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FOREWORD 

This report contains the reprints of six articles on the subject 
of quality assurance that have appeared in past issues of "Public 
Roads" magazine. 

The quality of the highway product has always been a major 
concern to highway engineers and contractors. Quality as:c:;urance 
in its broad application relates to this concern of obtaining the 
quality of construction necessary for successful performance. It 
encompasses design, production, sampling, testing, and decision 
criteria. 

These articles will be of interest to engineers and technicians 
involved in pavement design, construction, and rehabilitation. 

Sufficient copies of this report are being distributed by Federal 
Highway Administration (FHWA) memorandum to provide one copy to 
each FHWA Region and Division offices and one copy to each state 
highway agency. Direct distribution is being made to the 
Division offices. Additional copies for the public are available 
from the National Technical Information Service (NTIS), 5280 
Port Royal Road, Springfield, Virginia 22161. 
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Director, Office of 

NOTICE 

<---,.,-' ·r-
Implementktion 

This document is disseminated under the sponsorship of the 
Department of Transportation in the interest of information 
exchange. The United States Government assumes no liability for 
the contents or the use thereof. 

The contents of these articles reflect the views of the authors, 
who are responsible for the facts and the accuracy of the data 
presented herein. The contents do not necessarily reflect the 
policy of the Department of Transportation. 

These articles do not constitute a standard, specificatio7, or 
regulation. The United States Government does not endorse 
products or manufacturers. Trade or manufacturers' names appear 
herein only because they are considered essential to the 
objective of this document. 
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APPROXIMATE CONVERSIONS TO SI UNITS 

Symbol 

in 
It 
yd 
mi 

in" 
ft2 

yd2 
ac 
mi" 

fl oz 
gal 
It' 
yd' 

When You Know 

inches 
feet 
yards 
miles 

square inches 
square feet 
square yards 
acres 
square miles 

Multiply By 

LENGTH 

25.4 
0.305 
0.914 
1.61 

AREA 
645.2 
0.093 
0.836 
0.405 
2.59 

VOLUME 
fluid ounces 
gallons 
cubic feet 
cubic yards 

29.57 
3.785 
0.028 
0.765 

To Find 

millimetres 
metres 
metres 
kilometres 

Symbol 

mm 
m 
m 
km 

millimetres squared mm2 

metres squared m2 

metres squared m2 

hectares ha 
kilometres squared km2 

millilitres 
litres 
metres cubed 
metres cubed 

ml 
l 
m' 
m' 

NOTE: Volumes greater than 1000 l shall be shown in m'. 

oz 
lb 
T 

OF 

ounces 
pounds 
short tons (2000 lb) 

MASS 
28.35 
0.454 
0.907 

grams 
kilograms 
megagrams 

TEMPERATURE (exact) 

Fahrenheit 
temperature 

5(F-32)/9 Celcius 
temperature 

• SI is the :;ymbol for the International System of Measurement 

g 
kg 
Mg 

oc 
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temperature 
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Reprinted from 
PUBLIC ROADS 
A Journal of Highway Research 
Vol. 35, Nos. 6-11 

Quality Assuraance in 
Highway Con~;truction 

Part 1 
Introduction anid Concepts 

Reported by THURMUL F. McMAHON, 
Principal Quality-Assurance Research Engineer, 
and WOODROW J. HALSTEAD, 
Chief, Materials Division 

Quality assurance in its broad application relates to the 
overall problem of obtaining the quality of construction nec
essary for a product to perform the functions intended. It 
encompasses design. production. sampling. testing. and deci
sion criteria. 

The quality ot the highway product has always been a 
major concern to highway engineers and contractors. Tradi
tionally. quality has been attained primarily through skills of 
individual engineers. When such skills are properly applied. 
satisfactory highway quality is obtained. However. as the 
speed of construction and the volume of materials to be 
handled increased. the traditional system became subject to 
breakdown. Breakdown occurs whrn the speed of testing 
does not keep pace with the speed of construction. Addi
tionally. engineering duties have increased to the extent that 
engineers must spread their talents over broad areas, and 
many quality assurance activities have been delegated to 
those whose skills and experience are often inadequate for 
on-the-spot judgments. Moreover. legal requirements for 
documented evidence of specification compliance create 
problems. 

As the Interstate program moved into its full construc
tion phase. it became evident that the traditional quality as-

surance procedures were subject to criticism and that new 
concepts were needed. Accordingly. in I 963, the Public 
Roads Director of Research and Development appointed a 
task force to study the problem and develop a cooperative 
State-Public Roads research effort to improve quality assur
ance methods in highway construction. 

The discussions and date presented here are an inter
pretative summary of the research progress in this area; some 
of the discussions already have been released by the Office of 
Research and Development ( J ). 1 The reader should be aware 
that this article pertains to a Research and Development pro
gram-not to Public Roads policy. All the proposals pre
sented will he carefully evaluated and only those proven to be 
workable under actual highway-construction conditions will 
be adopted as parts of State or Public Roads specifications 
and policy. 

Basic Problems of Quality Assurance 

Reduced to its simplest terms. quality assurance of high
way construction requires proper answers to the following 

1 Italic numbers in parentheses identify the reference~ li~teJ on p. 8. 
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three questions: (I) What do we want'1 (2) How do we order 
it? (3) How do we determine that we got what we wanted'? 

Answers to the first question encompass the total body 
of research. development, engineering technology, and expe
rience. All these combine to define needs with respect to 
materials, properties, and design characteristics of the high
way component. 

Answers to the second question depend on the manner in 
which the details arc spelled out in specifications--spccifit: 
characteristics that must be controlled. needs with respect to 
qualitative level, and uniformity of the product from item to 
item. 

Answers to the third question depend on the precision 
and accuracy of test methods as well as on the time required to 
perfonn the tests. Testing time often controls the number of 
measurements that can be made available for use in decision
making. More importantly, the relation of the characteristic, 
or property, measured by the test to the service performance 
of the completed component is a major consideration, which 
often is known only empirically, if at all. 

Traditional Quality Assurance 

Many specifications used today in highway construction 
are, in fact, recipes rather than specifications. They spell out 
in detail the operations of the contractor. the equipment he 
must use, and the desired end product he must produce. These 
traditional specifications have come about because adequate 
quality definitions and test methods pertaining to quality of 
the end product are lacking. When specifications do attempt 
to define required quality, the specified values for charac
teristics are often those obtained through judgment and expe
rience. Tolerances for such characteristics seldom reflect the 
true needs and capabilities of the construction process or of 
the available materials. 

When traditional specifications are combined with the 
skills of engineers, the complete cooperation of contractors, 
and the desire of everyone to do a good job. there is no doubt 
that a good highway can be built. However, inspectors and 
engineers must be capable of recognizing good materials and 
construction. without relying solely on quality meas
urements. Under most of the present procedures, one periodic 
sample is taken. This sample-assumed to be representative 
of the material or construction-is tested, and the test result is 
recorded as the value of the measured property. or charac
teristic. If the test result is within the stated tolerances, the 
material passes and is accepted. If the test result is not within 
the stated tolerances, the material or construction fails to 
pass. Engineering judgment must then be applied and a deci
sion made as to whether the material should be retested or 
whether it may be said to suhstantially complv because the 
specification deviation will cause little impairment of 
perfomrnnce. 

Even though a quality assurance system that is based on 
engineering judgment is workable under proper conditions, 
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the practice is difficult to define in legal or contractual terms. 
Suhs!antia/ compliance has not been quantitatively defined, 
and the degree of acceptable variation will differ from engi
neer to engineer and from job to job. 

To further complicate the problem, sampling and testing 
errors are often so large that the true variations of the mate
rials or construction may be obscured. Some tests may not 
truly measure quality of the finished highway. 

lrnprovcmenl in quality assurance of highway construc-
tion accordingly entails: 

• Development of realistic quality criteria. 
• Development of valid quality tests. 
• Development of valid decisionmaking rules. 
• Quantification of substantial compliance. 

New Developments in Quality 
Assurance Procedures 

Statistical concepts are the most promising tools for the 
solution of many quality-assurance problems in highway 
construction. Other industries have been using statistical con
cepts in process control and acceptance. ln fact, much of the 
development in this field was pioneered by the Department of 
Defense in its procurement program during World War II. 
Because of the nature of the highway industry, some of the 
methods must be modified, but the concepts are basic lo any 
industry. 

The science of statistics is a versatile tool. In situations 
requiring decisions concerning contractual items that are 
based on samples, statistical concepts allow varied accept
able solutions. Rules for each decision must be carefully 
defined and followed, but different rules can be fonnulated 
for each of the many conditions encountered. Decisions can 
be made with an established degree of confidence. The de
gree of confidence required for each decision can be corre
lated with the criticalness of the decision to the quality of the 
end product, and the rules formulated accordingly. 

Test methods are continually being developed for better 
and more rapid measurement of quality. The greatest advance 
in new methods of testing has been in the nuclear field. The 
nuclear moisture-density gage (figs. I and 2) has been proved 
to he a fast, accurate method of measuring the moisture and 
density of compacted materials. Nuclear methods (fig. 3) or 
measuring density and asphalt content of bituminous pave
ments are showing considerable promise. Seismic methods 
of measuring compaction are also being developed. Sonic 
equipment is being used to test welds, and sonic methods of 
measuring the moduli of concrete have been in use for several 
years, but have not been widely accepted. Electronic equip
ment, using the principles of resistivity and magnetism. has 
been developed to check the placement of steel in concrete 
and lo measure the thickness of pavement components. 

Rapid nondestructive tests such as those cited will pro
vide better quality control and make quality measurements 
available in the future. 



Figure I .-The nuclear ROADLOGGER used for moi.,ture-den
sity determinations in compacted embankments. 

PORTABLE SCALER 
MODEL 200·3 

ASPHAl T CONTENT AND 
MOISTURE. CONTENT GAUGE 

MODEL AC"2.00 

LABORATORY SCALER 
MODEL AC 400.,AC OPERATED 

TROXLER ELECTRONIC LABORATORIES. INC. 

Figure 2.-Moisture-density determination in compacted em
bankment using portable nuclear gage. 

Figure 3.-Portable nuclear gage infield test to determine densi~y 
of bituminous base. 

Figure 4.-STRINGLINE wire guidance .,y.1-tem for controlling 
the placement of bituminous material. 

Figure 5.-SKJ and wire guidunce cuntrul used to provide smooth 
placement of pavement. 

Through the work of its different committees, the Amer

ican Society ofTesting & Materials (ASTMJ is advancing the 
state of the art of quality measurement by developing preci
sion statements for standard tests. These statements will pro
vide a basis for evaluating the work of inspectors and labora
tory technicians and should decrease testing errors. 

Other aids to better quality products are automated proc
essing plants with direct output printout. These plants provide 
not only automatic control, but also adequate documentation 
to check output for pay quantities. However, automated con
trol is no guarantee of a quality product. One must know what 
to control and how precise the control must be before the 
benefits of automation can be attained. One area in which 
automation is producing dramatic results is that of surface
variation control. The Srringline (fig. 4 ). a wire guidance 
system to control vertical variations in concrete placement, 
and other guidance methods (fig. 5) have greatly improved 
the riding quality of pavements. 
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Advantages of Statistical Concepts 

One significant problem in quality assurance is that of 
communication. Definite instructions concerning the mate
rials and construction desired, methods to he used for deter
mining compliance, and conditions under which payment 
will be made, must be given to contractors. These instructions 
must be explicit so that contractors, engineers, lawyers, and 
auditors can interpret them in only one way. The Office of 
Research and Development, Bureau of Public Roads, recom
mends that statistical concepts be incorporated in the specifi
cations for highway construction to improve commu
nications. 

The proper use of statistical concepts will provide the 
following requisites: 

• Statement of concise quality requirements. 
• Development of valid tolerances based on the capa

bilities of process, sampling, and testing methods. 
• Delineation of responsibility for process control and 

acceptance. 
• Development of valid sampling plans as a basis for 

decisionmaking. 
• Establishment of precise decision critiera. 
• Development of valid proportional-payment 

schedules. 

-3 (f tJ -3 U b X 

Stating quality requirements. 

In the writing of specifications. statistical concepts can 
be used to express quality requirements as target values for 
which contractors are to aim. and to specify compliance 
requirements as plus and minus tolerances. Tolerances from 
the target value, prescribed by design needs, can be based on 
statistical analyses of the variations in materials, processes. 
sampling, and testing existing in current construction prac
tices. Such tolerances are realistic and enforceable. They take 
into account all the normal causes of variation and allow for 
the expected distribution oftest results ahoul the mean. Provi
sions can be made both for control to the stated level and for 
control of the variation from this level. 

Research hy the States is being undertaken to define 
realistic tolerances on quality requirements. From this re
search. it is known that test measurements on characteristics 
of highway materials or construction form a definite pattern 
grouping around a central value called the mean. The group
ing indicates that test measurements in highway construction 
can be described in the same tenns as test measurements in 
other industries. The measurements group around the central 
value in a symmetrical pattern. thereby allowing the use of 
statistics hasecl on the familiar hell-shaped normal Cli/\"l'. 

Although some slight variation from the symmetncal curve 
may occur. especially when the number of test results is 

a-GOOD PRECISION 
OR UNIFORMITY 

b-POOR PRECISION 
OR UNIFORMITY 

+3 {fa 

Fi!(ure 6.-Normal distribution cun•es. 
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small, the error in assuming normal distribution of population 
measurements usually will not he large. If the curve is de
cidedly asymmetrical, skewed to the right or left, then some
thing other than normal distribution theory must be used in 
the analysis. 

Even though curves are normal, they may not look alike. 
Those with a small standard deviation will be tall and narrow, 
whereas those with a large standard deviation will be short 
and hroad. (Sec fig. 6.) The tall narrow curve indicates good 
product unifonnity or measurement precision; the short 
broad curve indicates poor uniformity or precision. 

The assumption of a normal distribution when war
ranted, permits the use of estimated relationships of mean and 
standard deviation to establish realistic specification toler
ances for selected sample sizes. Such tolerances can be estab
lished by statistical analysis, together with engineering judg
ment, according to the degree of control needed for 
permissible construction risks and the economics of testing. 
The number of test results on which the compliance decision 
is based directly influences the latitude that must be given to 
the contractor. Often, because of the small number of tests 
that can be made economically, the tolerances must be wider 
than would seem desirable. 

These relations may be stated as follows: 

z T =-
' ✓n 

Where, 
T, is the tolerance to be allowed on each side of the target 

value. 
7, is a standardized factor equal to (X - X)/a that relates 

to the area under the normal curve for the desired confidence 
of decision. 

11 is the number of tests to be made (sample size). 
Statistical concepts for quality assurance of highway 

construction are based on the laws of probability; conse
quently, these laws must be allowed to function. One of the 
most important requirements for proper functioning is that 
the data be selected by random sampling. A true random 
sample is one in which all parts of the whole have an equal 
chance of being chosen for the sample. A table of random 
numbers is the best device for achieving a strictly random 
sample, but another method of chance, such as dice, the 
tossing of several coins, or a wheel of chance, often will 
suffice in highway work. The principal requirement is that the 
sample not be biased by a set selection pattern or by an 
inspector seeking either good, bad, or representative parts for 
sampling. 

In addition to the laws of probability, another concept. 
lots, is essential to the proper application of statistics to 
quality control and acceptance sampling of highway con
struction. A lot is a uniquely identified, homogeneous portion 
of material or construction about which a decision is to be 
made. The size of the lot may vary depending on the econom-

ics of rejection and on sampling and testing costs. The lot size 
must not impose a severe hardship on the contractor who 
encounters a rejection-the smaller the lot the better the 
contractor's position. However, small lots entail more sam
pling and testing by the State-the larger the lot the better the 
State's position. Therefore, lot size must he a compromise 
equitable to both. 

Production quality control 

The application of statistical concepts to highway con
struction allows a definite assignment of responsibility for 
product quality. The contractor strictly i, responsible for 
providing quality materials and construction; the State has 
the prerogative of acceptance sampling and testing. 

Each contractor or supplier should have a statistical 
quality control program that will assure his meeting the ac
ceptance requirements of the State. Such a quality control 
program can be patterned after the control currently exercised 
by the State or it can be considerably different. Much of the 
control of materials and construction can be accomplished by 
tests, usually called indicator tests, that arc somewhat sim
plified. These tests arc less precise but more rapid than the 
standard tests. When proper correlation has been established, 
a sufficient number of indicator-test results will provide con
trol that is as good as fewer results from more precise tests. 

Control charts are among the most useful tools in pro
duction quality control. These charts, on which test results are 
plotted, are simple line graphs of the rcyuired quality level 
and of the allowable variations from this level. They pic
torially present data so that everyone concerned can see the 
results and readily observe trends that may affect quality. 

Control charts depict data in several ways, and they can 
be of a simple design in which the target value is used as the 
axis and the specification limits as the control limits. Such 
charts show the variation of individual values or averages 
with respect to the actual specifications. However, when the 
mean, standard deviation, and the range of the material or 
process can be computed from a sample, average and range 
charts should be used. 

The average, X, chart shows variations in the averages of 
test results. A central line and upper and lower control-limit 
lines are used. The range, R, chart shows variations in the 
ranges of test results. It also has a central line and upper and 
lower control limits. Construction of these charts is described 
in any good quality control text. 

