees of freedom of the development study data in
repeatability and in reproducibility are lost in the range
number actually shown. Because a factor of this range
number varies with the degrees of freedom (i.e., the num-
ber of independent data), it is recommended that, some-

where in each of the sections of repeatability and of re-
producibility, the degrees of freedom used in the original
development work be posted.

4. Although degrees of freedom give a measure of the

quantity of experimental data generated by the coopera-
tive development committee, this factor still fails to ade-
quately describe the balance of the data as between opera-
tors, laboratories, and number of replicates. Although X
replicates by a single operator generate (X- 1) degrees

of freedom, the authority of the work would be better
supported were (X - L) degrees of freedom to result from
several replicate results of a plurality of operators.

The 1960-1962 Ad Hoc Committee of ASTM D4 recog-
nized this weakness in precision statement data, and recom-
mended that the precision statement of each method of test
include a condensed table showing (a) number of opera-
tors, (b) number of laboratories, and (c) number of
replicates per test. These data depict the balance in the
development work and make possible an estimate of degrees

of freedom, but fail to illuminate the estimates of standard
deviations of rqreatability and reproducibility. The tabu-
lation recommended by this D2 Ad Hoc Committee should
be reinforced by recommendations regarding the estimates

of standard deviations and the degrees of freedom of items
2 and 3. The resulting precision statement will still be com-
pact and precise and will tåen ¡eveal all the essentials of
the development work on which the precision statement
is based.

A GUIDELINE FOR COOPERATIVE TESTING

The following guideline is advanced for consideration
when implementing cooperative testing for development
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TABLE 19

ASTM D4 SPECIFICATIONS WITH AMBIGUOUS OR PARTIAL PRECISION STATEMENTS

SPEC.

NO.

JURISDICTION

MÀIN SUB TITLE
NO. OF
TESTS

PRI,CISION STATEMENT

CONFIDENCELEVBL DEGREESOFFRBBDOM

REPEAT. RBPRODUC- REPEAT- REPRODUC- REPBÀT. REPRODUC.
AAILITY IBIL¡TY ABILITY IB¡LITY ABILITY IBILITY

D5-61

D6-39T

D20-56

D61-38

D70-52

D7t-52

D243-36

D244-60

X

X

X

X

X

x

X

X

x

X

X

x

X

X

XX

_Ã x

X

X

XXD4

D4

D4

D4

D4

D4

X

X

x

X

x

x

X

x

x

XxD4

D4

D4

D4

D4

D4

4e Test for Penetration of Bi-
tuminous Materials

49 Test for Loss on Heating
of Oil and Asphaltic
Compounds

4d, Test for Distillation of Tar
and Tar Products

4d Test fo¡ Softening Points of
Tar Products (Cube-in-
Water)

4h Test for Sp. Gr. of Road
Oils, Road Tars, Asphalt
Cements and Soft Tar
Pitches

4h Test for Sp. Gr. of Asphalts
and Tar Products Suffi-
ciently Solid to be Han-
dled in Fragments

4f Test for Residue and Spec-
iûed Penetration

4c Tests for Emulsiûed As-
phalts

4f. Test for Distillation of Cut-
Back Asphalts

3b Speciûcation for Sodium
Chloride by Official
Method of Analysis (for
salt) of the Assoc.
of Official Agricultural
Chemists

2b Test for Sp. Gr. of Com-
pressed Bituminous Mix-
tures

4d Test for Engler Specific
Viscosity of Tar Prod-
ucts

49 Test for Effect of Heat and
Àir on Asphaltic Ma-
terials (Thin Film Oven
Test)

3d Testing Concrete Joint
Sealers (Cold-Applica-
tion Type)

3d Testing Jet-Fuel-Resistant
Joint Sealer for Cöncrete
(Cold-Application Elas-
tic Type)

3d Testing Jet-Fuel-Resistant
Concrete Joint Sealer
(Hot Poured Elastic
Tvpe)

4e Test for Absolute Viscosity
of Asphalts

Unsuited for precision statements; too subjective
XXXX

L

I

1

I

I

1

J

8
1

I
5

1

1

4

I

X XXX
XX

X

X

X

X
X
X

x

x

X
X
X

X
D4-52, D5-6 1, D7 0-52, D\ t3-44, D 128-6 I

D402-55

D632-58

D1188-56

D1665-61

D1754-63T D4

D1851-61T D4

D1853-61T D4

D1855-61T D4

x

-rx

X

x

x

x

x

x

2
1

4
3

x

x

x

Xx

XXxxX

4
2

XXXX
Unsuited for precision statement; too subjective

XXXX
Unsuited for precision statement; too subjective

xxxx
Unsuited for precision statement; too subjective

fè:i

i,.
t-

l¡.

D2t7t-63T D4 x
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TABLE l9-Contínued

SPEC,

NO.

PRECISION STATEMENT

CONFIDENCE LEVEL DEGREES OF FREEDOM

JURISDICTION

MAIN SUB TITLE

NO. OF REPEÀT-
ABILITY

REPRODUC- REPEÀT-

IBILITY ABILITY
REPRODUC- RN,PEAT- REPRODUC-

IBILITY A3ILITY IBILITY

D88-56

D92-57

D9342

D95-62

D27t-58

D445-61

D1310-63

c29-60

c127-59

c128-59

D2

D2/D4 4'r.

c9/D4 5b

c9/D4 5b

D2

D2

Test for Saybolt Viscosity

Test for Flash and Fire bY

c.o.c.
Test for Flash bY PenskY-

Martens Closed Tester

Test for Water in Petro-
leum and Other Bitumi-
nous Products

Sampling and AnalYsis
(Ash) of Coal and Coke

Test for Kinematic Viscos-
itv

Test for Flash Point of
Volatile Flammable Ma'
terials by Tag OPen CuP

Test for Unit Weight of
Aggregate

Test for Sp. Gr. and Ab-
sorption of Coarse Ag-
gregate

Test for Sp. Gr. and Ab-
sorption of Fine Agg¡e-
gate

Sampting procedure unsuited for precision statement
XXXXX
XXXXX

1

2

X
X

X
X

X
X

X
X

X
x

x
x

X
X

1

1b

1

D5

D2

D1

c9

X

X

XX

X

X

x

x

x

X

x

xo

X

X

xcxc

X

xc

X

x"xc

X

X

3 Ambiguoùs.
b Asb.
"See /S?M P¡oc.,56'. A¡n. III of D1'

TABLE 20

ASTM D4 SPECIFICATIONS NEEDING AND }IAVING FULL PRECISION STATEMENT

PRECISION STATEMENT

CONFIDENCE LEVEL DBGREËS OF FREEDOM

JURISDICTION NO. OF
TESTS

REPEÀT-
ABILITY

REPRODUC-

IBILITY
REPRODUC- REPEAT-

IBILITY ABILITY
REPEÀT- REPRODUC-
ABILITY IBILITYSPEC.