If the average, X, chart is being used to control current 
production, a sample of 11 items is taken from the process at 
random intervals and a quality measurement made on each 
item. The average of these measurements is then computed 
and plotted on the chart. As long as the sample averages 
neither fall outside the control limits nor show any non
random variation within the limits, the pro,;ess is deemed to 
be in control with respect to its central tendency or target 
value. 
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When a range, R, chart is heing used lo control current 
output, the range of a sample of 11 items is computed and 
plotted on the R chart. If the sample ranges neither fall outside 
the control limits nor show any nonrandom variation within 
the limits, the process is considered to be in control with 
respect to its variability. The X and R charts must be used 
together to assure control of both level and variation of quali
ty. Examples of Average, X. and Range, R. charts arc shown in 
figures 7 and 8. 

Acceptance procedures 

!'or highway construction, the State may elect to use the 
results of supplier's or contractor's quality-control programs 
to accept material or construction. However, the usual pro
cedure in buyer-seller relations is for the huyer to establish 
independent acceptance plans for each item of material or 
construction. An acceptance plan designates lot size; where 
and when to sample, on a random basis; numbers of samples 
to be taken; method of lest lo be used in the quality meas
urement on each specified characteristic of the sample: and, 
based on the test results, procedure for making a decision. An 
acceptance plan may be a simple statement or a complicated 
system in which many steps must be taken hefore a decision 
can be made. Examples of sampling plans will he included in 
subsequent installments of this article. 

V.'hen decisions are based on a sample, a basic truth 
must be accepted: There is a certain risk that the decision is 
incorrect because the sample does not truly describe the total 
of the material. One advantage of the statistical approach is 
the ability to design a sampling plan in which the probability 
of acceptance of poor material, the ~ risk, and the rejection of 
good material, the a risk, are known. When good and had 
materials have been defined and the risks to he taken agreed 
upon, the number of samples required to make a decision 
compatible with the risk probabilities can be calculated, 
These relations and the methods for establishing an operating 
characteristic curve, which denotes the probability of accep
tance for intervening qualities of a product, can be found in 
any good quality control text. 

Summary of Research Effort 

During the past 4 years, the Office of Research and 
Development. Bureau c,f Public Roads, has actively pro
moted the following five-point program of research in quality 
assurance in highway construction: 
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• Awakening the highway industry's interest in the util
ity of the statistical approach to quality control and 
acceptance testing. 

• Developing guides f'or research that would yield sta
tistical data for writing acceptance specifications. 

• Planning and coordinating a nationwide program of 
research in applying statistical methods to highway 
construction. 

UPPER CONTROL LIMIT (U.C.L.) 

x 

LOWER CONTROL LIMIT (L.C.L.) 
I I I I I 

2 3 4 5 6 7 8 9 10 

LOT NUMBER 

Figure 7.-Average, X, control chart for n samples per Lot, 

UPPER CONTROL LIMIT (U.C.L.) 

R 

LOWER CONTROL LIMIT (L.CL) 

2 3 4 5 6 7 8 9 10 

LOT NUMBER 

Figure 8,-Range, R, control char/for n sample., per lot, 

• Gathering and analyzing data and disseminating re
search findings. 

• Designing and implementing projects by which the 
findings or the research program can be evaluated. 

This effort is basically State research financed with 
Highway Planning and Research (H.P. & R.) funds. Many of 
the studies have been conducted according to guidelines es
tablished by Public Roads Task Poree: others have followed 
plans developed by State personnel. 

Early in the research program il was realized that little 
data were available for use in establishing quality levels and 
variations in highway construction on a statistically valid 
basis. Therefore, a concerted effort was initiated to measure 
quality and its variations in tem1s of existing criteria. Partici
pating State highway dcparlmenls have hccn measuring the 
level and variability of quality in their construction. To date. 



28 States have conducted studies funded under H.P. & R. 
contracts and seven others have been investigating construc
tion in State-funded studies. 

The objective in the formulation of all studies was to 
produce compatible information that could he used through
out the Nation. A booklet of guidelines (2) was prepared and 
distributed tu the States for use in planning their projects. A 
method of obtaining statistically valid data for an analysis of 
variance to isolate the components of variance was outlined 
in a suggested research plan. The plan pennits overall vari
ance to be divided into material or process variance, sampling 
variance, and testing variance. 

According lo the research data received from the States, 
50 percent or more of the overall variance could he attributed 
to sampling and testing in some of the studies. Results show
ing this magnitude of sampling and testing error indicate that 
a concerted effort should he exerted by each highway depart
ment to train inspectors and laboratory technicians. 

Also, according to the research data, which has been 
statistically analyzed to determine the percentage of present 
construction that complied with the levels and limits of cur
rent specifications, a considerable portion of the construction 
is shown lo he outside the limits defined by the specifications. 
In fact, as much as 30 percent of some construction, consid
ered to be completely acceptable under current control pro
cedures, may he outside lhe stated limits. This variation from 
the specifications, in part, reflects the errors of sampling and 
testing, but there are indications that many of the present 
limits do nol reflect valid allowances fur the variable mate
rials and processes used in highway construction. 

Supplementing the State research effort, the Public 
Roads Office of Research and Development began a con
tract-research program in 1963 to further the development of 
statistical quality-control applications to highway construc
tion. Many aspects of the task force's research plan were 
based on the results ofthc initial study in which the contractor 
evaluated the choice of concepts available and pointed to the 
priority areas for study. The study conclusions were pre

sented in an unpublished report entitled A Plan.for Krpediting 
the Use of Statistical Concepts in Highway Acceptance Spec
ifications. Two subsequent contracts provided valuable infor
mation concerning the level and variation of quality in base 
and subgrade construction. 

A review of the Public Roads Standard Specifications 
for Construction of Roads and Bridges on Federal Highway 
Projects (FP--61) was conducted by another contractor. The 
final report on the contract was later used lo develop afutur
ized revision of FP--61-the first attempt at writing complete 
specifications using statistical concepts wherever feasible. 

The Futurized Revisions of Federal Proiect Specifica
tions was never intended for use in highway construction, and 
distribution of the document has not been widespread. How
ever, it has been reviewed by many outstanding highway 
engineers and by committees of the American Road Builders 
Association (ARBA) and other organizations. Most of the 

comments received have been favorahle to the conu:pts in 
corporated in the specifications. hut some disagree with 
methods of accomplishment and with items other than those 
that were treated statistically. The statistical applications em
bodied in the Futurized Rel'ision of F cdcrol Pmjccl S1wci/i"
cations have heen proved to be sound and arc the hasis of 
many specifications now being written. 

Subsequent information obtained from the States· re
search studies and Public Roads' in-house research has hccn 
used in the development of statistically based research speci
fications for construction of embankmenh. bases. am! bi
tuminous pavements. These specifications have been studied 
and discussed by many engineers associated with highway 
construction. II is evident from the comments received that 
some of the ideas presented are still not completely accept
able to the industry. Objection has been vc,iced to the com

plete delegation of quality control responsibility to the 
contractor and to the reduced payment schedules for noncon
forming materials and construction. Primarily, the differ
ences of opinion concern the degree of responsibility and the 
amount of reduced payment. 

Undoubtedly. changes in present contractor-State rela
tions are needed lo fully implement the statistical approach to 
specifications. These changes must establish end-result re
quirements that can be measured by the States. Practical 
considerations such as inadequately trained manpower, 
equipment availahility, and lack of adequate end-result tests 
in some instances prevent an immediate. complete 
changeover from the traditional specifications. However. a 

number of States already are assessing the degree to which 
they are involved in the process control and are shifting as 
much of the responsibility to the contractor that is possible 
under present circumstances. Where adequate tests to meas
ure finished quality are available. there is no evidence that 
ultimate responsibility for process quality would present a 
hardship lo the contractor. Increased contractor responsibility 
coupled with proper flexibility by the Stat<' should result in 
better and n1ore econon1ical construction and provide incen

tive for the equipment industry to produce equipment that is 
capable of high-quality work as well as high production. 

For certain operations, reduced-payment schedules for 
out-of-limits construction seems to be a necessity. The desig
nation of really l{Ood material or construction and really had 
material or construction is relatively simple. However. there 
is usually a grey area in which the out-of-limit material or 
construction may be usable, and removal and replacement 
operations are not warranted because of delays or other hin
drances to traffic. For such material or construction the con
cept of partial payment is not new. In current practice. pay
ment to the contractor is arbitrated in after-the-fact 
negotiations. If schedules are established before the contract 
is let, the contractor will be aware of the risks involved and 
after-the-fact penalties probably will not be necessary. 

Although objections have been raised to some concepts 
advocated in the research program, the basic idea of adapting 
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statistical concepts to highway construction is being well 
received. Research data are being used hy many States to 
revise specification limits to allow for sampling and testing 
errors detem1ined through the research studies. Only one 
State has progressed sufficiently lo include a complete statis
tical approach in its standard specifications. At least five 
States are known to be incorporating special provisions that 
were calculated on a statistical basis. Five other States have 
written statistically based specifications for some facet of 
their constmction, but have not used them in contractual 
work. 

Rapid progress is being made in the adoption of control 
charts for displaying and analyzing data. Control charts can 
be used under present specifications if the inherent limita
tions are well understood. Their use will be greatly enhanced 
as more information on quality requirements and measuring 
techniques are developed. 

Optimum use of statistics in quality assurance can come 
only through the adoption of end-result specifications. End
result specifications will allow the proper designation of 
responsibility for control and acceptance, and they are the 
only means through which quality measurement of a com
pleted segment of construction will ever evolve. End-result 
specifications require knowledge of end requirements and 
must be based on measurements made on the end product. 
The highway industry's present inability to adequately 
define performance requirements and to measure perfor
mance quality dictates a major redirection of the research 
program. 

Discussion of Research Results 

Jnfom1ation, data, and analyses obtained through re
search by the States, Public Roads, and others are presented in 
subsequent parts of this report. These data provide support for 
many of the statements in this introductory section. 

The indicated variation in materials and construction is, 
in fact, often attributable to variation in sampling and testing 
rather than to the materials or the construction itself. It is 
essential, therefore, that each State determine the sampling 
and testing variation associated with its current methods and 
personnel, and that it makes a concerted effort to reduce test 
variations to a minimum. 

Many current specifications do not adequately allow for 
sampling and testing variations in the presently prescribed 
limits. Where such inadequacy exists. and it is impossible or 
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uneconomical to further reduce these variations either by 
improving the procedure or increasing the number of tests. 
the specification limits should be relaxed. 

When random samples are taken in sufficient number to 
adequately measure quality. it has been shown that a sur
prisingly large portion of currently acceptable construction 
does not comply with present limits. It may not be economi
cally feasible to make sufficient tests for accurate meas
urement of quality during the control and acceptance process. 
but as stated earlier, the use of qatistical concepts will make it 
possible to select the sample size in accordance with the 
importance of the decision being made and the economics of 
sampling and testing. It is therefore important that the validity 
of current tests as indicators of quality be studied, and that 
new tests he developed that will helter measure the perfor
mance of the end product. 

The variability of materials and construction is empha
sized by the data. Present procedures usually arc concerned 
with the average level of characteristics; however. even when 
the target value is met, it is shown by statistical analyses that a 
large portion of the materials or construction may be outside 
specification limits. Accordingly, variation, as well as the 
level of quality. should be controlled. To accomplish this 
control, a method of random selection of samples must be 
used. The adoption of random sampling by industry will 
significantly improve quality assurance in highway 
construction. 

The research program has produced many other findings 
that will be discussed in subsequent sections. However, addi
tional data are required before the results can be established 
as facts. Some of the data being received are not sufficiently 
complete to firmly establish the necessary basic 
relationships. 

Discussions and findings for specific items of construc
tion will be included in the next and subsequent issues. 
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Part 2-
Quality Assurar1ce of 
Embankments .:1nd Base 
Courses 
Reported by THURMUL F. McMAHON, 
Principal Quality-Assurance Research Engineer, 
Materials Division 

Introduction 

Embankments and base courses, essentially, are struc
tural clements of the highway and are amenable to the same 
treatment as any other structural element with respect lo 
design, process control, and acceptance. Their function is to 
provide adequate support to the pavement within the design 
concepts of load applications. 

Density Control 

The engineer has learned that proper compaction is es
sential to the performance properties of soil and rock mate
rial. However, the uniformity of support is as important, if not 
more so, than the absolute magnitude of the support offered; 
therefore. the control of the compaction process is one of the 
most important aspects in base and embankment 
construction. 

In the 19th Century, during construction of earth dams, 
it was discovered that the driving of livestock, particularly 
sheep, across lifts of soil, as they were placed, improved 
uniformity of support, increased stability, and decreased per
meability of the completed structure. Although many im
proved methods of compaction and compaction control have 
evolved over the years from this crude beginning, compac
tion control is still an item of major concern to the highway 
engrneer. 

The first attempt toward scientific control of the com
paction process resulted from the work of R. R. Proctor (I), 1 

1 Italic numbers in parentheses identify the referern.:c foted on page 20. 

who developed the moisture-density relations still used in 
compaction specifications and control. He al,o developed the 
Proctor Needle to control the uniformity of compaction. Later 
the overflow-volumeter, sand-cone, and rubber-balloon 
methods were developed to aid in the density measurement of 
compacted materials. The newest, and probably the best 
methods of measuring moisture and density of compacted 
materials are those in which nuclear devices are used. 

The advent of nuclear equipment not only has provided 
a faster and better procedure for measuring compaction but 
has resulted in a review of the methods and the precisions to 
be expected. Also, extensive studies are being made to devel
op better criteria than density for specifying and controlling 
compaction in the future. 

Current practices 

It has long been the custom to define desirable compac
tion as the degree of compaction that is above some lower 
limit set hy engineering judgment and based on experience 
with various materials and performance requirements. This 
lower limit is described as percent of a maximum density 
dctem1ined in the laboratory for each type of soil to be en
countered on a project. 

Although most engineers have recognized that meas
urements of density are not absolutely reproducible in them
selves, and that material variations in any embankment or 
base may be the rule rather than the exception, the extent of 
the density-measurement variations seldom has been deter
mined. Because these variations have not been recognized, 
misunderstanding exists within the engineering profession 
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and between engineers and nontechnical people. Engineers, 
as well as public agencies, have often been criticized when it 
was shown in subsequent test results that accepted embank
ments and base courses failed to meet minimum requirements 
even though no evidence of unsatisfactory performance 
existed. 

A look at present specifications and compaction
measurement methods emphasizes the misunderstanding that 
exists. To develop measurement criteria. a series of labora
tory compaction tests is run to establish the maximum density 
and optimum moisture content for each soil or base type. It is 
common practice to run one series of standard compaction 
tests for each material although it is fairly common knowl
edge that if a second series was run on another portion of the 
same material the results of the two tests might differ by 
several pounds per cubic foot. Frequently, the field techni
cian uses density values established in the laboratory to deter
mine percent compaction at the construction site by compar
ing the results of field tests with the laboratory-developed 
curves. Ile must make a judgment as to whether the type soil 
he has tested is the same as that for which a curve has been 
established. It is often apparent that his decision on which 
curve to use is based on density comparisons rather than on 
soil type comparisons. Present day construction methods fur
ther contribute to the difficulties or the technician, who sel
dom will encounter material in the field that is an exact 
duplicate of the material tested in the laboratory. Excavation 
and spreading of large quantities of materials nearly always 
result in mixtures of types or variations of type from spot to 
spot in the fill. 

Not only are the methods of applying the test results 
difficult to rationalize, but the tests themselves are not repro
ducible to the extent necessary for exact measurement. Sever
al years were futilely spent in comparing the results ofnuclear 
measurements to those of conventional measurements. Only 
recently has it been demonstrated that the nuclear device is 
capable of producing more precise overall data than can be 
obtained by conventional methods. 

One major factor that influences the variation in conven
tional-density test results is the common practice ofremoving 
the larger particles, greater than 1/, inch, from the samples 
tested in the laboratory. The effect of these larger particles on 
field results is estimated by empirical mathematical equa
tions and superimposed on the results of the laboratory tests. 
Many laboratories realize the fallacy of this practice and are 
using larger molds in their tests. 

Sampling 

Selective sampling by the inspector, often as ordered by 
the engineer. has played an important part in the failure to 
recognize the magnitude of the actual variations occurring in 
embankment and base construction. When the inspector has 
the opportunity to select the test site, he has three alternatives: 
( 1) To select an average condition, (2) to select the poorest 
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condition, and (3) to select the best condition. The general 
custom in the State or the specific practice of the engineer on 
the job may well determine the site he selects for test. Regard
less of his choice, the results of his tests will reflect only the 
condition he is selecting and not the variability of results or 
the true overall level of compaction. 

Valid measurements of the actual quality of the compac
tion can be made only if the sample is a true representation of 
the total compacted material. It is possible to obtain a repre
sentation of the entire mass only when the sampling program 
is so designed that each element in the mass has an equal 
chance of being one of the elements of the sample. Of course, 
the greater the number of elements sampled, the better wi II be 
the representation. 

The Statistical Approach 

Although many questions concerning the required level 
of compaction and the methods of obtaining il are still un
answered, almost everyone agrees that uniformity of support 
is the principal requirement of good embankment and base
course construction. As a result of recent measurements ob
tained in research, the need for a change in methods of control 
has become apparent. Any such change must be directed 
toward controlling uniformity as well as degree of 
compaction. 

The use of statistical concepts to establish the require
ments of specifications and lo aid in the analysis of tcsl data 
provides much of the needed improvement. The specification 
either designates a target percent-compaction value and the 
allowable variations about this value or designates a lower 
I imit to be met by a given percentage of the construction, 
when a valid statistical analysis of test results is performed. 

A statistically based specification requires that a con
tractor submit a lot of predetermined size to the buyer for 
acceptance. Each lot is evaluated on the basis of the results of 
a specified sampling and testing program. This program en
tails the performance of a specified number of standard tests 
at random locations on each lot submitted. The data analysis 
procedure to establish compliance and the steps to be taken if 
noncompliance is indicated are also spelled out. 

Several States have developed specifications for em
bankment or base construction that are great improvements 
over present methods and arc based partly on statistics, even 
though they are not strictly in accordance with concepts rec
ommended in this series of discussions. 

Virginia, for example, is using a control strip technique 
for control of the compaction of aggregate base. The follow
ing special provisions were extracted from a paper (2 ), pre
sented at the 46th Annual Meeting of the Highway Research 
Board: 

"Virginia Department of Highways SpN·ial Provisions 
For Nuclear Field Density '/esting of Aggregate Base and 
Surface Courses 

"Section 308 of the 1966 edition of the Road and Rridge 



Specifications is amended in this contract lo require the con
struction of density control strips for the purpose of using the 
nuclear .field density testing device. The revisions are as 
follows: 

"At the beginning of the work the Contractor shall build 
a control strip of the material on an approved and stable 
subgrade for the purpose ufthe Engineer"s delermining den
sity requirements for the project. This control strip will he at 
least 400 square yards in area and of the same material and 
deplh to be used in the remainder of the work. Compaction 
will be carried out with conventional rollers approved by the 
Engineer until no appreciable increase in density is accom
plished or until in the opinion uf the Engineer no appreciable 
increase in density will he obtained by additional rolling. 
Upon completion of the rolling, the density of the strip will be 
determined by use of a portable nuclear test device. 

"The compaction of the remainder of the aggregate base 
course material shall be governed by the density of the con
trol strip. The material shall he tested by sections of approx
imately 2,800 square yards each. The mean density of 5 
randomly selected sites from the test section shall be at least 
98 percent of the mean density of" JO tests taken from the 
approved control strip. Placing, compacting and individual 
testing may be done in subsections of approximately 280 
square yards each. When the mean of the test sec/ion is less 
than 98 percent of the control strip mean the Contractor may 
be required to rework the entire section. Also, each individual 
test value shall be at least 95 percent of the mean value of the 
control strip. When an individual test value is less than 95 
percent of the control strip mean, the contractor shall be 
required to rework the area represented by that test. 

"Each test section shall be te.vtedfor thickness and any 
defidency outside the allowable tolerance shall be corrected 
by scarifying, placing additional material, remixing. reshap
ing and recompacting to the specified density. 

"A new control strip may he requested when: 
(I) A change in the source of the material is made, or 
(2) a change in the material from the same source is 

observed, or 
(3) ten ( 10) test sections have been approved without 

the construction of additional control strips. 
"Note: The Contractors' attention is directed to the fact 

that the method for determining density and the requirements 
for density as described in Section 308.05 have been replaced 
by the method of determination and requirements for density 
slated hereinahove." 

Table 1.-Percent relative compaction for different test methods 

Compacted Sand cone 
components Mean 'cr. z 2cro Mean SI 

Embankments ....... 99.1 3.46 4.46 99.0 
Bases and subbases ... 98.7 2.16 2.92 98.1 

Reliability of nuclear testing 

The Virginia specification is an excellent example of the 
more rapid methods that can be used to allow the testing of a 
more representative sample of completed work. The in
creased number of test results available for making a decision 
assures a higher confidence in the decision. The following 
advantages are claimed by the Virginia Department of 
Highways: 

• Nuclear tests can be made quickly and easily. 
• A field control strip provides a practical achievable 

density. 
• The speed of nuclear testing pennits detennination to 

be made for each section of material. This procedure 
provides a sound statistical basis for decisionmaking. 

The reliability of nuclear-gage test results is substanti
ated by tests made in a number of States. For example, the 
data in table I are from two studies in Utah (3, 4). The 
absolute values of the standard deviations presented in the 
table have little significance with respect to testing variability 
because much of the indicated variation is probably caused 
by actual density variations. However, it is significant that the 
sampling and testing variance is smaller and that there is no 
significant difference in the means. The results of the nuclear 
tests are as good, if not better, than those of the conventional 
tests; consequently, it can be stated safely that the testing 
error of nuclear methods is probably no greater than that of 
conventional methods. 

Reported variations in compaction 

The variation in density of accepted embankments and 
bases has been found much greater than had been expected 
when the Public Roads research program (see part I of this 
article, Feb. 1969 issue) was initiated. Because of this vari
ability, compliance with specifications, as computed by sta
tistical methods, is lower than had been expected. Therefore, 
designers must judge whether present construction is suffi
cient for their purposes. If present construction is satisfac
tory, then specifications should be changed to allow for the 
existing variation. If better construction is needed, then it is 
important that specifications and methods be changed to as
sure better uniformity in embankments and base courses. 

Research is showing that overall standard deviation, a 
measure of variability, is not in itself a true indication of 
contractor-perfonnance variability. A good contractor may 
take the same care in constructing two embankments but the 

Portable nuclear Roadlogger 

'cr z 
SI 2ao Mean 'cr , 

SI 2cro 

2.25 4.55 100.2 2.17 4.44 
1.32 2.89 98.0 0.60 2.48 

1 crs1
2 Sampling and testing variance. 2 cr0 Overall standanl deviation. 
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variability of test results may be much greater in one than in 
the other. If the composition of the material itself is more 
variable, then the results of the compaction process are also 
going to be more variable. 
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The variation of density in embankments. with rc·,,Kc·t 
to material and process changes. is shown in figures I and ~ 
Pigure 1. extracted from a California report (5). prc-srnh the 
distributions of the results of density tests on three pn,jc·cts. 
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Figure ].-Variation in density of embankment.,, California road-embankment .,tudy. 
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Figure 2.-Normul distribution curve,·from three organizatiom-. 

Project No. I was constructed with homogeneous, fine 

grained soils; Project No. 3 with an extremely heterogeneous 
soil; and Project No. 2 with a soil of intermediate variability, 
with respect to the other two. The specification on each of the 
projects stipulated that the material be compacted to no less 
than 90 percent relative compaction. It has been shown by 
many of the research test results obtained after acceptance by 
normal control procedures, that the construction does not 

meet specification requirements when the data are analyzed 
on a statistical basis and the total material is considered. 

Figure 2, also from the California report, is presented to 

show that vari:ibility of compaction test results is not unique 
to the highway industry. 

Figures 3 and 4 have been extracted from an Alabama 
Research Report (6) to show indicated variation in density of 
compacted base and subbase materials. The standard devia
tions of 4.06 and 2.31 percent are in line with values reported 
by other States. Figures 'i and 6 are from the same report; the 
data reported by California for compacted densities of em
bankment materials are corroborated by the data in figure 5, 
and variations in moisture content are shown in figure 6. The 
large variation in moisture content is probably a major cause 
of the large variation in density. 

From a research study performed by Purdue University 
for the State of Indiana in March 1967 (7), information con

cerning average density, range, and standard deviation arc 

shown in table 2 for three subgrade and three subbase proj

ects. The data for the study were obtained after the projects 
had been accepted under normal acceptance procedures. The 
specifications for the projects required a minimum density of 
100 percent of standard laboratory maximum density. 

The wide ranges of results and large standard deviations 
reported in table 2 arc, in part, due to variability contributed 
by test methods. The differences between replicate sand cone 
density tests on the study projects are shown in table 3. The 
entire difference cannot be attributed to test error as there may 
be actual differences in the materials or densities even when 

the tests are taken side by side as was done in this study. 
However, the results show the magnitude of differences when 
an effort was made to eliminate material differences within 
the limitations of practical construction conditions. 

Another contributing factor to the variation of test re~ 
suits is the difference in results of laboratory maximum
density and optimum-moisture-contest tests. These differ
ences for duplicate samples from Project S-1 of the Purdue 
University study are shown in table 4. 

The data obtained in the Purdue University study arc 
shown in figures 7 and 8 which are histograms of the percent 
compaction for the six projects. 

Figures 9 and IO were extracted from a report of a study 
conducted by the Engineering Experiment Station of North 

Dakota State University for the North Dakota State Highway 

13 



14 

20 

15 

>-
0 z 
w 
:::J 
0 
w 10 -a: 
LL 

5 

20 

15 

>-
0 z 
w 
:::J 
0 
~ 10 
LL 

5 

0 
C\J 
oi 
en 

IX 

TOTAL NUMBER OF SAMPLES - 96 
ARITHMETIC MEAN - 99.20 

SIGMA -4.06 
COEFFICIENT OF VARIATION - 4.1% 

91.5 94.5 97.5 100.5 
90.0 93.0 96.0 99.0 102.0 

Figure 3.-Soil aggregate base, percent compaction. 

<O 
t---
ci 
0 

IX 

TOTAL NUMBER OF SAMPLES - 100 
ARITHMETIC MEAN - 100.76 

SIGMA - 2.31 
COEFFICIENT OF VARIATION - 2.2% 

97.5 98.5 99.5 100.5 101.5 102.5 103.5 104.5 105.5 
97.0 98.0 99.0 100.0 101.0 102.0 103.0 104.0 105.0 106.0 

PERCENT COMPACTION 

Figure 4.-Selected .mil subbase, Class 4, percent compaction. 



>-
0 z 
w 
::J 
a 
w 
a: 
IL 

>-
0 
z 
w 
::::, 
a 
w 
a: 
IL 

20 

15 

10 

5 

20 

15 

0 
C') 

,-..: 
a, 
II 

IX 

TOTAL NUMBER OF SAMPLES - 100 
ARITHMETIC MEAN - 97.30 

SIGMA - 3.72 
COEFFICIENT OF VARIATION - 3.83% 

96.0 99.0 102.0 
94.5 97.5 100.5 103.5 

PERCl:NT COMPACTION 

Figure 5.-Embankment, percent compaction. 

TOTAL NUMBER OF SAMPLES - 100 
ARITHMETIC MEAN - 15.02 

SIGMA - 3.61 
COEFFICIENT OF VARIATION - 24.0% 

9 1 0 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 

PERCENT MOISTURE 

Figure 6.-Emba11kment, percent moisture. 

15 



Table 2.-Average, range, and standard deviations of percent 
compaction of subgrade and subbase projects 

Table 3.-Average differences between sand-cone density tests 
for replicate tests 

Project Average Range of Standard Average difference 
compaction compaction deviation Project Replicates between sand-urne 

Perce111 Percent Percenl 
S-1 !00.6 84-116 S.3 

density values for 
rep\ icate tests 

S-2 96.8 80-11() 5.7 Nun1hcr Lh. [>Cl cu Ji 
S-3 98.2 84-108 4.5 S-1 48 :u2 
B-1 89.4 82-98 3.3 S-2 48 4.95 
B-2 91.7 84-100 3. I S-3 49 4.18 
B-3 93.6 86-IO0 2.3 B I 51 4.15 

R-2 55 :1.35 
B-3 50 2.24 

Table 4.-Maximum dry density and optimum moisture content values for duplicate field samples for Project S--1 
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Figure 7.-Frequency histograms-percent compaction of subgrade materials for three projects. 
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Department (8). In figure 9 is shown the variability of com
paction in three embankment projects previously accepted 
under current control and acceptance procedures. The distri
bution of test results on random samples arc presented in the 
histograms in the figure. The mean X; the overall standard 
deviation, o; and the sampling and testing standard deviation, 
Oa, of the distributions are tabulated. These standard devia
tions must be changed to variances in order to obtain the 
relationship between the material and the sampling and test
ing variability, o 2 - oa2 = o2 m· In figure IO, the information 
obtained during routine control and acceptance testing on the 
same three projects is presented. Comparison of the results 
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presented in figures 9 and IO emphasizes the advantages of 
random sampling in determining the true as-built conditions 
of any construction project and compliance with 
specifications. 

Density-test results obtained with two types of nuclear 
gages and two different test methods on Project No. I of the 
North Dakota study are shown in figure 11. These data sub
stantiate the results of the Utah report in that the sampling and 
testing errors forthe nuclear devices are smallerthan those for 
the water-balloon method (fig. 9). It is of interest that the air
gap method indicates a higher average density than the water
balloon or contact-nuclear method. A similar nuclear study 

_[J UL 
90 100 

90 100 

90 100 

90 
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Figure I /.-Percent compaction-nuclear-instrument data. 
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was performed on Project 2 with parallel results. In these 
tests, the manufacturer's calibration curves for the nucleair 
devices were verified before use. 

Variations in Material Properties 

Tables 5 and 6 were extracted from a California report 
(9) to show the variation of test results other than those of 
density tests. The data are from six projects selected as typical 
of material used for untreated base and subbase by the Cali
fornia Division of Highways. Again the data were obtained 
from random samples taken after the materials had been 
accepted as complying with the specifications for normal 
sampling methods. These materials were largely in substan
tial compliance with the specifications; however, there wa, 
considerable variation in the test results of the material prop
erties, which may account for some of the variations in densi
ty and supporting capacity exhibited by the compacted mate
rial. The study did not include the determination of density 
variation of the in-place material. 

Conclusions 

The primary conclusion that can be drawn from the data 
presented in this discussion is that test results on base and 

Table 5.-Summary of test results, untreated aggregate base 

Test In 2x 

PROJECTB-t 

R value .............................. 200 81.9 
Sand equivalent ... ........... - ........ 200 42.9 
Percent passing #4 sieve ................ 200 50.9 
Percent passing #30 sieve ..... - ........ 200 23.8 
Percent passing #200 sieve .............. 200 6.0 

embankment materials exhibit significant variation. These 
variations can be attributed to material variance, sampling 
variance, and testing variance. Many materials may be classi
fied out-of-specification because of sampling and testing er
rors rather than failure of the material or construction to 
actually conform to specified requirements. 

It should be apparent that improvement of sampling and 
testing methods must be a priority research and development 
item if field measurements on samples are to be used to accept 
construction materials and structures. More tests results must 
be used in the decision process to increase the validity of 
decisions. Rapid sampling and testing methods, together with 
random sampling and statistically valid decision plans, will 
alleviate many of the problems in current acceptance of 
construction. 

The data and charts of this presentation clear! y indicate a 
difference between the test results on random samples and 
those on representative samples. A true estimate of the actual 
quality of any material or construction can be obtained only 
when every item of the lot has a chance of being chosen as 
part of the sample. Sampling by choice cannot provide sam
ples that will permit evaluation of hoth level and variability of 
material or construction. Randomizing sampling locations is 
a simple matter and should cause no serious problems for the 
inspector, especially when rapid nondestructive test methods, 

Amount not 
3 O" Range of Specification complying 

results requirement with 
specification 

Percenl 

1.3 78--85 4 78 0 
4.0 33-58 4 30 0 
3.1 35-55 35-55 0 
2.5 15-30 10-30 0 
0.7 4-8 3-9 0 

PROJECrB-2 

R value .............................. 
Sand equivalent ....................... 
Percent passing #4 sieve ................ 
Percent passing #30 sieve ... -· .......... 
Percent passing #2(KJ sieve .............. 

R value .............................. 
Sand equivalent ....................... 
Percent passing #4 sieve ................ 
Percent passing #30 sieve 
Percent passing #200 sieve 

1 n = Number of samples. 
2 X - Arithmetic mean. 

............ -- . 
.............. 

200 79.9 2.4 
200 30.6 6.1 
200 58_1 2.8 
200 27.1 , 2.3 
2(Kl 7.9 I.I 

l'ROJECr B-3 

200 79.7 1.5 
200 59.2 4.0 
200 52.7 5.7 
200 23.4 2.9 
200 4.6 0.95 

J (J = Standard deviation. 
4 Minimum. 
,; None. 

72-85 4 75 2.5 
24-63 4 30 56 
51-67 35-65 2.5 
22-36 (5) -

4-IO 3-12 () 

78-83 4 78 0 
48-68 4 30 () 

40-71 35-55 33 
15-31 10-30 0.5 
3-12 3-9 0.5 
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such as the nuclear gage, arc available. State highway depart
ments should take immediate steps to implement random 
sampling in the control and acceptance of base and embank
ment construction. 

The data reported here concerning the variations in base 
and embankment construction should not be taken as an 
indictment of present construction. Although there is ade
quate information to indicate that improvement is needed in 
the testing and analysis of data. there is no specific infom1a
tion available to indicate that construction being accepted 
under present procedures is not performing to design expec
tations. However. if economic considerations do not allow an 
intensive effort to reduce sampling and testing variation, as 
well as actual variation in density and moisture content. it is 
imperative that recognition be given the variations occurring 
in present construction and that current specifications he 
revised accordingly. 
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Part 3-
Quality Assurance of Portland 
Cement Concrfete 
Reported by WESLEY W. BAKER, Highway 
Research Engineer, and THURMUL F. McMAHON, 
Principal Quality-Assurance Research 
Engineer, Materials Division 

Introduction 

Ever since the development of port land cement concn:le 
for use in the construction of highway pavements and struc
tures, highway engineers have been concerned with the qua Ii
ty of the concrete and of its constituents. From years uf 
experience. methods have been developed to control the qua l
ily of concrete and measure its acceptability as a quality 
malcrial. But responsibility for the quality of portland cement 
concrete and causes of its failure are still confusing issue,;. 