NO. SUB TITLE

D36-62T ^ D4 Test for Softening Point of I
Asphalts and Tar Pitches

xXxxxx4e

. Lists number of sanples, number of laboratories and feplicates per test'

of methods of test. Ordinarily, in ASTM practice it is not

too difflcult to obtain several replicate tests from any

given operator once that oPerator and his laboratory are

induced to take part in the cooperative testing effort'

Thus, suffi.cient data for repeatability evaluation are not

too difrcult to come by, but it frequentþ is quite difficult

to en¡oll sufrcient laboratories for an adequate evaluation

of reproducibility vadability. In this latter case, the degrees

of freedom of the reproducibility system are one less than

the number of laborato¡ies and these cannot be increased,

as in the case of repeatability, by having more replicate

tests run by each laboratory. Something on the orde¡ of at

least ten different laboratories should be enlisted for an

adequate reproducibility evaluation. This may be realized
by noting the rate of change of the range multiplying
factor with change in degrees of freedom.*

If a snfficient number of qualified laboratories cannot be

enlisted at the time of organization of the cooperative test-
ing program, perhaps the lesser number of interested labo-
ratories can be induced to conduct a second or a third
series of tests at some interval (six months to a year) after

t ASTM Proceeilinas 53t382 1953) 
' 
Table 1'
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the first series. If different operators, and perhaps different
assemblies of apparatus, are deliberately used in the second
and third series, these repeat operations would fulfill most
of the qualifications of "different" laboratoriesi and thus
the effective degrees of freedom in reproducibility of the
testing program can be buiìt up.

SURVEY OF PRECISION STATEMENTS

All specifications under the individual or joint jurisdiction
of ASTM Committee D4, and those under the individual
jurisdiction of other ASTM committees but used by
methods of test under the jurisdiction of ASTM Commit-
tee D4, have been analyzed with respect to their precision
statements.

This analysis does not concern itself with whether or not
the variabilities of the test results are sufficiently narrow
for the pu{poses intended. It does concern itself with the
following:

1. Whether or not the specification in question does or
does not require a precision statement.

2. If it does, whether or not it distinguishes repeatability
or reproducibility conditions.

3. In either case, whether or not it states a range within
which test results by operators skilled in the art are to be
regarded as statistically compatible.

4. In either case, whether or not the confidence level
is defined within which this range or permissible variability
is applicable.

5. In either case, whether or not,the number and balance
of the experimental data (with respect to operators, labo-
ratories, and replicates of testing) on which the precision
statement is based (i.e., on its degrees of freedom) are
displayed.

It has been found that there are 102 specifications
either (a) under ASTM Committee D4 jurisdiction directly
or jointly with another ASTM committee, or (b) under
other than D4 ASTM committees, whose methods of test
have been adopted by ASTM Comrnittee D4.

Not all of these 102 specifications require precision
statements. Some (for example, D8-63, comprising the

definition of terms) are by their inherent Dature unsuited
for precision sta.tements. Others (for example,D24l-43)
consist of a listing of other specifications which describe
methods of test. and which may, and usually do, requiré
precision statements. The specifications of this D24l-43
type are not amenable to precision statements. The 37
specifications that deal with the definitions of terms or the
testing of other specifications and therefore do not require
precision statements are listed in Table 17. Those specifi-
cations given as operating methods under these main speci-
fications have been classified with respect to precision
statement coverage in Tables 18, 19, and 20.

Of the 65 specifications remaining after subtraction of
the 37 of Table 17, another 37 (Table 18) fall into a
classification in which precision statements are needed but
are not present. This last group of 37 specifications in-
cludes 62 tests (gross) or, after elimination of what are
essentially duplicates, some 48 different operating methods,
none of which have precision statement coverage. Many
of these are old and commonly used methods of test, and
their lack of precision statement coverage is disconcerting.

Of the remaining 28 specifications dealing with test
methods, 27 are in a classification in which some precision.
coverage is shown (Table 19), but on an ambiguous or
partial coverage basis. Some 60 tests (gross) are required
by these 27 specifications, but elimination of those which
are essentially duplicate tests reduces this number to 48. In
11 of these test methods a precision range is given, but
it is ambiguous as to whethe¡ conditions of repeatabilitv or
of reproducibility are under consideration. These l l am-
biguous cases are also lacking in exposition of the con-
fidence level involved, and in data from which degrees of
freedom of the data may be read or inferred. Statements
regarding all the tests involved in these 27 specifications are
lacking in information from which the adequacy of the
development data and their degrees of freedom may be
evaluated.

Table 20 should contain those specifications having full
precision statement coverage with respect to range, con-
fidence level, and degrees of freedom (and balance of ex-
perimental design) for ,both repeatability and reproduci-
bility conditions. Unfor,tunately, the exhi,bit is limited to
one specification, which involves only one test method.
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CHAPTER ELEVEN

CURRENT STATUS AND FURTHER DEVELOPMENT OF

PRACTICAL AND REALISTIC SPECIFICATIONS

DEFECTS OF CURRENT SPECIFICATIONS

Most highway agencies are rather slow to grasp newly

developed techniques for preparing specifications' Because

of political pressures, or perhaps the unwillingness to take

a chance with that which has not already been proved,

some agencies have been content to go along with the

status quo. It has only been in recent rnonths that certain

specification items have taken on a "new look" by incorpo-

rating more realistic procedures for determining what char-

acteristics to specify, what level should be specifled, and

how the specification should 'be enforced. Assumptions

have prevailed in the industry that highway engineers in

the past were:

1. Taking advantage of technological developments in

preparing sPecifi cations'
2. Specifying the'most efñcient and up-to-date construc-

tion techniques.
3. Outlining requirements that could be met with a

teasonable degree of assurance.