Research has provided an insighl into the causes of 
variations that have always ex isled in the results of concrelc 
tests. It has also provided some knowledge of !heir magnitude 
as regards blending, mixing, sampling, and testing, especially 
under laboratory conditions. In early research it was recog
nized that statistical concepts afforded a useful tool to analy2e 
the data and establish the causes of variation. In fact. as early 
as the l 940's, Mr. Alfred M. Fruedenthal recommended that 
statistical concepts he used lo revise porlland cement co11-
crete specifications (/ ). 1 

A committee on quality control of concrete in the field. 
appointed in England at the beginning of the 1950\, re
viewed all aspects of concrete production and recommendc d 
methods of improving quality and testing techniques. The 
committee's greatest achievement was the adoption of stali,;
tical concepts to better understand the nalure of variation in 
concrete production. The nom1al distribution was shown lo 
be applicable in the concrete industry, particularly for the 
cylinder strength distribution, and acceptance criteria were 
established at a 95-percent confidence level. 

The first official action in the United States to adapt the 
statistical approach to quality control of concrete was taken n 

1 Italic numbers in parenthe'.'.es identify the references listed on p. 29. 

1955 by the American Concrete Institute. Criteria were estab
lished and rational specifications for structural concrete were 
recommended. 

In this report on the application of stalistical quality 
control methods lo the production of concrete by the highway 
industry (2). Mr. Edward A. Abdun-Nur advocated extensive 
use of statistical concepts in specification writing and accep
tance sampling. He considered a realistic picture of concrete 
produced under normal control to be one in which the coeffi
cient of variation of 28-day strength is 20-25 percent, and 
defined a good concrete as one with a I .'i-pcrcent coefficient 
of varialion. 

Early work in quality control of po1tland cement con
crete demonstrated the advantages of usmg statistical con
cepts to specify, control, and accept concr~te; however. more 
information was needed to make optimum use of them. The 
Office uf Research and Development, Bureau uf Public 
Roads, has been promo1ing the gathering of information by 
the States concerning the quality of the concrete being pro
duced under current specifications and the contributing fac
tors in the variation of test results. The objective of this 
research program has not been to determine all factors relat
ing to variations in concrete production. hut to isolate varia
tions owing lo malcrials, sampling, and testing. The results lo 
dale are presented and analyzed in the following paragraphs. 

Variability in Concrete Strengths 

Strength is not always the most importanl characteristic 
of concrete quality. but it is the one that is mosl often meas
ured. It is assumed to be indicative of the water-cement ratio 
and, accordingly, an indicator of durability. The magnitude of 
the variability in strength is, therefore, an indicator of the 
magnitude of variability of the other characterislics. 
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Variability in concrete strengths can be allributcd lo two 
other types of variability: (I) Inherent variability in the mate
rials and processes that results from chance causes, which 
cannot he controlled, and (2) variability from assignable 
causes which can be controlled. The attainable quality of 
concrete in the field is limited not only by the chance causes 
that contribute lo the variation in quality, but also by the 
economic factors entailed in reducing the assignable causes. 

The measurement of variability from chance or inherent 
causes is complicated by the inherent variability of each of 
the ingredients in the mix, which can interact with the proc
esses of blending, mixing, and placing, and result in a much 
larger variability in the concrete itself. 

The assignable causes of variability are more numerous 
and more difficult to isolate, but the production of quality 
concrete is dependent on the reduction of all variables. How
ever, the isolation and restriction of variables can be carried 
only as far as economic conditions warrant. Under the present 
state of knowledge, the ultimate uniformity of concrete pro-

Table 1.-Average deviation of concrete strengths 

duction cannot he precisely stated. Extensive research will h,· 
necessary to isolate variables and to determine the extent to 
which variation can be reduced. Current infonnation can he 
used only to show that variation does exist, and that sampling 
and testing often contribute as much of the variability as do 
the ingredients and processes used in construction. 

Mr. H. H. Newlon, in a paper (3) described and dis
cussed numerous variables affecting concrete quality. The 
data concerning concrete variability, presented in table L was 
based on a similar tabulation from his paper. Although such 
information is interesting and may be used to design specifi
cation limits, ii is of little worth to the overall problem of 
reducing variability in concrete construction. The basic need 
is to isolate the common factors affecting variability. Re
search aimed at this purpose has been underway for the past 4 
years. 

Data based on a West Virginia research report (4) are 
presented in table 2. These data are illustrated in figure I, 
which depicts the relations among the materials, sampling, 

Agency Concrete type Data source 

Average 
standard 

deviation 1 

Bureau of Public Roads .................. . Paving ................. . Research ................. . 

Do ........................ . ..... do ....... . Historical 
Do . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Structural ....... . . .... do .................. . 

Virginia Department of Highways . . . . . . . . . . . . .... du ................. . Special ................... . 

Do . . . . . . . . . . . . . . . . . . . . . . . . . . Paving ................. . Cores .. 

Ontario Department of Highways . . . . . . . . . .... do .......... . Routine ................. . 

1 The average standard deviation for all data presented. 

Table 2.-Portland cement concrete variations 

28-day compressive strength variations 

Project Overall Overall Standard Coefficient of Standard Coefficient Standard 

No. Mean standard coefficient deviation, variation, deviation, of variation, deviation, 
(X) deviation of variation testing testing sampling sampling materials 

( Ci,,) (u,,) (Ci,) (u,) (Ci) (uJ (Ci.) 

Structural concrete 

p.s.i. p.s.i. Per. p.s.i. Per. p.s.i. Per. p.s.i. 
I 4,235 435 10.0 170 4.0 236 5.6 310 
2 4,420 482 10.9 323 7.3 39 0 360 

Paving concrete 

I 4,675 545 11.7 377 8.1 91 0 386 
2 3,755 420 11.2 322 8.5 42 0 270 
3 3,720 575 15.5 318 8.5 ..... - . - 0 495 
4 4,760 467 9.8 200 4.2 34 0 420 
5 4,688 733 16.5 585 12.5 ........ 0 545 
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(a) 

p.s.1. 

585 

473 

576 

467 

663 

494 

Coefficient 
of variation, 

materials 
(UJ 

Per. 
7.2 
8.1 

8.3 
7.1 

13.3 
8.8 

11.7 
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Figure /.-Portland cement concret.,-standard deviation, compressive strength. 

and testing standard deviations. As standard deviations are 
not additive, the sum of the standard deviation shown does 
not equal the standard deviation of the concrete strength. A 
significant indication from these data is that the combined 
testing and sampling variations are usually greater than the 
material variation. It is also significant that the material~ 
deviations consist of the material and process variations. 
whereas the sampling and testing deviations are caused by the 
measurement process. Figure I indicates that sampling did 
not contribute significantly to the variation of test results on 
these projects. 

An analysis of historical data on compressive strength, 
of concrete cylinders, presented in table 3, was based on a 
report by the State Road Department of Florida (5). Two 
types of concrete, class A and class NS were analyzed in the 
report. Routine control is normally exercised over class A 
concrete, whereas class NS concrete is spot checked only 
occasionally. 

Based on the same Florida report the mean strength. 
standard deviation, and coefficient of variation for the con
crete, shown in table 3, were compared by source in table 4. 
Researchers have shown that the standard deviations of 
strength lest results usually increase with the mean or average 
strength of the concrete; therefore, the best comparison of 
these data may be shown by the coefficient of variation. As 
expected, the coefficients of variation for class NS concrete 
were greater than those for class A. 

The strength data presented typical of nearly all 
strength data received---expressed large standard deviatiom 
with average strengths well above the usual minimum of 

3,000 p.s.i. For example, if the class A concrete of project 4, 
table 3, were analyzed using normal distribution methods, 
there would be less than 1 percent chance that a test would 
result in a compressive strength of less than 3,988 p.s.i. With 
the same standard deviation, the mean could be as low as 
4,698 p.s.i. hefore a I-percent chance of being below 3,000 
p.s.i. was exceeded. If the standard deviation could be re
duced, the mean might be lowered further without risking 
noncompliance. However, as pointed out previously, the du
rability of the concrete may be the controlling factor in reduc
ing strength through lowering the design cement content. If it 
is assumed that strength is an indicator of water-cement ratio, 
it is possible that more uniform strength will also result in a 
more uniformly durable concrete. This in tum may allow a 
reduction of the design cement content. 

If durability should be the controlling factor and if it 
should have a relation with strength, a test for durability 
should be developed. This test would eventually replace the 
strength test in measuring concrete quality. 

Variability of Plastic-Concrete Air Content 

Air content of portland cement concrete is one of the 
most important factors in the durability of pavements and 
bridge decks. Not only is it important that the air content be 
sufficient to prevent damage from freeze and thaw cycles and 
low enough to preserve strength, but it is also important that 
the air be distributed uniformly throughout the mix. 

Several States have studied variations in air content and 
evaluated the performance of different test methods. The data 
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Table 3.-Historical concrete strength data 

Samples 

Numher 
Project number: 

I I ...... . . . . . . . . . . . . . . . . 536 
2 ........................ 292 

3 ························ 96 
4 ........................ 192 
5. . . . . . . . . .......... 196 
6. . . . . . . . . . . . . . . . . . . . . . - . 112 
7 . . . . . . . . . . . . . . . . ........ 258 
8. . . - . ... 320 
9. . . . . . . . . . . . . . . . . . . . . . . . 232 
IO. . . . . . . . . . . . . . . . . . . . . . . 176 
II ................... . . . . 126 

Average' ............... 230 
Range ................. 224 

Project number: 
I I 50 ........ ' ......... ' ... 
2 ........................ 340 
3. 240 
4 .... . . . . . . . . . ....... 200 
5 ..... . . . . . . . ......... . .. 240 
6 ........... . . . . . . . . . . . . . 196 
7 ........................ 148 
8 ........................ 94 
9 ........................ 108 
10 .... . . . . . . . . . . . . . . . . . .. 182 
II .... . . . . . . . . . . . . . . . . 156 
12 .. . . . . . . . .. ' ........ 224 
13 .. . . . . . . . . .......... 138 

Average 3 .•.. . . . . . . . 178 
Range . . . . . ' ....... 246 

1 Values not included in range calculations. 
~ Statistical outlier-not included in cakula1ion of range or average. 
3 Averages are not weighted and 111clude all values except the outl1e1. 

Overall 
Coefficient of Mean (X) standard 

deviation ( a,,) 
variation (D) 

28-day cylinders-dass ,1 concrete 

p.s.i. p.s.i. Pct. 

4,524 396 8.8 
4,881 540 II.I 
5,686 544 9.6 
5,527 566 10.2 
5,098 577 11.3 
4,826 608 12.6 
5,469 667 12.2 
5,244 674 12.9 
5,289 711 13.4 
4,927 725 14.7 
5,067 732 14.4 
5,140 613 13.1 

860 192 5.1 

28-day cylinders-NS concrete 

4,021 I 398 9.9 
3,555 550 15.5 
4,006 580 14.'i 
3,474 605 17.4 
3,781 670 17.7 
4,192 729 17.4 
4,213 733 17.4 
4,239 774 18.3 
3,657 774 21.2 
3,674 776 21.1 
4,110 776 18.9 
4.179 825 19.8 
3,941 884 22.4 
3,926 698 17.8 

765 334 7.9 

Table 4.-Production source comparison, historical concrete strength data 

Mean sirength 
Pooled 

Source Concrete class Samples standard de-
(X) 

viation (cr) 

Numher p.s.i. p.s.i. 
I . . . . . . . . . . . . . . . . . . . . . . . ..... 

f 
A 480 4,799 593 

NS 218 4,091 620 
2 ............ ........ ' ..... '. A 540 4,906 672 

NS 360 4,210 660 
3 ............ . . . ' ' . . . . . . . . . . ' A 440 5,054 585 

NS 308 4,031 584 

24 

Testing error 
(CJ,) 

p.s.i 

175 
207 
185 
155 

2 48 
196 
150 
158 
192 
210 
162 
179 
60 

115 
93 

134 
122 
96 

160 
92 
87 

116 
113 
70 

127 
161 
114 
91 

Coefficient 
of variation (1J J 

Pr-r. 
12.4 
L'\.2 
ll.7 
15.7 
11.6 
14.5 



shown in table 5, submitted by the State of New York. are 
representative of this research. The tests proved that, in the 
State of New York, truck mix concrete was more variable 
with respect to air than was paver mix or central mix concrete. 
The tests also showed that the air content measured by the 
Chace meter was considerably higher than that measured b~1 
the pressure meter. As tests with the Chace meter are faster 
than those with the pressure meter, considerable interest ex
ists in determining the number of Chace meter tests that 
would give an average that has the same degree of precision 
as an average based on a lesser nmnber of pressure meter 
tests. 

The equivalency of the Chace and pressure meters can 
be detennined by a comparison of the sampling and testing 
variance of each in the following manner: 

crj(C) = as/(P) 
--11- -!--

In project 2, table 5, this results in the following 
equivalency: 

. 354 _ .166. _ ') I 
-II- - -/-.. II - ~-

or 

2 Chace tests = 1 pressure test 

Equivalencies computed for the other projects shown in 
table 5 ranged from one to 20; six of the l O were below four, 
indicating that averages based on four Chace meter tests rna:1 
be suitable for control purposes. 1 lowever, the wide variation 
in these results indicate that the actual equivalency of the two 

Table 5.-Air content of plastic concrete, research data 

Project No. Mixer type and use Observations Test method 

Numher 
I { Cen_tral mix ... 216 Pressure 

Paving ....... 216 Chace ....... 
2 . . . . ' .. { Central mix ... 200 Pressure . .... 

Paving ....... 200 Chace ... 
3 .. { E-34 paver .... 200 Pre~sure 

Paving ....... 200 Chace ... 
4 ... { Truck mix .... 200 Pressure 

S1ruc1ural .... 200 Chace .. 
5 ..... {Truck mix .... 204 l1ressure 

S1ructural ..... 204 Chace .. ' 

6 ....... { Cemrnl mix ... 200 Pressure . ... 
Paving ....... 200 Chace .. . . . . 

7 ....... {E-34 paver .... 200 Pressure . .. ' 

Paving ....... 200 Chace ..... '. 
8 . . . . ... { E-34 paver .... 200 Pressure . .. '. 

Pav mg ....... 200 Chace ..... '. 
9 ... {Truck mix .... 200 Pressure .... ' 

Paving ....... 200 Chace ..... '. 
10 ...... {Truck mix .... 200 Pressure . . 

Structural ..... 200 Chace ..... . . 

tests depends somewhat on the operator's dexterity; and, 
consequently. it may be necessary to establish operator 
equivalencies to provide sufficient confidence for the control 
of air content by the Chace meter in any test. 

The data on air content presented in table 6 was reported 
by West Virginia (4). The data indicate that in measuring air 
content, there is good agreement between the Chace and Roll
A-Meter. Calculation of the equivalency of the two tests 
indicates that in West Virginia, four Chace tests will ade
quately substitute for one Roll-A-Meter test. 

Variability of Concrete Consistency 

The consistency of plastic concrete. as measured by 
slump cone or Kelly Ball tests, is a measurement of the 
workability of the mix and an indicator of the water content. 
However. consistency is no direct measurement of the water 
content, as air, gradation, and temperature also affect the 
consistency. The results of these tests therefore are a good 
indicator of the uniformity of the mix, and relate to a comhi
nation of these factors rather than to any one of them . 

Results of studies by several States of concrete consis
tency, as measured by the slump cone, arc presented in tahlc 
7. The data indicate little difference in the variability in slump 
among the several methods of concrete production, although 
there is considerahlc difference from project to project. The 
data also indicate that actual material variation contributes 
more to the overall variation than do sampling and testing. 