4. Giving proper tolerances that would allow for normal

variations present in all good quality work and materials'

However, recent comprehensive engineering studies have

disclosed that cons'truction and materials specifications do

not always fulfill these criteria and all segments of the

highway industry have come to realize that more scientific

anã e*àcting techniques must be developed for preparing

specifications. Otherwise the highway system can not keep

i realistic pace with the increasing traffic demands'

THE STATISTICAL APPROACH

One of the most practical and significant approaches known

at this time is the application of statistical concepts, as

discussed in Chapter Three, in choosing numerical limits

for measurable properties of specification items, as well as

for formula tolerances within which measurements can

reasonably be expected to fall a given percentage of the

time.
Few highway engineers have had the necessary traiuing

to fully understand the proper application of comPlex

statistical principles. Ilowever, the fundamentals can be

acquired with a reasonable amount of study and effort, and

once understood, the application of these basic principles

to highway problems is not difficult. A lack of knowledge

on this subject may be the ¡eason for some degree of re-

sistance to the statistical approach. It has been observed

that various state highway ofrcials acloss the country with

even â little statistical knowledge are enthusiastic regarding

the potentialities for improving specifications by the appli-

cation of statistical methods.
A number of state highway org¡niz¿1i6¡t' as well as

federal agencies, have established statistical sections of

sorts, to investigate and evaluate the practical applications

to highway probJems. There have been a few pioneers in
this field (Pennsylvania, California, Illinois Toll Road

Commission) but the majority of the states and public

agencies have taken a "wait and see" attitude. Those who

have ventured into this untried area have had some rather
surprising revelations when their test data were statistically
analyzed and plotted in graph form. It then became ap-

parent that many of the specification requirements were

unrealistic and required revision to make proper legal and

engineering enforcement possible.

Statistical methods provide a tool for calculating the

probability that a given Percentage of results will fall within
a stated limit or limits and serve as a guide for assigning

realistic numerical values to these limits. They are also

a valuable aid to the engineer in determining those areas

which require special studies for'the Purpose of decreasing

variability. They are useful in the control of materials

production, in construction control, in inspection and test-

ing, in determining realistic tolerances, and a host of other
purPoses.

Although the full potential of this science has not yet

been realized, there are many efforts under way throughout
the highway industry to educate key personnel in the use

of the more fundamental statistical calculations. Typical
of these efforts is the one-week short course on statistical
quality control which was held at he University of Virginia
during the spring of 1964 and again in December 1964.

Attendees at this course included representatives from
state highway departments, the Bureau of Public Roads,

the Corps of Engineers, consulting engineering firms, in-
dustrial organizations, and a number of people from the

educational field interested in adapting statistical methods
to their particular specialty. In this course an attempt was

made to show specific applications of simple statistical
principles to some of the more common on-the-job prob-
lems, such as base density control, moisture control, com-

pressive strength of concrete cylinders, and similar indices

of construction quality. A growing interest and hunger
for knowledge in the statistical field was quite evident and

most of the persons present reported using these concepts

to some degree, even though such use was limited, in most

cases, to investigating degree of compliance with current
requirements or to the interpretation of test data.

Within the last two years several contractor schools, de-

signed to acquaint supervisory construction personnel with
some of the advanced techniques for design and control,
have been available. Each of these schools has been of
one-week duration, with a very intensive Program of study

that included several night problem sessions. ^A.ll partici-

pants showed enthusiastic resPonse and eagerness to con-

. tinue in advanced studies beyond the scope of the schools.
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RESEARCH EFFORTS

A number of research projects have been undertaken
across the nation to .determine the statistical parameters
related to local needs. As an example, ,the West Virginia
State Road Commission has recently begun a study of its
historical test data, coupled with statistically designed
experiments, to determine numerical limits for use in real-
istic specifications. Many other states have related projects
under way such that the whole spectrum of highway ma-
terials and construction methods is receiving similar scru-
tiny. As the results of these efforts are translated into
highway specifications, highway engineers are beginning to
realize the full usefulness of these new-found statistical
tools. Special statistical sections have been established in
many highway organizations, including the Bureau of Pub-
lic Roads. These sections vary in size from a single indi
vidual who spends only a portion of his time on these
studies, to several individuals who devote full-time effort.
One of the major decisions to be resolved in this area is
whether to hire trained statisticians and then give them
the necessary highway engineering training or to attempt
to provide highway engineers with the necessary statistical
training. As a .matter of practicality, the latter course has
been followed. As the application of these concepts grorils,
and as the more complex principles are employed, it is
quite likely that the services of academically trained statis-
ticians will be necessary.

The Oflice of Research and .Development of the Bureau
of Public Roads, recognizing the advantages to be gained
through such an approach, awarded a research contract in
early 1963 to develop a feasible plan for adapting statistical
methods to highway construction problems. This study
resulted in a report entitled "A Plan for Expediting the
Use of Statistical Concepts in Highway Acceptance Speci-
fications," which was completed in August 1963. Subse-
quently, the Bureau held a series of regional meetings
throughout the country to implement certain recommenda-
tions in the report that would provide engineering data for
future specifications. Approximately 30 states have under-
taken statistical programs to varying degrees in an attempt
to determine parameters required for defining practical and
realistic tolerances on most highway materials and con-
struction items. Full value of these s.tudies cannot bê
assessed until all data have been assembled and evaluated,
which may take from one to three more years. In any
event, a movement has been undertaken which will have a
significant effect on future specifications.

Another segment of public domain has rnade a study of
variability among contractors performing similar work and
has rated each contractor according to the magnitude of his
variations. These ratings are published at periodic inter-
vals. As a result, a competitive spirit has been created
wherein contractors èontinually strive to decrease or eli,mi-
nate those variables affecting their ratings.

In addition to the research activities previously cited,
two projects included in the National Cooperative High-
way Research Program, identified as HR 10-2 "Evaluation
of Construction Control Procedures," and HR 10-3 "Ef-
fects of Different Methods of Stockpiling and Hand.ling
Aggregates" involve determination of statistical parameters.

Project 10-2 is primarily concerned with variations in
aggregate gradation at different points in the production
stream. The first phase of Project 10-3 has been com-
pleted and a report has been published (NCHRP Report 5,
1964). In this investigation ten stockpiling methods were
studied, using crushed stone and various types of construc-
tion equipment. A numerical rating system rvas developed
for comparing the efficiency of one stockpiling procedure
with another. A continuation of the project has been ap-
proved and will involve the construction of test sections to
determine the degradation effects on aggregate bases under
various types of handling and compaction equipment. Ad-
ditional types of aggregate will be used for further stock-
piling studies.

SIGMA BANK

Throughout this report there has been frequent reference
to normal variability of materials and construction items.
The determination of what constitutes normal variability
is neither an easy job nor one which can be accomplished
overnight. Programs currently in being to collect such
data have been previously described. Most of these studies
are unde¡ the joint direction of the Bureau of Public Roads
and various state highway departments.

How can the data be used to best advantage once they
are collected? The answer to this question is perhaps the
key to effective use of statistical parameters for preparing
realistic specifications. As fa¡ as is known, no central co-
ordinating agency has been established for collection, analy-
sis, and dissemination of 'these data. Obviously, unless the
data are made available to those who have a use for them
they cannot serve their intended purpose. In addition to
the special statistical projects under way, a wealth of his-
torical data that could provide a preliminary estimate of
sigma values is sto¡ed in the files of practically every high-
way agency.

In recognition of the need for some type of storage sys-
tem, at least one agency+ has started the development and
operation of a sigma bank. To implement this system,
data from many sources are analyzed and statistical param-
eters are calculated. These data, together with all other
information regarding details of the test or construction
item (type of material, source, temperature, .forming and
curing conditions, agency performing test, etc.) are en-
tered on IBM cards for rapid recovery. The ultimate goal
of such a sigma bank is to provide normal values of sigma
(standard deviation) that might be expected under a given
set of conditions. It should be realized that the value of
sigma for each material or process is not a constant be-
cause the many variables affecting each measu¡ement influ-
ence the magnitude of sigma. As long as this limitation is
recognized, sigmas acquired from any such storage sys-
tem can be a valuable aid to the specification writer.

A LOOK AT THE FUTURE

Amerícan Practíce

The project investigators are not aware of the existence
of any State Highway Standard Speciûcations Book that

I Miller-Warden Associates, Ralelgh, N.C.



has been prepared on the basis of the concepts presented
herein. There are, however, cases involving a limited
number of materials or methods which are based on some
portion of these guidelines.

Foreign Practice

A ¡eview of the literature indicates that the British Road
Research Laboratory makes extensive use of the statistical
approach in investigating highway problems. Attention is
now being focused on methods of developing specifications
for bituminous mixtures which wilt minimize arguments
between engineers and cont¡actors as to the degree of com-
pliance attained. Investigations as to the quantity of test-
ing required for quality control on large highway projects
a¡e also under way.

FUTURE IMPLEMEN¡TATION OF THE DEVELOPMENT OF
PRACTICAL AND REALISTIC CONSTRUCTION
SPECIFICATIONS

This report presents several new ideas, new approaches,
and new methods. Most of these are controversial matters
and it is unlikely that any will be adopted in toto without
further discussion and investigation. Before practical and
realistic specifications are actually published and enforced,
present attitudes may have to be changed. This change
can be brought about only by better understanding in three
broad areas, as described in the following.

E n g ine er-C ontract or Relat io nship s

This area includes recognition of the necessity for increased
clarity of specifications, elimination of ambiguous phrases,
definition of words and construction terms, and the defini-
tion of a legal and moral basis fo¡ decisions by the engineer,
that will be acceptable by all parties concerned.

The contractors' potential for effecting economies in con-
struction should be appreciated and every local contractor
should be given frequent opportunity to challenge require-
ments that may be nonessential and which affect costs. At
the same time, contractors must be made aware that they
are responsible for quality control and that they must be
prepared to assume the total load that is now shared with
agency engineers.

Improved relationships in this area can be brought about
by better communications. Highway departments that do
not already have such a program should be encouraged to
schedule formal engineer-contractor meetings twice yearly,
before and afte¡ the construction season. Such meetings
should be conducted on the basis of a prepared agenda to
which all interested parties should be invited to contribute.
The published minutes of such meetings should do much to
convince the taxpayer that both the construction industry
and the professional engineers have a sincere interest in
providing better ¡oads at lower cost.

Statístical Concepts

As discussed in Chapter Five, some engineers are reluctant
to accept the concept that measurements on a lot will have
some average value, but that there would be a wide range
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of values if measurements were made on all the small sub-
divisions. The idea persists that a test on any small por-
tion, or on a so-called representative sample, shows the
true quality of the lot, and that if any test result is not
within arbitrary limits, there is something wrong with the
Iot, or with the sampling. The conversion of such skeptics
will require not only an understanciing of the rudiments of
statistics, but also considerable evidence that statistical
methods do apply to construction situations in the real
world. This evidence may come from published papers
by fellow engineers whom they know and respect, or from
personal contact with programs concerning probability
sampling of actual construction that they know is of accept-
able quality. Fìrst, there must be available an easily-read
manual that explains the basic concepts and methods of
statistics in simple language. Secondly, there must be
available a gteat deal of information on what variation of
measurements can be expected in acceptable construction,
and on the sources of this variation. In addition to the
programs initiated by the Bureau of public Roads, highway
departments should be encouraged to set up combined
training and ¡esearch programs wherein the variance asso-
ciated with materials, types of construction, sampling pro-
cedures, and test methods, can be measured and analyzed
by properly designed experiments.

The exchange of information effected by the publishing
of technical papers based on these programs will probably
provide more impetus to the acceptance of statistical con-
cepts than any other factor.