Data from reports by West Virginia 14) and California 
( 6) on studies to evaluate the Kelly Ball test are shown in table 
8. These data and that from other sources indicate that the 

Testing Sampling Material Standard Mean 
variance (CT/) variance ( CT_,) variance (a.,2) deviation (CT) (X) 

Pct. Pct. Pct. Pct. Pct. 
0.043 0.07 0.80 0.95 4.55 
0.20 0.545 0.65 1.18 6.39 
0.126 0,04 0.50 0.82 5.91 
0.22 0.134 0.70 1.026 7.42 
0.067 0.05 0.48 0.77 5.14 
0.15 0.10 0.33 0.76 7.38 
0.16 0.29 1.74 1.48 7.90 
0.3:15 0.15 1.38 1.36 10.2 
0.035 (l,04 1.27 I. 16 6.11 
0.45 0.99 0.48 1.39 8.75 
0.06 0.105 0.34 0.71 6.18 
0.256 0. 137 0.40 0.89 7.39 
0.08 0.08 0.39 0.74 4.94 
0.14 2.55 0.96 1.32 6.41 
0.047 0.04 0.70 0.89 4.82 
0.26 0.25 1.02 1.24 6.51 
0.05 0.135 2.39 1.60 5.80 
0.43 0.325 1.79 1.60 8.43 
0.09 0.136 1.64 1.37 6.07 
0.28 0.24 1.71 1.49 6.33 
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Table 6.-Portland cement concrete pavement air content, research data 

Testing 
Project No. Observations Test method variance 

(<J,2) 

Number Pct. 
I . . . . . . . . . . . . . . { 176 Roll-A-Meter .... .......... 0.102 

141 Chace .................. 0.334 
2 . . . . . . . . . . . . - . { 104 Roll-A-Meter .............. 0.109 

104 Chace .................... 0.470 
3 ........ - . . . . . { 200 Roll-A-Meter . ............. 0.153 

196 Chace .................... 0.531 
4 .............. { 172 Roll-A-Meter . . . . . . . . . . . . . . 0.126 

154 Chace . . . . . . . . . . . . . . . . . . . . 0.271 
5 . . . . . . . . . . . . . . { 192 Roll-A-Meter .............. 0.143 

198 Chace .................... 0.249 

Table 7 .-Variability of concrete consistency, slump cone method 

Testing Sampling Material 
Project No. Observations variance variance variance 

(o}) (rr/) (a}) 

State I 

Number Inch Inch Inch 
I I 184 0.16 0.04 0.26 
22 200 0.13 0.02 0.45 
23 300 0.25 0.09 0.46 

State 2 

2 I 216 0.074 0.00 0.15 
42 200 0.06 0.06 0.37 
3 3 200 0.08 0.025 0.42 
54 200 0.027 0.012 0.206 
5 5 204 0.066 0.03 0.305 
66 200 0.033 0.034 0.14 
7 7 200 0.084 0.086 0.20 

8 200 0.158 0.047 0.50 

1 Pavement concrete. truck mix. 
2 Pavement concrete. truck mix, slipfonn. 

4 Concrete base, central mix, slide spreader. 
5 Structure concrete, truck mix. 

1 Pavement concrete, central mix, screw spreader_ 

Table 8.-Methods of measuring consistency of plastic concrete, research data 

Mean 
Standard 

Project No. Samples Test 
(X) 

deviation 
(cr) 

West Virginia 

Number Inches Inches 
l 200 {Slump .............. 2.4 0.8 

Kelly Ball 1 •••••••••• 2.4 0.7 

California 

l 2 200 Kelly Ball 3 •......•.•... 3.69 0.91 
2 2 200 ..... do ....... . . . . . . . . . . . 3.85 0.94 
3 2 200 ..... do. ...... . . . . . . . . . . . 4.00 1.27 
4 4 200 ..... do ....... . . . . . . . . . . . 1.74 0.65 

Sampling 
variance 

(a?) 

Pct. 
(l.13:, 

0.233 
0.608 
0.710 
0.362 
0.769 
0.248 
1.026 
0.110 
0.148 

Overall 
standard 
deviation 

( <J,,) 

Inch 
0.68 
0.80 
0.89 

0.47 
0.70 
0.73 
0.495 
0.633 
0.456 
0.609 
0.844 

Testing 
variance 

(<J,2) 

Inches 
0.095 
0.108 

0.08 
0.22 
0.13 
0.32 

Material Standard 
variance deviation Mean (X) 

(a,,2) (<J) 

Pct. Pct. Per 
1.352 1.21 5.8 
0.565 I .!)2 5.1)6 
(l.000 0.83 5.8 
(l.000 1.00 5.44 
1.042 1.24 5.1 
0.913 1.30 5.16 
0.191 0.71 5.1 
0.08 1.09 4.85 
1.229 1.16 5.0 
1.36 1.32 5.54 

Mean Specification 
(X) limits 

Inches Inches 
2.44 0.5-3.5 
1.5 0.5-3.5 
2.76 0.5-3.5 

2.04 . . . . . . . . . . . . . . . . . . . 

1.86 ................... 
2.34 . . . . . . . . . . . . . . . . . . . 

1.77 . . . ................ 
2.37 . . . . . . - . - - ......... 
2.12 . . . . . . . . . . . . . . .... 
2.41 .. . . . . . . . . . . . . . .... 
2.26 . . . . . . . . . . . . .... . . 

6 Pavement cnncrete,central mix, sl1pfom1 
7 Pavement concrete E-34 paver. 

Sampling Material 
variance variance 

(<J/) (a}) 

Inches Inches 
0.095 0.52 
0.062 0.30 

0.14 0.61 
0.04 0.63 
0.10 1.39 
0.00 0.10 

1 Convened to inches of slump. Conversion factor-Slump 
inches= 0.59 Kelly Ball+ 1.02. 

1 Convened to inches of slump by calibration-1-inch penetration of ball indicaic:-. 2 inches; 
of slump. 

7 Structural 4 Pavement. 
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Kelly Ball test is valid for measuring the consistency of 
concrete when three readings arc averaged to obtain one le st 
value as required in the standard method. 

Aggregate Size Variation 

One factor stressed in concrete specifications and m 
concrete-production control is gradation of coarse and fine 
aggregates. Research shows that, within projects and be
tween projects, there is considerable variation in size distri
bution of aggregates in the mix. In fact, aggregates-size
distribution specifications are seldom complied with. Part 5 

will contain a detailed report on the gradation of concrete 
aggregates, but table 9 is included here to illustrak the varia
tion. The data from project I indicate little variation of either 
material or of sampling and testing; however. the data from 
projects 2 and 3 indicate a large material variance. and it is 
probable that the specification limits were exceeded on many 
individual tests. 

Variability in Pavement Thickness 

Pavement life expectancy is based on estimated traffic 
and pavement design thickness. There is still argument as to 

Table 9.-Analysis of variance, intermediate aggregate, percent passing ¾-inch sieve 

Range Mean 
Material Sampling Testing Standard 

Project No. 
(R) (X) 

variance variance variance deviation Samples 
(cr}J (cr}) (cr,2) (cr) 

Pct. Pct. Pct. Pct. Pct. Pct. Pct. 
I 79-98 92.60 4.25 0.00 8.12 3.52 200 
2 33-89 69.09 122.92 5.59 4.54 11.54 200 
3 34----92 71.52 124.()4 9.31 24.46 12.56 200 

Table 10.--Summary of statistical results on thickness of co~1crete payment 

Mean 
Overall Standard 

Samples 
(X) 

variance deviation Minimum Maximum 
( cr2) (cr) 

8-inch uniform thickness 

Project number: Number Inches Inch Inch Inches Inches 
1 .................... 34 8.66 0.192 0.435 7.63 9.53 
2 . . . . . . . . . . . . . . . . . . . . 39 8.42 0.171 0.415 7.61 9.13 
3 . . . ................. 48 8.35 0.040 0.200 7.86 8.80 
4 . . . . . . . . . . . . . . . . . . . . 58 8.36 0.077 0.276 7.76 9.49 
5 . . . . . . . . . . . . . . . . . . . . 61 8.05 0.D35 0.185 7.66 8.59 
6 . . . ................. 66 8.11 0.089 0.300 7.46 8.78 
7 . . . ................. 73 8.06 0.112 0.333 7.58 9.58 

Pooled values ....... . . . ....... 8.29 0.088 0.300 . . . . . . . . . . . . . . ...... 

9-im:h unifonn thickness 

Project number: 
I .................... 35 9.25 0.()46 0.210 8.93 9.67 
2 .................... 51 9.19 0.121 0.350 8.55 10.10 
3 .................... 58 9.28 0.D48 0.220 8.84 9.99 
4 .................... 65 9.18 0.060 0.240 8.78 9.92 
5 .................... 74 9.20 0.185 0.430 8.69 11.69 
6 .................... 88 9.11 0.029 0.170 8.85 9.66 

Pooled values ........ .... . . . . . . . . 9.20 0.083 0.290 . . . . . .... . . . ..... 

10-inch uniform thickness 

Project number: 
1 ...... . . . . . . . . . . . . . . 64 10.38 0.061 0.240 9.41 10.91 
2 .................... 124 10.34 0.079 0.280 9.82 11.48 
3 . . . . . . . . . . . . . . . . . . . . 132 10.15 0.079 0.230 9.75 10.94 
4 . . . . . . . . . . . . . . . . . . . . 141 10.28 0.083 0.290 9.63 11.27 

Pooled values ........ . . . . . . . . . . . . 10.34 0.069 0.270 . . . . . . . . . . . . . . .......... 
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whether the design of the pavement should he hased on 
minimum thickness or average thickness; however, as in all 
structures, stresses are concentrated at the weaker points, and 
it is axiomatic that large variations in thickm:ss arc detrimen
tal to the pavement. Unifom1ity of thickness will promote 
better slab action and, therefore. prolong pavement life. 

Variation in concrete pavement thickness is shown by 
the data of figure 2, which is based on a report hy the State of 
Michigan (7). The data depicted represent 656 cores taken 
from 15 projects from 1959-61. The historical data in table 
I 0, extracted from a report hy Louisiana (8), substantiates the 
variations shown in figure 2. 

The variation shown in table 11 is from a statistical study 
of pavement thickness hy the State of Oklahoma (9). The 
thicknesses were measured hy a probe inserted in the plastic 
concrete. Little variation was exhibited in project 3; but as the 
mean was below the specified thickness, the pavement life 
expectancy was less than desired. Project 3 had a prohable 
range of thickness from 7.8 to 10.2 inches, resulting in weak 
areas that would probably reduce the life of the pavement. 

According to the high average concrete thicknesses re
ported in the Michigan and Louisiana studies, an excess of 
concrete is being placed by the contractors to avoid penalties. 
This same high variability-high average thickness relation 
has also been reported in other studies of thickness. Better 
control of placement not only could provide savings in con
crete, but also produce pavement that is capable of better 
performance. Moreover, the development of a standard 
method for measuring the depth of plastic concrete, as placed, 
would aid in the control of thickness and eliminate expensive 
coring of the hardened pavement. 

Variation in Portland Cement 

The production of portland cements is being closely 
controlled by producers, according to the historical data on 
chemical analyses reported by several States. It is evident that 
State highway departments can reduce the testing of port land 
cement to at least the level recommended by ASTM in section 
6 of /\STM-C-183-65T. 

Conclusions 

Variations in what is generally considered good con
struction have been shown hy the research summarized here. 
However, the variations are of considerable magnitude and 
could be important factors in the performance of concrete 
structures. /\n awareness of these variations is insufficient; 
research must be undertaken to evaluate their effect and to 
develop procedures by which they can be reduced. 

In many test results, much of the measured variation 
could he attributed to sampling and testing methods and 
procedures, and therefore the real variation may not be as 
large as results indicate. One of the major needs in concrete 
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production is the development of helter methods to measure 
the quality attrihutes of the concrete and the ingredients in
corporated therein. Furtherrnort: a ckar delineation ol" rc
sponsihility should result in a more uniform product. It is the 
contractors' responsibility to produce quality material and 
the States' responsibility to measure the quality produced. 
Better measurement pcrforrnance by the State highway de
partments will allow a more accurate estimate of product 
quality and provide a helter basis for enforcement of the 
specification requirements. This approach can result only in a 
product that is more uniform in character and has improved 
performance expectancy. 
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Figure 2. -Frequency distribution of concrete pavement thick
ness, 1959-61. 

Table 11.-Variation in pavement thickness, probe method 

Project Obser-
Standard 

Mean Speci-
deviation 

No. vations 
( er) 

(X) fication 

Numhl'I" Inch Inches /m·lws 
I 72 (J.:l 8..'\ 8 I) 

2 9.'\ 0.1 8.9 91) 
3 100 0.4 9.0 9.0 
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Part 4-
Variations of Bituminous 
Construction 
Reported by EDWIN C. GRANLEY, 
Highway Research Engineer, 
Materials Division 

Introduction 

In I 879, a natural asphalt from Trinidad was used on a 
street project in Washington, D.C., marking the first modem 
use in this country of a bituminous material in road construc
tion. The practice of treating the uppermost surface of roads 
with a thin bituminous overlay, such as that used on this street 
project, continued. The advent of the automobile, bringing 
with it the production of gasoline and its byproduct, bitumen, 
brought the material into widespread usc, first as a dust pre
ventative and later as a binder for asphaltic concrete. 

In the early stages of bituminous mixture development, 
many of our present specifications and tests were developed 
to guide contractors and to provide rules for acceptance. 
Initially, one of the major functions of a specification was to 
supply technological instructions to the contractor and field 
engineer. It was necessary to specify exactly how to produce 
the mixture, how to place it, and how to compact it. Now, the 
industry has progressed so well that the States soon should be 
able to specify characteristics of the final product in terms of 
mcasurahlc parameters and to accept it when test results 
indicate that desired characteristics have been obtained. Be
fore this goal can be reached, however, some problems must 
be overcome and the ultimate degree lo which end results 
specifications can be used in bituminous construction must 
be determined. Nevertheless, progress is being made 
in changing from the contractor-State-control construction 
team to the true contractor-control and State acceptance con
cept. In shifting responsibilities it is important that accep
tance plans protect both the contractor and the Stale. 

To determine the quality characteristics of current con
struction, many States have been measuring variations in 
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accepted bituminous production. Most of them have fol
lowed the guidelines developed by the Bureau of Public 
Roads Quality Assurance Task Force. The studies patterned 
after these guidelines not only are providing estimates of the 
quality of construction, but also are isolating causes of 
variation. 

Data from these studies arc revealing the following sig
nificant results: 

• Variability, indicated by the standard deviation, cr, is 
itself a variable, and a set value for a standard devia
tion applicable to the process cannot always be 
assigned. 

• Calculations of the amount of material, or construc
tion component, within present tolerance limits often 
indicate a considerably lower percentage within the 
tolerance limits then is expected. 

• Test variation, or test error, is often an important factor 
affecting acceptance or rejection of the material. 

Many laboratory-designed tests and sampling plans now 
being used for on-the-job control and acceptance are in
adequate. These devices, developed for 1940 production 
rates, are still being used to attempt to control and accept 
bituminous production that exceeds 4,000 tons a day. 

Research results obtained in studies of construction 
variation by several State highway departments have been 
summarized in this part. Compiling data from bituminous 
hot-mix projects throughout the country is like putting 
together a jigsaw puzzle in which the pieces never quite fit 
and even some are missing. Certain editorial privileges and 
mathematical manipulations were used to present data uni
formly. Sometimes statistical rules were not strictly adhered 
lo. For example, standard deviations, er, were presented as an 



arithmetic average of individual project results. Components 
of variance were similarly handled. The term averages for 
data of this type was used to avoid ambiguity with other 
averaged data. Properly, variance data, in which the square 
root is directly or indirectly involved, should be pooled. 

PoolinR consists of summing the squared standard devi
ations (variance) multiplied by the number of test results per 
project, n, less one I [(02) (n - l)], dividing by the total 
number of test results from all the projects, n, less the number 
of projects, N, (In - IN), and extracting the square root. The 
pooled standard deviation for the No. 4 sieve in table I w1s 
3.56 percent, compared with 3.51 percent obtained from an 
arithmetical average. From an engineer's standpoint the dif
ference, 3.56 - 3.51 (= 0.05) is considered insignificant. 
Similar comparisons for other avera,?e standard deviations, 
0, showed a similar difference. This insignificant difference 
is to be expected, as each project value was obtained from 
approximately 200 test values and a standard test procedure. 

Aggregates 

Aggregate represents the largest percentage of any in
gredient in a bituminous mixture; consequently, aggregate 
characteristics significantly control the characteristics of the 
pavement mixture. 

Table 1.-Average of aggregate gradation data from extracti,3n tests 

Average Shift of standard 
deviation 

a:,-eragc 
Sieve size ( cr) of (X) from 

percent job mix 

passing target 

Laboratory research and field experience indicate that, 
although gradation within the confines of a rather wide grad
ing band is necessary to produce a high-quality product, no 
single gradation can be adopted as the ideal one for bi
tuminous mixtures. The gradation to be specified depends on 
the type of surface desired. The maximum size stone used in 
the pavement is also influenced by the availability of aggre
gates. The hest combination of various sir,es then becomes a 
design problem leading to the establishment of a job-mix 
formula. The job-mix formula also includes the desired as
phalt content. 

Under present practice, the State often accepts respon
sibility for detem1ining the job-mix fomrnla. Once the job
mix fomrnla is established and approved by the engineer, it 
becomes the targeet or central value for process control. A 
tolerance is usually included to account for normal variability 
of materials or processes. 

Variations in aggregate gradation 

According to the research studies hcing conducted, ran
domly selected samples, taken independently of control sam
ples, usually show deviations in gradations that often are 
larger than the specification tolerances. Summaries for each 
aggregate gradation in presently accepted construction and 

Average variance components as a per- Computed 
cent of total variance (cr

0
2 ) average 

compliance 
with 

Testing Sampling Material joh mix 
tolerances 

Surface mixes, 22 projects 

Pct. Pct. Pct. Pct. Pct. Pct. 
1/,1 in or½ in ............... 1.43 1.70 72 4 24 99 
1/x in ..... . . . . . . . . . . . . . . . . . 2.49 1.71 29 31 40 93 
No. 4 . . . . . . . .......... . .. - 3.51 2.95 12 18 70 78 
Nu. 8 or IO . . . . . ' . . . . . . . . . . 2.81 2.45 10 15 75 77 
No. 20 or 30 ............... 1.74 2.10 13 18 69 87 
No. 40 ur 50 ............... 1.37 1.72 18 15 67 87 
No. 80 or 100 .. ' ......... '. 1.00 1.44 17 II 72 82 
No. 200 ................... 0.94 1.43 21 14 65 74 

Average ........ pct ''' 1.91 1.94 24 16 60 85 

Base or binder mixes, 6 projects 

¼ in or½ in ............... 4.:n 1.66 65 13 22 83 
%in ...................... 4.93 5.88 55 30 15 60 
No. 4 ..................... 3.92 2.03 46 17 37 76 
No. 8 or 10 ................ 2.53 1.81 19 13 68 50 
No. 20 or 30 ............... 2.17 2.22 25 28 47 81 
No. 40 or 50 . . . . . . . . . . . . . . . 1.67 1.63 23 31 46 84 
No. 80 or 100 . ' ............ 1.15 1.23 30 30 40 97 
No. 200 ....... ' ........... 0.88 1.02 21 14 65 74 

Average ........ pct ''' 2.70 2.19 36 21 43 76 
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their relations to specified tolerances are shown in tables 1 
and 2 and in figures I, 2, and 3. Data for surface course mixes 
are included from 22 projects in eight States and for binder or 
base mixes from six projects in five States. 

A consolidation of gradation data for aggrcgat,·s from 
extraction test results is shown in table I. These data were 
obtained on samples taken independently of those used for 
job control and aeccplancc. Departure of averages. X. from 

Table 2.-Averages of surface course aggregate data from extraction tests on 22 projects 

Average standard deviation Deviation of average (X) Compute<l compliance" with 
( CJ) of percent passing from job mix target Suggested suggested AAS! 10 

Sieve size 1/, of jobs 1/, of jobs 1/i of jobs 
having least All jobs having most having least 
variable CT variable CT 

Pel. Pel. Pct. 
-1/1 in or 1/:: in ..... 0.81 1.43 2.32 
-1/x in . . . . - .... 1.71 2.49 3.46 
No. 4 ... . . . . . 2.33 3.51 4.52 
No. 8 or 10 .... 1.90 2.81 3.85 
No. 20 or 30 .... 1.32 1.74 2.24 
No. 40 or 50 ... 0.93 1.37 1.82 
No. 80 or 100 0.65 1.00 1.36 
No. 200 ...... 0.51 0.94 1.45 

Average . . pct. 1.29 1.93 2.64 

,SHlrT or AVE::llAG~ 

i 87% COMPLIANCE 

N04SIEVE 1%%) ,,, 
AASHO LIMIT~-. ,,' 

~--
3,,1 

1-7) 

NOS 8 & 70 SIEVES 

(=7) 

, 
' AASHO LIMIT-~ 1 / 

/1%COMPI.IANCC 
{92%) 

NUS.808 IOOSlrVtS 

AASHO LIMIT'.l,. 

' 

NO 200 SIEVE 

( 

/, 
, ' 

1+4) 

_.(SHIFT OF /\VER AGE 

,✓rJ 
,1 I r \ 

,' // \ \ 
I I 
I I \ \\ 

99% COMPLIANCE 
1100~oi 

' ' ,,-'.,/ ~ , \ _..___... AA;.110 LIMIT 

',._ I 

'" (,)a";,ec) 1 

PERCENT 

.,SHIFT OF AVERAGE 

"' - AASHO LIMIT 

3., ,\-,3" (,,_'~~,-) 
PERCENT 

IANCF 

variable CT 

Pct. 
0.53 
1.06 
2.22 
1.68 
1.70 
1.41 
0.65 
1.43 
1.33 

Figure I .-Computed Ja limits on target values of job mixformula 
for aggregate gradation-surface and binder or base courses. 
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AASHO tolerance limits 

1/, of jobs tolerance 
All jobs having most limits 

1/, of jobs 1/, of johs 

variable CT 
having least All jobs having mosl 

variable CT variable CT 
-

Pct. Pct. Per. Pct. Pct. Pel. 
1.70 2.62 ±7 100 100 95 
1.73 2.36 ±7 I 00 98 91 
2.95 4.83 ±7 98 87 68 
2.45 4.04 ±4 8') 71 49 
2.10 3.06 ±4 96 86 66 
1.72 1.23 ±4 100 95 94 
1.44 1.48 ±4 100 ')') 97 
1.43 1.74 ±2 87 73 57 
1.94 2.67 . ...... 96 89 77 

"CARCOET 

PERCENT 

,~ARG[T 

PEHCLN I 

Figure 2.-Theoretical-frequency-distribution curves of grada
tion data for selected sieves. 



the job-mix formula for individual jobs were about evenly 
divided below and above this target. 

An analysis was conducted to detennine the compo
nents of variance that could be attributed to sampling, cr/. 
testing, cr/, and materials, a}. For surface material, com
bined testing and sampling variances (cr, 2 + cr?) arc shown to 
be in the range of 25-35 percent of the total variance, (CT}). 

for sieve No. 4 and smaller sieves. For the larger sizes of 
either surface or base course materials, the combined sam
pling and testing error was a significantly larger proportion of 
the total variance. For the base course materials. even smaller 
sizes showed large sampling and testing variances. The stati;:
tically computed average percent compliance to States· job
mix fonnula and tolerances are also shown. 

Further analysis of the data from the construction proj
ects for surface course materials is given in table 2. These 
data provide a summary of variations from the least variable 
one-third, and the most variable one-third of the projects, 11s 
well as the average for the total. Also, statistically computed 
percent compliances with suggested tolerance limits of the 
AAS HO Guide arc shown instead of computed confonnancc 

SI-IVf-S 

3:g IN 

NO 4 

NOS 20 & 30 

NOS. 40 & 50 

NOS 80 & 100 

SUGGESTED AASHO GUIDE LIMITS ---------> 
THIRn HAVING MOST 
VAlllA8LLSl'lJlJLV 

(llll-1G~ll 

PERCENT 

V-~;LtVLS TIIAI SHOW 
"' NON GOMPLIANC~ 

FOR MOST VARIABLE 
THIRD OF JOflS AT 
g5% LEVEL 

10 

Figure 3.-Comparison of swface-course-gradation la limil.\ 
and suggested AASHO guide limits. 

to job-mix tolerances. In general the most variable projects 
show average standard deviations. d'. of about twice the corre
sponding values for the least variable prnjects. 

The plus or minus three average standard deviations. 
± .'l ct ( tahlc I ) for both surface and hinder or hasc courses are 
plotted 111 figure I. The bulged shape. or the largest spread. 
emerges al the No. 4 sieve for surface courses. and at the Yx
inch and larger sieves for hinder and base courses. Average 
variations for base and binder courses are about 1

/, larger than 
those for surface courses. Superimposed on each diagram are 
±3 CT values for each type of mix from the AAS HO Road Test 
( / ). 1 Because the construction of the AAS HO Test Road was 
very carefully controlled. these data are considered a solid 
hase with which lo compare research data. For average sur
face course data. almost perfect agreement is shown with the 
AASHO Road Test results. There is no apparent reason why 
AAS HO Road Test gradation data show less variation (small
er standard deviation) for base courses than for surface 
courses. 

Both the standard deviation and the shift of the average, 
X, from the job-mix target affect confonnance to specifica
tions. The effect of X shift from the target value is shown in 
figure 2, in which values from table I were used to compute 
theoretical normal frequency distributions of four selected 
sieve size groups. Darkened areas of the tips of the curves 
represent noncompliance with suggested (2) AASHO Guide 
Specifications. The dashed line curves, which are the same 
distributions shown by the solid curves, ar~ superimposed on 
the job-mix target values. The percent compliance with 
AAS HO limits of the superimposed curves is usually much 
larger than that of the solid curves, as is indicated by the 
figures in brackets. 

Many consider that a reasonable conformance to a spec
ification is met if tests indicate that 95 percent of the material 
is within the stated tolerance. For a nomrnl distribution this 
95-pcrccnt confonnance level approximates the two standard 
deviation limits. For the 22 surface course projects. the rela
tion of the spread of gradation represented by ± 2cr from the 
average to the suggested limits of the AAS HO Guide Specifi
cation (2) is shown in figure 3. The± 2cr range is also shown 
for the 1

/, of the jobs with the largest standard deviation. 
Except for No. 8 and No. 10 sieve group. the± 2cr range of all 
jobs are within the AAS HO Guide Limit. The± 2CT ranges for 
the third with the largest standard deviations arc relatively 
close to the AASIIO limits; the most significant deviation 
occurred again for the No. 8 and No. 10 group. There were 
also significant deviations for the No. 4 and the No. 200 
sieves. 

1 ltulic number~ in parentheses identify the references Jis,ed on p. 44. 
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The relation of the standard deviation to the average 
percent retained on each sieve is shown in table 3 for the 
different groups of surface and base or binder mixes. It will be 
noted that the standard deviation for surface course mixes 
seems to be related to the amount of material retained on each 
sieve, as shown in figure 4. 

Asphalt Content 

The quality and quantity of asphalt in a pavement mix
ture largely determines the useful life of the pavement, pro
vided that the pavement has been properly compacted. Too 
much asphalt in a mixture can cause flushing and rutting of 
the pavement, and too little asphalt can cause cracking or 
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raveling. Thus, a close control of asphalt content is desirable. 
Asphalt content data from extraction tests on 26 surface 

course mix and seven base course or binder mix projects arc 
arranged in table 4 according to size of standard deviation. 
Also, the surface course mix projects are grouped by thirds to 
delineate those with the least variable standard deviation, the 
middle third, and those with the most variable standard devia
tion. Shown in separate columns are the plus or minus shift of 
the job average from job-mix target and statistically com
puted compliance with± 0.4, ± 0.6, and± 0.8 percent toler
ances, respectively. 

The average d' of extracted asphalt for surface mix pro
jects was 0.28 percent. The average for binder or base mix 
projects was 0.35 percent. The computed± 3c; limits for 20 of 
the 26 surface course projects, in which the job-mix target 
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Figure 4.-Comparison of average amount retained on sieves and range of 3a limits-surface course projects. 

Table 3.-Average sieve data from extraction test 

Range of ±3 average standard deviation 
Average limits 

Suggested 
Average amount 

Surface course mixes AASHO 
Sieve size amount retained on Base or guide 

passing 1 indicated Least Most binder mixes (±) limits 
sieve size I variable 

All 
variable 

jobs all jobs 
third third 

Pct. Pct. Pct. Pel. Pct. Pct. Pct. 
-¼ in or 1/2 in . . . . . . .......... 93 7 22.4 2 4J 2 7.0 13.0 7 
-%in .... . . . . . . . . . . ......... 86 7 2 5.1 7.5 10.4 14.8 7 
No. 4 ............... . . . . . . 64 22 2 7.0 10.5 13.5 11.8 7 
No. 8or 10 ........ . . . . . . . . . 42 22 5.7 8.4 11.5 7.6 4 
No. 20 or 30 . . . . . . ........ 26 16 2 4.0 5.2 6.7 6.5 4 
No. 40 or 50 . . . . . . .......... l'\ 11 1 2.8 4.1 5.5 5.0 4 
No. 80 or 100 ........ . .... 9 6 2 1.9 2 3.0 4.1 2 3.5 4 
No. 200 .............. . . . . . . 6 3 2 1.5 i 2.8 4.4 2.6 2 

I 

1 For surface mixture only. 
~ Within AAS HO guidt' recommended tolerance limit<;. 
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Table 4.-Bituminous content data from extraction tests 

Job No. 

Least variable third of jobs: 
I . . . • . • . • . . . . . . . . . . . 

2 ····························· 
3 
4 ........ . 
5 

6 ···························· 
7 
8 
9 ............................. . 

Average, least variabk third 

Middle third of jobs: 
10 ............................ . 
II 
12 
13 
14 ............................ . 
15 
16 
17 ............................ . 

Average, middle third ... 

Most variable third of jobs: 
18 ............................ . 
19 ............................ . 
20 
21 
22 ....... . 
23 ..................... . 
24 
25 
26 

Average, most variable third 

Average, surface course mixes . 

2 ............................. . 
3 
4 ......... . 
5 . ······· .................. ' .. . 
6 
7 

Average, binder or base mixes . 

Standard 
deviation 

(0) 

Per. 

0. 12 
0.14 
0.14 
0.17 
0.18 
0.19 
0.19 
0.19 
0.21 

0.17 

0.22 
0.22 
0.23 
0.26 
0.26 
0.27 
0.27 
0.27 

0.25 

0.33 
0.34 
0.37 
0.38 
0.38 
0.47 
0.47 
0.49 
0.53 

0.42 

0.28 

0.22 
0.27 
0.28 
0.38 
038 
0.43 
0.50 

0.35 

Shift of average from 
job mix target 

Below Above 

Computed compliance with 
tolerances from joh mix target 

Suggested 
AASHO 

guide 
tolerance 

± 0.4% 

Assumed 
tolerances 

±0.6C!, ±0.8% 

Surface course mixes 

Per. Pct. Pct. Pct. Pct. 

0.00 0.00 100 100 100 
0.31 ........... 74 98 100 
0.04 ........... 99 100 100 

0.()7 97 100 100 
0.22 88 98 100 
0.44 .. ' ........ 42 80 97 
0.13 92 99 100 
0.20 85 98 100 
. ' ...... 0.20 83 97 100 

0.18 84 97 100 

' ........ . . . . . . . . . . . . ........ . ........... 
. . . . . . . . . . . . ........ 

0.06 93 99 100 
. . . . . . . . . . . ........... . .. . . . . . 

0.15 . . . . . . . . . . . 83 96 100 
0.22 .......... 74 92 98 
0.30 64 87 97 

!· ........... . . . . . . . . . . . . . . . . . . . . . ' . . . . . . . . . . ' . . ..... '' .... 
' 0.18 79 94 99 

1 ... . ' ...... . . . . . . . . . . . . .. ' ........ . . . . . . . . . . . . . . . . . . . . . . . 
. ..... ' ..... 0.20 68 88 96 

0.60 29 50 79 
. ' ....... 10.30 51 78 91 

10.25 58 82 93 
............ . . . . . . . . . . . . .. ' ........ 

(l.35 .... ' ...... 50 68 83 
0.23 54 73 86 

0.20 52 71 84 

0.30 52 73 87 

0.22 72 88 95 

Base or binder course mixes 

M 88 % 

0.24 62 81 93 
0 13 63 82 93 

0.23 62 84 94 
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value was reported, are shown in descending order in figure 5. 
Also shown in figure 5 is the shift of the average from the 
target value. The asphalt content for Project No. I was on the 
target; it was also the only project to show variations that 
were less than the suggested ± 0.4 percent limits of the 
AASHO Guide. The three standard deviation limits for indi
vidual projects ranged from 0.36 to 1.59 percent. The com
puted 3 a limits for AASHO (]) and WASHO (3) road tests 

PROJECT 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

were 0.54 percent and 1.20 percent, respectively. On about 2/, 

of the jobs, the job averages were lower than the target (table 
4). Only three surface mix jobs complied IOO percent with 
assumed tolerances from the job-mix fonnula of± 0.6 per
cent, although half the total showed more than 95 percent 
compliance. Increasing the tolerance to± 0.8 percent did not 
appreciably increase the number of jobs having more than 95 
percent conformance. 

/SUGGESTED AASHO GUIDE LIMITS 

► 

(x) = PROJECT AVERAGE 

1.5 -1.0 -0.5 0 

(TARGET) 

0.5 1.0 1.5 2.0 

PERCENT EXTRACTED ASPHALT 

Figure 5.--Computed 3a limits and .,hift of average from job-mix formula target for extraction test data of asphalt content-20 surface 
course project.,. 
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Data for the surface course projects from table 4 arc 
shown in figure 6, grouped into three sections according to 
standard deviation of asphalt content. The cr for each group 
was used to construct the three normal curves, which show 
that the most variable projects also had the largest shift of the 
X from the target value. This shift indicates a lack of job 

control that adversely affects both the average and lhc vari 
ance. The computed conformance percentages arc based 011 

the AASHO's suggested± 0.4 percent tolerance. In parenthe
ses, beneath the percent confonnance for each group. is the 
computed percentage that would have b,~en obtained if all 
projects' averages had been on the target value. 

, / 0 18% AVERAGE SHIFT FROM 
,II>- JOB MIX FORMULA TARGET AVERAGE OF LEAST VARIABLE 

THIRD OF PROJECTS ,/r~ 
I \ 

<T=0.18% 
I \ 

I \ 
I 

I 

!) I AASHO LIMIT-~ I / I 
V I 

- _...I 

\ 

-3a1 l_3" 0 X 
(-0.4) 

AVERAGE OF MIDDLE 
THIRD OF PROJECTS 

<T= 0.25% 

(-0.4) 

TARGET 

PEFICENT 

:J 
TAFIGET 

PERCENT 

X 

\ 
\ 
\ 
\ 

' 

89% CONFORMANCE 
(97%) 

I....--AASHO LIMIT 

(+0.4) 

I 
(+0.4) 

3cr1 3<T 

80% CONFORMANCE 
(90%) 

• /0.29% AVERAGE SHIFT FROM 
~ . JOB MIX TARGET AVERAGE OF MOST VARIABLE 

THIRD OF PROJECTS +----> 
~ AASHO LIMIT 

_ AAS HO LIMIT~ l // 
<T= 0.42% / 1 

-.... 
/ ,,. 

/ I 
,,. ,,. I 

-,,. 

C 
TARGET 

PERCENT 

X 
(+0.4) 

55% CONFORMANCE 
(63%) 

3cr 

Figure 6.-Normal distribution curves, conformance to suggester! AAS HO guide tolerance of±0.4% for asphalt conlenl-lhree !(ruups of 
surface coune project.,. 

37 



SAMPLING (o;') 
10% 

o =0.28% 

Figure 7.-Average percent of total variance, G,,2, attributable to 
testing, sampling, and material variances for asphalt content ex
traction lests-23 surface course projects. 

u= 0.35% 

Figure 8,-Average percent of total variance, G,,2, attributable lo 
testing, sampling, and material variances for asphu/J content ex
traction lests--0 base or binder course project.,. 