Ess e ntial C lnracteristics

Before really practical and realistic specifications for a
material or item of construction can be written, the char-
acteristics essential to performance, and the requirements
for these characteristics, must be known. Preferably, the
measurement value by which the characteristic is evaluated
should be in such form that it can be expressed as a single
nunrber, adaptable to statistical treatment. Although it is
commonly assumed that the characteristics currently con-
trolled by specification requirements are those which are
essential, this is not necessarily the case. Recent investiga-
tions have upset many entrenched ideas, and continued
effort should be made to replace requirements based on
theory or assumption by those that make a real difierence
in performance and longevity. A listing and publishing
of requirements (by some agency recognized by the high-
way industry) suitable for a value engineering analysis
would focus interest on this type of research.

A closely related field is the development of rapid test
methods that \ryill actually provide assurance of quality
control. It is realized that there is a great deal of current
activity and interest in such test methods, but those known
to be under development have a limited application. Addi-
tional research based on designed experiment is needed
to establish the relative value of rapid methods which make
possible a large number of approximate measurements at
a critical point in production or construction, in comparí-
son with methods which yield one, or only a few, precise
measurements .after the opportunity for correction has
passed.
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APPENDIX A

GLOSSARY AND NOTATION

AccEpTABLE euALITy LEvEL 
- 

The maximum percent de-

fective that can be considered satisfactory as a lot
average.

Á.ccEpTANcE PLAN 
- 

An agreed upon ,method of taking
and making measurements on a sample, for the pur-
pose of determining the acceptability of a lot of ma-
terial or construction.

ÄccuRAcy 
- 

The agreement between a measured value and

a true value.
AESTHETIC v^u.up 

- 
The worth of an item of construction

in terms of pleasing appearance or gratifying per-
formance.

ÀNALYSIS oF V,{RIANCE (eNov) 
- 

A mathernatical method
of isolating causes of variation.

ÂssrcNABLE cAUSE 
- 

A relatively large factor, usually due

to error or process change, which contributes to varia-
tion and whose effects are of such importance as to
justify time and money required for its identification.

ATTRIBUTE 
- 

A characteristic which, by its presence or
absence, classifies a unit or segment as being accePt-
able or defective.

AvERAcE (Ð 
- 

A measure of central value which usually
refers to the arithmetic mean.

BIAS 
- 

An error, constant in direction, common to each
of a set of values, which cannot be eliminated by any
process of averaging.

BUyER's RISK 
- 

The probability of accepting poor or un-
suitable material or construction as a result of using
a particular acceptance plan.

cosr VALUE 
- 

The price of a collection of units of material
or an item of construction, having specified character-
istics, in terms of money, proportion of available man-
power, or depletion of natur'al resources.

CRITICALITY 
- 

The classification of various factors of
specifications as they affect safety, performance, or
durability.

Measurements collected for a planned purpose
and suitable for the inference of conclusions.

DEFECT 
- 

A fault or flaw that affects a material or item
of construction with respect to specification require-
ments.

DEFECTIVE 
- 

Having one or more defects.
DENsE-cRÁDEn-Continuously graded from a specified

maximum size to dust, so as to have a low aggregate
voidage.

DISTRIBUTIoN 
- 

An arrangement of data which shows the
frequency of occurrence of each successive individual
measurement or range of measurements.

DrsrRrBUTroN cuRvE 
- 

The smooth curve that encloses an
arrangement of data which shows the frequency of
occurrence.

EXPERTMENTAL ERRoR 
-The 

difference between measure-
ments on two identically treated experimental units.

FINENEss MoDULUS (FM) 
-The 

sum of the percentages

in the sieve analysis of the aggregate divided by 100.

The sieve analysis is reported as percentages by weight
coarser than each of the U.S. Standard Sieves No.
100, 50, 30, t6, 8, 4, 3/e in., 3/+ in., llz in., and 3 in.

FINES 
- 

Usually mineral particles which are less than 74
microns in size (passing a No. 200 standard sieve).

HIsrocRAM 
- 

A type of bar chart which displays in terms
of area the ¡elative number of measurements of differ-
ent classes. The width of the bar represents the class

interval; the height represents the number of rneasure-
ments.

HUDSoN Ã-fne term for a factor which expresses the
relative coarseness of an aggregate gradation in a sin-
gle number. It is found by summing the percentages

passing the Llz in., 3/+ in., 7a in., No. 4, No. 8, No.
16, No. 30, No. 50, No. 100, and No. 200 standard
sieves and dividing by 100.

INCREMENTS 
- 

Small portions of a material taken to forrn
a sample.

TNHERENT VARIANcE (ø2o) 
-The 

effect of random or in-
consequential causes in a given process.

Lor-An isolated quantity of material from a single
source.

A measured amount of construction assumed to
be produced by the same process.

LoT ACCEPTANCE PLAN 
- 

See acceptance plan.

¡46¡¡¡ 
- 

dvsrage of all possible measurements made on a
lot; often used as the desired value.

MEAN sr.opr v¡nuNce 
- 

The average of the slope vari-
ances for the inner and outer wheelpaths of a pave-

ment,
NON-CENTRAL t DISTRIBUTION-A nOnSymmetrical or

skewed distribution of f values occurring when the true
mean of a lot is not the desired (assumed) mean.

NoRMAL cuRvE 
- 

A curve, having a bell-shaped form,
that is determined by values of 7' and o' and is often
used to describe the distri,bution of individual meas-

urements.
NORMAL DISTRIBUTION CURVE 

- 
SCE NOTMAI CUTVC.

oPEN-GRÄDED-A well-graded aggregate containing little
or no fines, with a high percentage of aggregate voids'

oPERÂTING CHARÄCTERISTICS-A graphical presentation

showing the buyer's and seller's risks associated with
lots having stated mean values.

orERATTNG cHÂRAcTERISTIcs (OC) cuRvE-A graphical
presentation of a sampling plan which shows the re-
lationship between the quality of a lot and the prob-

ability of its acceptance or rejection.

PARAMETER 
- 

A constant or coemcient that describes some

characte¡istic of the distribution of a series of meas-

urements.



pooRLy-cRADED 
- 

Containing a disproportionate quantity
of particles of some sizes.

PREcISE 
- 

See precision.
PRECISIoN 

- 
The degree of agreement among a series of

measurements.
rRESENT sERVIcEABrLrry rNDEX (PSI) 

- 
A mathematical

combination of values obtained from certain physical
measurements of a large number of pavements, so
formulated as to predict a serviceability rating for
those pavements within prescribed limits.

rRoBABILITv sAMpLE 
- 

One in which every increment in
the lot has a known chance of inclusion.

PRoBABILITv sAMpLrNc 
- 

A method of making use of the
laws of chance fo¡ the purpose of selecting increments
on which measurements are to be made.

RANDoM - Without aim or reason, depending entirely on
chance.

R.{NDoM DISTRIBUTIoN 
- 

A distribution of values resulting
from chance alone.

R.aNDoM NUMBER 
- 

A number selected entirely by chance
as from a table of random sampling numbers.

R¿.NDoM sAMpLE 
- 

A sample in which each inc¡ement in
the lot has an equal probability of being chosen.

RANGE 
- 

The diffe¡ence between the largest and smallest
measurements in a set of data.

REpEATABILITy 
- 

The range within which repeated meas-
urements are made by the same operator on the same
apparatus. Essentially, the precision of the test.

REnREsENTATTvE sAMpLE 
- 

In highway terminology, a

nonrandom sample taken on a judgment basis and
which, in the opinion of the sampler, represents an
average condition of a material or an item of con-
struction.

SAMPLE 
- A small part of a lot which represents the

whole.
A sample may be made up of one or more incre-

ments or test portions.
SEGMENTS 

- 
Arbitrary divisions of a lot, which may be

either real or imaginary.
sEcREcATE - 

SEGREGAI]oN 
- 

Separation of portions of a

mixture from the mass. In a stockpile consisting of
a mixture of large and small particles of aggregate,

the large particles tend to segregate by separating from
the combination. In concrete, segregation occurs
when the coarse aggregate separates from the combi-
nation of coarse aggregate, fine aggreg te, cement,
and water.

sELLER's RrsK 
- 

The probability of having acceptable ma-
terial or construction rejected as a result of using a
particular acceptance plan.

srGMÀ BANK 
- 

A system of collecting, storing, and re-
trieving info¡mation pertaining to the variance of
measurements on samples of materials or items of
construction.

srcMÀ pRrME (ø') 
-The 

true value of the standard devia-
tion when all possi,ble measurements on a lot a¡e
considered.

sKIp-cRåDED 
- 

Lacking one or more fractional particle
sizes.

sI-opE vARIANce (SZ) 
-d 

¡¡¡s¿sr¡¡e of the variations from

9l

the mean in a single wheelpath of a pavement; an
indication of the smoothness of that pavement.

sr,aNDARD DEVTATIoN (o) 
-A term indicating the value

calculated from the differences between the individual
measurements in a group and their average.

srANÐARD sIEvES - Those screens used in aggregate grada-
tion analysis in which the size of the openings is suc-
cessively halved as the sizes decrease. Included are:
7Vz in.,3/+ in., s¡s in., No. 4, No. 8, No. 16, No. 30,
No. 50, No. 100, No.200.

srÀTISTIcs - The science which deals with the treatment
and analysis of nume¡ical data. AIso a collection of
numerical data.

srRUcruR.AL NUMBER (SN) 
- A linear combination of

(flexible) pavement components that expresses pave-
ment design as a single number.

T.aBLE oF RANDoM NUMBERS - A table arranged so that
every digit has an equal chance of occurrence.

TEST poRTrox-The part of a sample actually tested.
Usually obtained by reducing the sample by quarter-
ing, riffiing, or taking an aliquot quantity.

TypE I ERRoR - A decision, made on the basis of sampling,
to reject a lot of acceptable quality.

TypE II ERRoR - A decision, made on the basis of sam-
pling, to accept a lot of unacceptable quality.

uNIFoRMrry coEFFrcrENT (C") 
-The ratio of the diam-

eter at the 60 percent finer point to that at the 10
percent ûner point on the gradation curve.

usE vALUE - The obtained characteristics and qualities of
a material, product, or item of construction, associated
with accomplishment of functional performance.

vALUE ENcINEERTNc-An organized effort directed at
analyzing the function of highway components with
the purpose of achieving the required function at the
lowest possible cost.

VARTABLE 
- A ¡¡s¿su¡ement that can have a series of dif-

ferent values,

vlRIANcE - d ¡¡s¿su¡e of dispersion found by adding the
squares of individual deviations from their average
and dividing by the num,ber of them less one.

vARIÂTIoN - Differences in measured values of a charac-
teristic within a stable pattern due to chance, or out-
side this normal pattern due to assignable cause.

\¡r'ELL-cRADED 
- Having a frequency of occurrence of par-

ticle sizes approxi,mating a normal distribution.

Z - See Hudson Z.
ANOV - See analysis of variance.
AQL - See acceptable quality level.
a - The statistical risk of making a type I error.

B - The statistical risk of making a type II error.
C - The amount of cracking per 1,000 sq ft of pavement,

measured in linear feet for rigid (PC concrete) pave-
ment and in square fee.t for flexible (bituminous con-
crete) pavement.

C, - Uniformity coefficient, the ratio of the diameter at
the 60 percent finer point to that at the 10 percent
finer point on the gradation curve.

A 
- Degree of accuracy, or the tolerance which is the
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maximum allowable difference between results to be

obtained from the measurements and the true value.
ã -Tne average size of particles passing a sieve having

opening of size d, but retained on a sieve having open-
ings of s.ize dr.

FM - See fineness modulus.
ã-fne average particle weight, in grams, of the grains of

aggregate within a range of sizes.

k - The modulus of subgrade reaction.
Ko - The number of standard deviation units between the

average values of the measured characteristic in ac-
ceptable and unacceptable construction or material
( _v,--x; \
\-,/

Z - Lowe¡ specification limit.
M - A factor used to convert the sample standard devia-

tion (s) to the range (R); s: M R.
n-^îhe number of measurements in a set of data.

P 
-percent 

by weight passing a designated sieve.
P-bituminous patching (in PC concrete pavement), in

sq ft per 1,000 sq ft of pavement area.
Po-The approximate probability of rejecting acceptable

material or construction having the desired mean value

17'o¡ of. the measured characteristic.
P¿ - The percentage of the total possible measurements

on a lot whose values are equal to or greater than the
' lower tolerance value (Z).