Testing and sampling variance 

Testing, sampling and material variances of asphalt con
tents for hoth surface and hinder or base-course mixes arc 
shown in figures 7 and 8, respectively. These variations, 
imply that results of a single extraction test are not a reliable 
measure of asphalt content. However, the precision of the 
measurment can be improved by using the average of several 
results as the test value. Better precision can also he obtained 
by improved sampling and testing procedures. 

Testing Variations 

Effect of sampling point 

Engineers disagree as to whether the location at which a 
sample is taken affects test results. According to present 
practice, extraction test samples usually are obtained from the 
truck at the plant so that results can quickly be made avail
able. Research has been performed to evaluate the effect of 
the sampling location. Average test results of samples from 
the truck and those of core samples from the pavement are 
listed in table 5. These data from l O jobs indicated no signifi
cant differences between core samples and truck samples. 
The bar graphs in figure 9 substantiate that the point of 
sampling does not significantly affect the variances for as
phalt content. 

Ash correction 

The extraction test for determining asphalt content in
cludes an ash correction for insoluble material that passes 
through the filter. Because field laboratories do not always 
operate under optimum conditions, it is thought by some that 
the State should dispense with running the ash correction in 

Table 5.-Average sieve data, aggregate residue and asphalt content-from extraction tests of samples obtained from same mix at 
two locations on 10 projects in three States 

Average variance components as a percent of total 

Average 
Average shift of variance Average percent com-

deviation (a) 
average (X) from _joh (a}) pliancc with joh mix 

mix formula target formula tolernnccs 
resting Sampling Material 

Sample ]o,.:ation f'ruck Core Truck Core Truck Core Truck Core Truck Core Truck Con: 

Pcr. Pel Pei. P('f_ Pct. Pu. Pei. Pc!. Pel Pel Pct Pel 

Sieve: 

1/.1 in or 1/, in. U3 1.69 
I 

1.58 I.I I 74 32 I 2 25 66 99 HK) 

% 111. 2 .. 14 2.42 I I. Ii, 0.87 .17 .J<J 22 14 41 47 98 98 

No. 4 .... ... 2.89 2.96 1.68 2.14 26 27 21 28 53 45 85 83 

~o. Xor 10 2.'i.1 2.58 1.81 2.50 19 21 1.1 

I 

24 68 55 84 87 

No. 20 or 30 1.52 1.73 1.59 2.06 12 13 LR 17 70 70 92 8(, 

i\o. 40 or 50 ...... 1.45 1.66 1.811 2.00 22 16 6 8 72 76 84 7') 

Nn. 80 or l(X) 1.06 1.09 1.34 1.63 27 21 10 9 63 70 79 74 

Nu. 200. 0 98 0.97 1.05 1.26 27 24 11 10 (12 66 74 711 
' Average ..... ' 1.76 I .XX 1.50 I.I>'! .ll 24 u 14 56 62 87 X'i 

Asphalt ..... 0.22 0.22 I 0.23 I 11.22 32 40 11 22 57 38 I 61 1 6.l 
! 
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AVERAGE TESTING VARIANCE AVERAC,E SAMPLING VARIANCE AVERAGE MATERIAL VARIANCE 

so f---(i~~~2~; L}_x_1_o_o ____ f-___ (L:~:;~}~x-10_0 ___ -+---(~Z~i~}_x_1_00 ___ ---1 

NO.OF 
40 STATES 

TRUC~ 8 23 
PAVER 3 5 

f- CORE 4 11 z 
w ALL 10 25 
0 30 a: 
w 
Q. 

·1:: 
ui 
0 
z 20 <( 

cc 
<( 
> 
...J 
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0 
f- 10 

0 

POINT OF SAMPLING 

Figure 9.-Average percent of total testing variance, a/, attnbutable to testing, sampling, and material variances for a.<phalt content 
extraction te.<t.<--alternate sampling locations. 

field laboratories and substitute constant corrections deter
mined by a central laboratory. 

Several studies were conducted to determine ash correc
tion variations in the field. In a Florida report (4), field laborn
torics tests, when compared with central laboratory lest:;, 
were shown to be inconsistent. All field laboratories weighed 
their ash correction residue to the nearest 0.1 gram, instead of 
to 0.01 gram, apparently because of the sensitivity of avail
able scales. Some corrections were made on the basis of a 
constant factor per 100 cc. of solvent used in the test. Field 
laboratories also used more solvent, and the quantities of 
solvent varied more from test to test than those of the central 
laboratory. 

Central laboratory and field laboratory ash corrections 
were compared by testing split samples taken from surface 
and binder mixes on IO jobs. The results showed that the field 
laboratories had a smaller X ash correction and were, on the 
average, less variable. On individual jobs, this trend was not 
so pronounced, as shown by the following tabulation. 
Ash correction: 

Surface mix, average (X): Grams 
Central laboratory ..................... 4.60 
Field laboratory ....................... 4.10 

Binder mix, average (X): 
Central laboratory ..................... 4. 95 
Field laboratory ....................... 4.10 

Surface mix, standard deviation (cr): 
Central laboratory ..................... 2.48 
Field laboratory ....................... 1.64 

Binder mix, standard deviation (cr): 
Central laboratory ..................... 2.28 
Field laboratory ....................... 1.84 

The lower values and less variability of the field tests do 
not necessarily indicate that the results arc more accurate. In 
ash correction there is always a danger of not obtaining a true 
aliquot because of ash sclllcment in the container, which 
could cause indicated trends. 

The variances obtained using both a constant ash correc
tion factor and actual field correction factors were compared 
for binder and surface mixes using the chi s4uare statistic, x 2 . 

Neither calculated value of x 2 reached the critical 5-percent 
significance level. Statistically, from the Florida report (4), 

"it has not been demonstrated that any significant difference 
exists." This means both methods will produce the same 
results. The Florida report further states: 

"At present the evidence seems to indicate that if the 
operation of the extraction test could be improved (specifi
cally: uniformity in devices, amount of solvent used, number 
of washes employed, speed of rotation, etc.), there is a very 
good possibility that the running of the ash correction as a 
field test could be dispensed with and a system devised using 
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a factor assigned hy the central laboratory, which would give 
statistically as good, if not better results, than are being ob
tained under the present system. Periodic spot checks and 
inspections of equipment, procedures, etc .. would undoubt
edly have to be made to ensure that continued high standards 
of operation were continuously being obtained." 

Effect of extraction test equipment, operators, and 
laboratories 

Extraction tests on the 33 projects shown in table 4 were 
made with either Retlux or Rotorex test equipment. Except 
for those of two States, all extraction and sieve tests were 
performed at district or central laboratories. In New Jersey 

(5), half the extraction tests were made at the central labora
tory. and available plant testing equipment and plant inspec
tors were used to test the remaining half to determine whether 
any significant testing variability or variahility r!f testing 
variahilit1· existed. According to the data in table 6, which is 
from a report by Afferton (5). testing variance, a,2, for deter
mining asphalt content was more than 15 times greater in 
field laboratories than in the central laboratory. The statistical 

test for differences of a/. using the F ratio at the 5-percent 
level, showed a high significance of testing variance for both 
courses. 

A comparison test on split samples using both Reflux 
and Rotorex test equipment was reported in a West Virginia 
study (6). On the basis of I and F statistical tests. no signifi
cant differences in standard-deviation variability could be 
attributed to the type oftest equipment. However, in compan
ion studies, in which two sets of samples with known asphalt 

quantities, two operators, and both sets of equipment were 
used, it was shown that operator proficiency significantly 
affected the accuracy of the test results, possibly enough to 
nullify the smaller standard deviation expected of the Reflux 
apparatus. In another experiment, in which six operators each 
used Rotorex equipment to test two samples with known 
asphalt content ( unknown to operators), the operators re
tained their same numerical order of proficiency. 

A Plorida study (4) also statistically compared field 
asphalt content determinations of binder and surface mixes 
made by regular plant inspectors on IO jobs with central 
laboratory test results of duplicate samples and by percent of 
total variance from regression lines for each. Essentially the 

Table 6.-Tests for significant variance difference between field and laboratory testing, 5-percent level 

Testing variance F ratio Is 
(<J,") Largest difference 

Test property 
variance Com- signifi-Laborn- Critical 

Field puted cant? tory 

Top 

Pct. Pct. PCT. Po. 
Asphalt content ... 0.0088 0.1734 Field ........... I 19.70 1.75 Yes. ' ...... . .......... ' .. 
Stone content . . . . . ............... 1.5500 2.9040 Field ........... 1.87 1.75 Yes. 
Sieve analysis: 

Pa~sing 1 in., retained on 1/~ in . . . . . . . . 0.7200 l .0358 Field .. . . . . 1.44 1.75 No . 
Passing 1/2 in., retained on 1/, in . . . . . . . . . . 2.1600 6.2827 Field ........... 2.41 1.75 Yes . 
Passing 1/, in., retained on No. 10 . . ll.9200 (l.7240 Laboratory ..... 1.27 1.75 No . 
Passing No. I 0, retained on No. 30 ... 0.9000 0.3591 Laboratory . 2.51 1.75 Yes. 
Passing No. 30, retained on No. 50 ....... 1.6400 1.8232 Field ........... 1.11 1.75 No. 
Passing No. 50, retained on No. 80 .... ' .. 1.1700 0.9429 Laboratory ...... 1.24 1.75 No. 
Passing No. 80. retained on No. 200 0 7600 3.()043 Field .. ... l.95 1.75 Yes. 
Passini! No. 200 . . . . . . . . . . '. ..... ' .... 0.2900 0.5121 Field ........... 1.76 1.75 Yes. 

Bottom 

Asphalt content ... 0.0 I 11 0.1658 Field. . .... ' 
I 14.94 1.75 Yes. . ' ...... ' .. ..... 

Stone content . . . . . . . . . . . . . . . . . . . . . . 2.9700 7.9839 Field ..... ...... 2.69 1.75 Yes. 
Sieve analysis: 

Pa-..~ing l 1/: in .. retained on I in ... 138400 19.7247 Field .. 1.42 1.75 No. 
Passing I in., retained on ½ in . . . . . . . . . . ' 17.1100 23.1702 Field ....... .... U5 1.75 No . 
Pass;ing I/~ in., retained on 1/..i in 8.0 HX) 9.3947 Field ... ........ 1.17 l.75 No. 
Passing¼ in., retained on No. 10 ... 3.0000 I .4930 Laboratory . 2.01 1.75 Yes. 
Passing No. 10, retained on No. 30 . . . . ' . ' 0.6200 0.3234 Laboratory . . . . . . 1.92 1.75 Yes . 
Passing No. 30. retained on No. 50 . . . 0.5400 0.8708 Field ... ... l.ol 1.75 No. 
Passing No. 50. retained on No. 80 . . . . 0.4600 0.4770 Field ...... . .... 1.04 175 No. 
Passing No. 80. retained on No. 200 . . . . 0.8700 0.9584 Field ..... . . . . . . I.IO 1.75 No . 
Pass;ing: No. 200 . . . . . . . . . 03000 0.2807 Labora1ory ...... 1.05 1.75 No. 

1 Highly ~ignificant at )-percent lcn·I 
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same operators were rated good-to-fair and poor-to-very poor 
in both types of tests, indicating that operator training and 
constant surveillance is necessary to achieve precise extrac
tion test results. 

Control by hot bin sieving 

From I to 2 hours are required to complete field extra,:
tion tests now being used to determine whether bituminous 
hot mix conforms to the requirements of the job-mix formula. 
For this reason several State highway departments have been 
seeking quicker means to ascertain conformance so that re
medial action can be taken quickly. 

In a New York study (7), it was determined from re
search comparisons (sec table 7) on dry hot bin and extractilm 
sieve tests that dry sieving was more uniform for ½-in., 1/a-in., 
and No. 200 sieve sizes. The extraction test yielded more 
consistent results for the ½-in. thru No. 80 sieves. As accurate 
printed weights of material used in each batch from each bin 
were obtained, it was decided to use the more rapid hot bin 
sieving to control the uniformity of the mix. This test was to 
be supplemented with a daily extraction test for aggregate 
passing the No. 80 and No. 200 sieves. According to the hot 
bin data from the 29 plants in which the tests were performed, 
anytime that the primary size in the coarse bin-material 
passing I-in. sieve and retained on ½-in. sieve in No. I bin, 
and passing 1/,-in. sieve and retained on ½-in. sieve in IA 
bin-fell below 70 percent, the mix generally became non
uniform. By trial it was determined that a 12-percent fluctua
tion in this quantity from the last test was a practical limit to 
use in order to avoid exceeding the job-mix fom1ula limit:;. 
On the fine aggregate bin, the same tolerance limit was ap
plied to material retained on the No. 20 sieve, because usually 
about one-half of the fine aggregate was retained on this 
SleVC. 

Because of the relation of primary size to the overall 
confonnance to the job fonnula, the New York State highway 

Table 7.-Comparison of dry hot bin and extraction results' 

department is using this correlation as an mdicator of unifor
mity. The uniformity control test is supplemented by com
plete hot bin analysis, usually after every fourth test. Thus, 
one State has been able lo shift dependence on extraction lest 
results to a secondary role. 

Their inspection manual states: 
"In general, production is accepted by obtaining grada

tion tests results within the limits of a job mix formula. Hot 
bin analyses and uniformity tests determine the gradation of 
material larger than the No. 80 sieve. The extraction test is 
used to determine gradation of material smaller than the No. 
80 sieve and also indicates the approximate bitumen content. 
Actual bitumen content is detem1ined by verifying batch 
quantities." 

Density 
Permanence of bituminous pavement depends largely 

on the degree of compaction obtained. The compaction value 
is usually expressed as a percentage of either theoretical 
(voidless) or Marshall density. determined by laboratory 
tests. Density data from several constructIOn jobs are shown 
in table 8. It is quite possible that much below-specification 
density can be attributed to improper rolling patterns. Figure 
IO was taken from a report hy Kilpatrick and McQuate (,'/) 
who reported the following conclusions regarding effect of 
rolling pattern on density: 

"Normal rolling procedures used hy roller operators 
result in wide lateral variations in compactive effort. The 
number of roller passes applied in the center of the lane is 
usually from three to six times greater than al the lane edges. 

"The lateral pattern of density is similar to the lateral 
pattern of compactive effort; i.e., high-in-the-middle and 
low-at-the-edges." 

In figure JO, the density pattern across the lane ap
proaches the shape of a normal curve. In a random selection 
of sample locations across the lane, sites al any distance from 
the edge have an equal chance of being selected. 

Total percent passing Standard deviation (cr) 

Sieve size Average 
hot bin 

Per. 
1/~ in . . . . . . . . . . . ........ 99.6 
1/4 in . . . . . . . . . . ...... . ........ 78.6 
1/x in ......................... 47.5 
No. 20 ..... . . . . . . . . . ....... 21.0 
No.40 ...... . . . . . . .. . ....... 13.3 
No. 80 ....................... 6.3 
No. 200 ................ . . . . . . 2.8 

Percent asphalt content . . . . . . . . . . ........ 

1 Data based on 491 combined hot bin analyses and 491 
extraction tests from 29 mix plants <luring 1962. 1963, and 1964. 

Average 
extraction 

Pct. 
99.6 
77.8 
46.2 
21.4 
14.7 
7.8 
4.5 
6.3 

Average Pooled Pooled 
difference2 hot bin extra<.:tion 

Pct. Pct. Pct. 
0.0 0.3 0.5 
0.8 2.5 3.7 
1.1 3.0 2.3 

--0.4 3.7 2.3 
-1.4 .U 2.3 
-1.5 1.9 1.3 
-1.7 1.0 1.0 

. . . . . . . . . . . ..... ' ...... 0.3 

2 Difference is ~ignificanl at 99 percent rnnfidcncc level for 
all sieves except for No. 20. which is significant at 95 percent 
confidence level. 
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Table 8.-Average bituminous bot mix density data from research jobs 

Percent of theoretical 
density (voidlcss); 

Surface ....... 
Binder ........ 

Percent of Marshall 
density: Surface .... 
Marshall density per-
cent of theoretical 
density: Surface 
Theoretical density 
(voidless): 

Surface ....... 
Binder ........ 

Jobs 

Numher 

15 
3 

12 

I 0 

10 
I 

rn 
~ 10 
rn 
<( 
0.. 
a: 
w _, _, 
0 
a: 

t 5 

ci z 

Average standard 
deviation 

States (G) 
- ----

Core 
Loose 
sample 

Numha Pct. Pct 

6 1.57 . . . 

2 2.90 . . . . . . . . 

5 1.53 . ..... 

2 ........ 0.89 

;.:rums/cc. ,-;rams/cc. 

3 0.013 ().011 
I 0.029 0.013 

FINISH ROLLING 
10 - TON TANDEM ".I. 

Average 
(X) 

Loose 
Core 

sample 

Pct. Pu 

93.1 . ..... 
94.2 ........ 

96.0 . . . - . - .. 

. ....... 96.2 

grams/cc. grams/cc. 

2.43 2.46 
2.48 2.48 

BREADKOWN ROLLING 
10 · TON TANDEM 

u.. 
() 
0.. 

~ 145 -
rn 
z 
w 
0 
a: 
<( 
w _, 
g 140 -
z 

2 3 4 5 6 7 

Average variance components as 

percent of total variance 
(<Jo:,) 

Testing Sampling 

Per Pct. 