Po - The probability of rejecting unacceptable material or
construction having a mean value (X'o) of the meas-
ured characteristic which denotes the material or con-
stiuction as poor or undesirable.

Pu-The percentage of a lot whose values are equal to
or less than the upper tolerance value (U).

Ps,¡-The percentage of a lot lying between the L and U
tolerance limi,ts (: Pa + Pr,- i00).

PSI - See present serviceability index.

Q¿ - Quality index, determined by subtracting the lower
tolerance limit (L) from the average value (X) and
dividing this result by R (or by R, where ¿ > 10).

Qu - The quality index determined by subtracting the
average value (X) from the upper tolerance limit (U)
and dividing the result by R (or by R, where z > 10).

R - The range, which is the difference between the
largest and smallest measurement in a set of data.

R - ttre average of a number of ranges.

R - Ratio of percentage passing a standard sieve to per-
centage passing the next smaller standard sieve.

R-D - Mean depth of rutting in both wheelpaths, in in.
under a 4-ft straightedge.

i'-An estimate of the true standard deviation (ø').
S, - The percentage of asphalt by volume in a mixture of

asphalt and aggregate.
SN - See structu¡al number.
SIz - See slope variance.
37- Mean slope variance.

ø - Standard deviation, which is a measure of the dis-
persion of measurements from their average and is an
estimate of the true value (ø'); the square root of the
sum of the squares of the deviations from their aver-
age, divided by their number less one.

or - The true value of ø.
oo-The standa¡d deviation due to inherent variance.
øo - The overail standard deviation of measurements.
ø;-The standard deviation of sample average values.
o2o-'¡¡" inherent or actual variation in a material or

product despite the closest practical control of vari-
ables.

ø20 - Within-batch variance, where a batch is some seg-

ment of a lot such as a mixer-truck load of concrete
or a load of subbase material. The value depends
largely on the method of collecting the sample and
on the tools used.

ø2¿ - Within-lot variation due to long-term segregation.
o2o - Overall variance.
ø2" - Within-segment (batch) variation due to local segre-

gation.

o2¿ - Variation due to testing error,
I - A distribution slightly more spread out than a normal

distribution; used when the true standard deviation
(o') can not be assumed to be koown.

T - A test c¡iterion for outliers, expressed in standard
deviation units.

?, - The allowable tolerance, which is the difference be-
tween the desired mean (X's) and the mean of a lot of
poor or unacceptable material (X'o).

T" - The specification tolerance, which is the difference
between the average value of a lot of poor or unac-
ceptable material (X-'o) and the nearest specification
limit (either U or L).

U - Upper specification limit.
VMA - The percentage of voids, in a compacted mixture

of asphalt and aggregate, not fllled with asphalt.
ø - Average particle weight (in same units as test-portion

weight) of the grains of aggregate within a range of
sizes.

W -Total sample (test portion) weight, which is the
weight of all particles placed on the sieves.

X - the average, or arithmetical mean, found by dividing
the sum of n measú¡ements by n.

7' 
-Themean 

of a distribution.
X'o-The mean of a distribution of measurements on a

lot of acceptable material or construction.
7/o-The mean of a distribution of measurements on a lot

of poor or unaccepta.ble material or construction.
X¿ - An individual measurement from a series of such

measurements.

z - Distance from the centerline to a point on the base of
the normal distribution curve, expressed .in standard
deviation units.

I
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APPENDIX B

SUMMARY OF STATE HIGHWAY DEPARTMENT CONCRETE
PAVEMENT AGGREGATE STANDARDS

The following two tables, representing summaries of state highway department standards
for fine and coarse aggregates used in concrete pavements, are from pages 4 and 6
of a copyrighted publication of the Portland Cement Association entitled "A Charted
Summary of concrete Road Pavement standards used by State Highway Departments

-1963," 
and are reprinted here by permission of the Association.

The introductory statement of the "Summary" contains the following:

"This publication tabulãtes in convenient form for refe¡ence a summary of
the major items of the standards for concrete pavements in use by the
highway departments of 47 states and the District of Columbia. The sum-
mary represents the specifications of each state highway department in
effect for the 1963 construction season.

"Thickness, crowns, widths, etc., are features of design for a particular
project and are specified in the plans for the improvement. Therefore,
there are no standards for these items in any state and they cannot be
presented in summarized form within the límits of this tabulation.

"Wherever possible, an effort has been made to distinguish between
speciûcations fo¡ the Interstate System, the primary System and the
Secondary System.

"While all possible care has beeo*r"n.o*to ensu¡e the accuracy of this
summary, no responsibility can be assumed by the compilers for errors
or omissions."
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Stdtè

FINE AGGREGATE

aa

Groding: per <enl by weighl possing eoch s¡eve
(Numbers)

Moxim u m

Per cenl
s¡lt

ollowed by
we¡ght

N oles

4 8 tó 20 30 50 ìo0 200

Col- No- 27 28 29 30 3r 32 33 34 35 3ó 37

too 95.100 80. r 00 60.90 N N 12.30 2.10 N 2 Must p¿ss sodium sulfate test

AR IZ. 100 9 5,100 N 4 5.4O N N l0-30 2.to o.4 N Môrtãr test AASHO T.71

ARX 100 95- I OO 70.95 45.a0 N 20.60 5.30 o-5 N 2

CAL. IOO 90.100 €5.95 45.7 0 N 25.45 10.20 2.4 0,4 N
Sand equivalent 7O7o mrnimum
Natural sand 50olô minimum

coLo. r00 95- I O0 N 45.aO N N I0-30 2.10 N 3
AASHO T-I04 Ìoss Cù 5 cycles <lO7o
or 5-year satisfactory service record

CONN. roo 95-100 N 45. B0 N 20.55 r o-30 2.to N 3

DEL. to0 95. lO0 N N N 5.30 N L-7 N A
Color test-AASHO T2l-Þlate 3-if less than 1o¿
Dâst JlOo add 241¡ ìnert fi¡ler Der CY or A/E agent

D.ofC oo 95.lOO N 45-a0 N N r 0-30 2. lo N 3

F LA. loo 95.1 00
r o.5)

85
(o

l0o
15)

65.97
(3.35 N

25.70
¿30-75)

o.5
95-tOO N FA specif¡ed in "7o rclai^ed on"-(lower numbers)

GA. 100 95. I OO N 45-95 N N 8.30 t.8 N 3r |When evenly distributed

I00 95- rO0 50.85 3 2.60 N N r 5-30 N N

Combination of crusher screenings & calcareous
beach sand. Sand equivalent 707o minlmum. Sodiuñ
sulfate 5 cycles less thaD lO% ¡oss. Mortar Test
AASHO T-7 I

IDAHO loo 95-rO0 N 45-80 N N I0.30 2.to o. t N
lotai of all deleterious substances
not to exceed 17^ bv werPht

ILL r00 95. I 00 N 45.80 N N
5-25

sPr5.30 o. lo N 3

IND roo 95. I 00
tôo

80-95 sJzs N ,To 5-20
a.25

0.5
t.r7 o-5

Þ2 /I4 sãnd #l I ^^114 sand '-2 I 
uu

loo 95.lOO 75 100 N N N N N o'lVz 1% more than 407¿ retained between
twô siêvp <irÊs-4 A I 6. 30. 50.

KAN roo
loo

95.rOO læt
60.80
45.7 5 N 25.50

t0-20 0.5
2.15 N 2

4 !f-] eeing revisea

KY lo0 85. r 00 N 40.ao N N o-5 N 3 Clay, coal ând other deleterious súbstances > 1o¿

100 95 r00 N 65.9 0 N N 7.30 o.7 N Coal or lignite <O.257a
M¿ximum clav lumos <0.5O7.

ME. 100 95 roo N 50.85 N N I O-30 N N

t4D. loo 95. r00 N 4 5,A0 N 20.60 10.30 ì.8 N All deìeter¡ous malerial þ sEo

MASS ìoo 95.rOO N 55.80 N N ro.25 N 2 Þ37" ¡oss bv washing

Nl iC H. t00 95. I 00 65.95 35.75 N 20.55 to.30 0-t0 N N Þ3d/oloss by wash¡ng

MINN loo 95- tOO 75.lOO-CAr5
l5.l OO-Olher: 55-45 N 30.60 5.30 o-L0 o.2 2

MISS. ro0 95-lO0 80, r 00 5 0.90 N 30.7 0 3.3 0 0.5 0.1 I

MO I00 95,rOO N N 40.75 N 5-30 0- l0 N 2 Natural sand

MONI 100 95.100 65-95 35-80 N N o-lo N
Coal or l¡gnite <O.257o, max. clay lomps <O.5Vo
Shale & lraht Daîticles <1q.. other <19^. sum <

N EB. N
90- 1 00
7 5.55 N N 20.40 I5.30 N

o-5
o.5

o.3
o,3 N

47a.47c fìo ?3.á3 ctay tumps 1o.59¿ by weisht

N.J. 95. rO0 80. I 00 N N N 20-50 r2.25 N o-5 N
Mâx¡mum 47o elutnable mater¡aì
q^ oassiîs llO sieve 20.60

N.M lo0 95- I O0 N 45.80 N N 1 0.30 2. IO 0.3 N
Clay, coal & other deleter¡ous substances ÞI-o.V9 -maâiresium sullate soundness(AASHO T.l04) Þ12.0

N.Y roo loo N 55.75 N N I 0-30 t -8 24 N

N.C roo 95- r00 80,to0 45.95 N 8-30 o.5- 6 o.3

N.D. ì00 95-lO0 N 4 5,4O N N I 0-30 0. ro N CIay lumps >O.57o 6y wt.. coal & lrgn¡te Þ1.07o
Other deleterioùs materials Þ2Yo by wl.

oH ro roo 95. rO0 70.95 4 5.4O N 25.60 10.30 t-to N 4 Manulãctured sand not permrtteo, AA>Hu I tuz
max- loss IOø. in 5 cvclès

OKLA- roo 95. r O0 N 45.A5 N N 5-30 o-7 N 3 Clav lumos (wet on d4) tO.5o/", coal & Iign,te Þl.O7o
LiRhtweiÈht part¡cles (so. er. <1.95) *t-5%

ORE r00 90. r00 N 45.75 N 25.50 5.30 o-5 N

PENN. too 90. I OO 70.92 50. ao N 30,65 r 0.30 I.8 N 3 Soundncss NaSO¿-I07o loss ¡n 5 cycle

R.l N roo N N 30-60 N 7-30 N 3

s.c r00 96.100 75. tOO 55.98 N 4.3 0 o.7 o.4 4

s.D. t00 95- I 00 N 45-80 N N I 0-30 2. to N N
Þ 1.57o m¡nus i2OO by wt. allowed in combined CA & I
b2o!^ hv wt- of combined CA & FA shâll be deleterious

TENN, r00 95-rOO N t4 60.92 N N 0.:10 0.10 N 3 SP on mlg, sând

TEX 100 95- r OO N N 50.85 N N o.t5 N 4 Plus zVo i't of same qual¡ty as FA
or mineral filler

UTAH too 95- r OO N 45-80 N N r 0.30 2.10 N 3 Claylumps +O.5% bywl.,coal&¡ignite+O.25%bywt.
Olher delelêriouç mâieriãls t5-Oø^ bv wt.

r00 95. rOO N 55.80 N 30.50 t 2.30 N Must be tree from clay and deleter¡ous mat'l

oo 95. IOO
loo 95. tOO 60.a5 f.t

30.60 a-25
r 0-30 5. l5 o-5

)-25-clay lumps
I O-deielerious

Gradrng 
^ 

natural
Grading A mfg.

WASH 100 95. r O0 6a-86 47.65 N 27.42 9.20 o.7 o.2 2 82.98 passing ¡f6

100 95-r00 40.95 50-85 N N 5.25 o.9 N Removed by decantation

wts. 100 95- 100 N 45-AO N N 5.30 o- 10 N 3.5

wYoì to0 90.100 N N N N I O-30 2. ro o.3 3

.Wet we¡aht
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APPENDIX C
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report. To show areas of interest, the items have been

classified as:

I. Generic
U. Statistics

IIa. Sampling and Acceptance Plans

. IIb. Process Control
IIc. Analysis of Variance
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