5 19 
33 16 

. . - .. . ...... 

20 12 

18 12 
...... . . . . . .. 

UNCONFINED 

EDGE~ 

8 9 10 

Material 

Pct 

77 
51 

. .. 

68 

70 

DISTANCE FROM CONFINED PAVEMENT EDGE, FT. 

Figure 10.-Lateral variation in compactive effort and demity. 

Pt'fl'L'llf 

compliance 
with State 

spccificatillll 

P,·t. 

78 
88 

. .... 

. . . . . . . . . 

. . . . . .... 

Marshall Test Results control the ideal blend of aggregate, aggregate sizes, and 
bitumen, so that the mixture will be stable and durable when it 
is incorporated into the pavement. Marshall test data varia
tions for stability, flow, and air voids from several State 

A number of State highway departments use the Mar
shall test and equipment to design the job-mix formula and 

42 



projects are shown in table 9. Testing and sampling variances 
for stahility and jlow values total 58 and 76 percent respec
tively. Variability of Marshall stability is shown in figure I I 
for 3 groups of jobs: the third with the least variable standard 
deviation, the middle third, and the third with the most vari
able standard deviation. The computed o's from these groups 
were used to plot the normal curves. 

Temperature 

Another physical characteristic of the mix that may ef
fect final density is mix temperature during breakdown roll
ing. Kilpatrick and McQuate (8) concluded that: "Break
down rolling, both steel and pneumatic, should be completed 
before the pavement temperature drops hclow 220° F. to 
achieve maximum density." It is probable that final roll inf:, 
when accomplished above this critical temperature, will also 
produce the best results. The average standard deviation of 
temperature at the paver for IO research jobs was 15° E the 
range was from 6° to 22° F. Consequently, a plant producing 
batches with an average temperature of 275° F. will have a 
number of batches in the 230°-250° E range. With tempera
tures in this range, it is difficult to achieve proper breakdown 
before the pavement cools hclow the reported critical 220° F. 

Pavement Thickness 

" - 195 

'" {1335) 

'" 1J356) 

, 
(1920) 

POUNDS 

" - 265 

'" 11775) 

"= 388 

LE.AST VARIABLE 
THIRD Of PROJfCTS 

-+3<1 
12505) 

(,!~~) 

POUNDS 

, 
{2~20) 

POUNDS 

M,DDLE THIRD 
01 f'AOJI ci,; 

+3<r 
(3345) 

MOST V/\RI/\BLE 
I 1!11-!ll OF PROJECTS 

., .. 
{3684) 

Thickness is another attribute needed to achieve econ
omy of construction. A pavement that is thicker than required 
for adequate performance needlessly increases cost. A pave
ment that is tooth in reduces service life and increases mainte
nance cost. Ideally, design thickness for pavements can he 
used to provide the most economical construction. However, 
research indicates that the variations in thickness of presently 
constructed pavements may significantly influence such per
formance. Data from 12 jobs in four States show that accept
ed surface courses have a dof0.26 inch. In other words, about 
5 percent of the pavement will have a thickness over ½ inch 
less than desired if the average corresponds to the specifica
tion. If concepts developed by Rex (9) are utilized, the com
puted expected service life for 5 percent of the area of a 3-inch 
pavement will be only 2/1 of the design life. 

Figure I I .--Computed Ja limits of Marshall stability for 18 pro
jects grouped according to size of average st,mdard deviation, a. 

Table 9.-llot mix Marshall test data variations for stability, flow, air voids 

Average 

Projects States 
standard Ave~age Average variance components as a 
deviation (X) percent of total variance ( cr}) 

(o) 

Number Number 
Marshal stability . pounds 18 4 283 2,305 38 20 42 
Marshall flow ... IOO/in ... 15 2 1.29 8.62 62 14 24 
Marshall air voids ... pcl .. 18 4 I _(XI 4.33 21 24 55 
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Conclusions 

The production of high 4uality hituminous pavements 
requires the diligence of all concerned-the producer, the 
contractor and the contracting agency. The statistically meas
ured variations (parameters) of accepted conslruelion pre
sented in this article indicate that much more variability ex
ists than is revealed by the usual acceptance tests. Variations 
in excess of those normally expected for good prnclice were 
prevalent on almost every job studied. At present, the full 
significance of such variations cannot be assessed. Large 
sampling and testing errors virtually prevent a true evaluation 
of the material variation on a specific joh. Also. it is difficult 
to assess the degree to which the variations affect actual 
pavement perforn1ance. 

Because performance has not always been satisfactory, 
the need for improvement is obvious. Research results indi
cate that much improvement could be obtained and testing 
load reduced by the following changes: 

• Adjust tolerance limits on gradation to conform to the 
principle of most tolerance on largest fraction retained 
on a sieve. 

• Control the uniforn1ity of gradation of tht: mixture by 
hot bin sieve tests. when a printed record of batch 
weights is available. 

• Reduce to a minimum the number of sieves used for 
t:ontrol testing. 

• Exercise more diligence in the training and surveil
lance of operators perforn1ing control and acceptance 
t<.:sts. 

• Require installation of automatic features on asphalt 
plants and finishers to reduce human error. 

• Use random sampling to ohtain all test portions. 
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Part 5-
Summary of Re~search for 
Quality Assurar,ce of Aggregate 
Reported by JAMES A. KELLEY, 
Highway Research Engineer, 
Materials Division 

Introduction 

A review of the evaluation by statistical techniques of 
highway aggregate characteristics is presented here as a con
densed compilation of both historical data and data from 
designed quality-measurement projects in which the degree 
of confom1ance to specifications was statistically estimated. 
The historical data arc not sufficient to detcm1ine the reason 
for any nonconformance to the specifications. However. the 
designed quality-measurement projects do provide data to 
determine quality at any point in a process, to disclose opera
tions needing corrective action. and to give a valid estimate of 
specification conformance. 

Reports from nine States on projects in which research 
data have been obtained are abstracted and summarized in 
this compilation to illustrate trends in gradation analysis. 
sampling and testing procedures, sand equivalent analysis a, 
an alternate to gradation analysis, and soundness tests for 
aggregate quality. 

Aggregate Base Course Characteristics 

Specifications for base course aggregate usually contain 
limits for gradation. plasticity. soundness. and amount of 
deleterious material. Variations in gradation have been stud
ied rather extensively to ascertain the degree of conformance 
obtained in construction. The data have been analyzed statis 
tically to determine the variation in the material itself and tha: 
arising from sampling and testing. Most of the studies have 
been projects sponsored cooperatively by Public Roads and 
State Highway Departments, although some have been en
tirely State funded. 

Nonunifonnity of the final product has been disclosed 
by results of studies of gradation of different aggregate types 
including gravel. sand-gravel, and crushed stone. Differences 
in gradation were found between samples taken from the 
borrow pit or quarry plants, from the material after stockpil
ing, and again, from the material after it had been processed 
and compacted in place on the roadway. Differences in test 
results on the aggregate often resulted from the sampling 
method-sampling from a moving or stopped belt compared 
with sampling from a loaded truck. Representative sampling 
from an operation or placement also gave results that differed 
from those obtained by random sampling. 

Combined variations frequently add up to a total vari
ance of such magnitude that assurance of compliance with 
specifications is doubtful. llowever. with the knowledge pro
vided by statistical analysis, it has been possible not only to 
pinpoint areas or operations requiring improvements, but 
also to detem1ine when to take immediate corrective meas
ures to assure better compliance. 

Variance in historical data 

Early statistical studies were made on data in office files 
of completed projects. Although this type of data was not 
randomly selected. statistical analysis usually disclosed that 
measurements of base course characteristics followed a nor
mal distribution. 

In table 1, which was extracted from a study of historical 
data for 257 observations of type A base in Louisiana, it is 
shown that for projects considered acceptable, the mean of 
the distribution for all sieve sizes was well within design 
limits. However, the statistically computed percentage of 
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material within the design limits varied for each sieve size. 
ll1e lowest value was 82 percent for material passing the No. 
40 sieve. The highest value was 99 percent for material pass
ing the ¼-inch sieve. 

Variance of controlled research data 

In the State of West Virginia, new construction was 
evaluated statistically lo determine variations from design 

'" u 
~fiO ~: -\----------

,oo 
,s 

TOLERANCE ON JMF, PERGENl 

Figure /.-Aggregate base course gradation characteristics, 95-
percenl probability tolerances on job-mix formula, West Virginia, 
1966. 

gradations. Analysis of variance disclosed that the material 
variance tended lo be large and the sampling and testing 
variances small. According to the data, the magnitude of 
variance seemed to be directly related to the amount on each 
Sieve. 

The data in tahlc 2 are an example of many studies in 
West Virginia and other States in which the components of 
variance arc isolated by statistical analysis of field data on 
aggregate gradation characteristics. In figure I, which is a 
diagram from the West Virginia report, proposed 95 percent 
tolerance limits arc shown. The tokrances are ±13 percent on 
the sieve having approximately 50 percent of the maicrial 
passing, and taper in both directions toward O percent and I 00 
percent passing where the tolerances are ±2 percent. 

Variance caused by operators, sampling methods and 
equipment 

Variance in the gradation of aggregate mixtures often is 
the result of sampling and testing procedures, as well as of the 
material itself. Several States have made quantitative meas
urements of these parameters. In Michigan(/) 1 a field exper
iment was carried out to determine what part aggregate in
spectors, screening sieves, and sampling methods play in the 
uniformity of gradation results. A mathematical model was 
prepared to analyze the variations and ascertain whether ( I J 
inspectors require further training to sample and test aggrc 
gates, (2) testing equipment requires periodic calibration or 

1 Italic nu111lJc1., ir1 parcnliH.:'>C'> identify the rdt'rem:es lr:-,tcd \JIJ p. 5'1. 

Table 1.-Base course analysis, gradation type A-historical data, Louisiana 

Mean Standard 
Compliance 

Sieve size Oesign limils distribution deviation 
(x) (a) 

wiih design 

Pct. Pct. Pct. Pct. 
1/4 in ............ ................... 75-95 90 2.5 99 
No.4 . . . . . - . . . . . . . . . . . . . . . . . . .... 40--60 55 4.9 91 
No.40 . . . . - . . . . . . . . . . ........ 20--45 37 6.3 82 
No. 200 . . - . . . . . . . . . . . . . . . ..... 10--20 16 2.9 91 

Table 2.-Base course gradation analysis-research data (n ~ 136), West Virginia 

Mean Standard Variance 
Design 

Sieve sieve 
limits 

distribution dcvialion Material Sampling Testing 
(X) (a) (a}) (a,>) (a.2) 

Pct. Pct. Pct. Pct. Pct. Pct. 
11/2 in . . ...... . . . .. - ... 100 100 0.0 0.0 0.0 0.0 
:¼ in . . . . . - . .... 40--85 80 3.9 9.6 5.8 0.2 
Yx in . . . ...... . . . - . . . . . . . . . . ... 50 5.2 18.3 6.4 2.4 
No.4 ....... . . . . . . ... 20--60 34 4.3 12.7 4.9 I.I 
No. 16 . . . . - . .. . . . . . . . . . . ... ......... 20 3.6 9.1 

I 

3.1 0.6 
No. 40 . . . .......... 5--25 11 2.8 5.7 2.6 0.0 
No. 100 . . . . . . . . . . ... - - . . ......... . . 6 2.7 I 

4.8 2.9 ()() 
I !, 
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maintenance, (3) improved precision is feasible in gradation 
analysis, and (4) significant interactions occur in the experi
mental work. The results of this study were as follows: 

• Individual inspectors and methods of sampling had a 
relatively small effect on gradation results on the 
½-inch sieve. According to an analysis of components 
of variance, an estimated 4 percent of the total vari
ance was attributable to inspectors, 6 percent to sam
pling methods, and the remaining 90 percent to inher
ent material and experimental deviations. 

• For material passing the No. IO sieve, significant in
teraction effects among the main factors of the experi
ment were shown to exist. Variance ofO- 8 percent was 
due to methods of selecting samples, variance of 7-18 
percent was due to testing and the remaining variance 
was attributable to inherent material and experimental 
deviations. 

• The results of the analysis of variance (sec table 3) 

indicated that interaction effect was significant 
enough to reduce the accuracy of major comparisons. 
According to the data in table 3, the combined influ
ence (interaction) of inspectors and screening kits 
affected the gradation results. Also, the State found 
that the difference between the two sampling methods 
was large enough to be of practical importance. The 
relative performance of aggregate inspectors was not 
consistent for all screening kits. These variances were 
significant, although not as large as the material vari
ance, and it was presumed that, with training and 
corrective maintenance, the amount of testing and 
sampling variance could be reduced. 

Methods of automatic aggregate sampling from a hell 
delivery system, and the variance resulting from the method 
used to prepare the test sample were studied in Idaho. Sam
ples obtained with an automatic sampling device produced 
lower variance than those obtained manually, and the vari
ance was more uniform. A direct relation was found between 
the splitting method and the testing variance of samples. 

Table 3.-Analysis of' variance for passing No, 111 sieve, Michig,rn 1 

Nature of effect 

Main factors ......... . . . . . . 

Interactions among factors . . . 

Replication ................ 

1 Michigan Report No. R-571. 
7 M Sampling methods. 

. 

• 

Source of 
variance 

Ml . . . . . . .. 
I 4 . . . . . . . . ..... 

• s 5 . ...... 
Ml 24 ... 
MS 2 .s ... 
IS 4 .s . . ..... 
MIS 2 4 .s ....... . 
Residual ..... ' .. 

Total ......... 

3 Significant at the I and 5-pen;ent lcvch (highly si!!11ili<..:anl). 

Sum of 
squa1es 

97.98 
39.10 
14.06 
25.29 

3.61 
280.20 
98.81 

1,487.32 
2,046.36 

Cross-split samples had a lower variance than tlwsc' split on!> 
once. Cross-splitting is similar to 4uartcrin1c on a mat a11d 
combining the opposite 4uarters to fonn a singk sampk. 
Researchers tested 34 samples from Pit Le-I 11. colkc·tc·d h\ 
the manual method, and 25 samples from Pit Jr-2. ohtaincd 
with an automatic sampling device. The variances for Jr 2 
are relatively small and much more uniform tlrnn those for Pit 
Le-111. Partofthedifferenccwasattrihutcd torhcdiffercnce 
in the splitting techniques. The Idaho report was prepared to 
permit several cross comparisons of testing and sampling 
work. On the basis of these tests, 17 percent of the overall 
variance was due to testing variance whereas 30 and s, 
percent, respectively, were due to sampling and material 
variances. 

In Idaho, extensive research (2) was also conducted to 
ascc11ain whether the sand-e4uivalent test procedure was 
sufficiently reproducible to determine aggregate acc<.:p
tability. The tests performed on cross-split samples at the 
Moscow laboratory resulted in a testing variance of 0.96, 
whereas the single-split samples at the Boise laboratory re
sulted in a testing variance of 1.85. l;or sand-equivalent deter
minations, considerable discrepancy existed hetween the re
sults of the two lahoratories; however, the test was considered 
satisfactory if the cross-split technique of the Moscow labo
ratory was used. As a result of the statistical analysis, im
provements in hoth sampling and testing methods were 
initiated. 

A study in California (3), was undertaken to evaluate the 
effectiveness and reliability of the sand-equivalent tests used 
for procedure control and for measuring the variation of the 
aggregate investigated. Tests were performed on 200 random 
samples from each of six projects. Gradation was detem1incd 
for each sample, and the analysis of variance was reported for 
the results on several sieves. It was concluded that the sand
e4uivalcnt and sieve analyses, supplemented by the R-value 
results in borderline situations. can provide satisfactory con
trol of base and subbase material. The variances for the test 
results on the base material were generally smaller than the 

Degrees 
of 

freedom 

I 
2 
2 
2 
2 
4 
4 

162 
179 

Variance F 
estimate 

97.98 '10.67 
19.55 2.12 
7.03 0.77 

12.64 1.38 
1.80 0.20 

70.05 17.63 
24.70 "2.69 
9.18 . . . . 

11.43 .... 

1 I Aggregate inspector~. 
-~ S Screening kits. 
h S1g:nificant al !he '1-percent level 

F tests 

F 0 05 F0.01 

3.90 6.81 
3.06 -1. 75 
3.06 475 
3.06 4.75 
3.06 4.75 
2.43 :1.45 
2.4., :1.45 

. .... 
. . . . . . . . . .... 
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variance for the subbase material, perhaps because of the 
greater selectivity used for base material. Although the sam
pling and testing variances were relatively small for both 
materials, the testing variance was significantly larger than 
the sampling variance. 

The results of this research were used to propose revi
sion of California aggregate specifications. The proposed 
revisions, shown in table 4, were designed so that present 
specification limits could be retained by basing acceptance 
on a moving average of the five most recent test results. 
Broader limits for individual test results were established. 
Based on information available to him, the resident engineer 
is now authorized to accept the material, provided that the 
average indicates that the process is in control, even though a 
single test result may deviate from the broader limits. 

" According to the California report, class 2 aggregate 
base had an average sand-equivalent value of 44 with a 
pooled standard deviation of 4.8, and class 2 aggregate_sub
base had an average sand-equivalent value of 32 with a 
pooled standard deviation of 5.0. The proposed specification 
requirements for the sand-equivalent test and gradation are 
shown in table 4. It was stated in the report that: 

.... , the proposed specifications are to be used as guide
lines only and arc not intended to interfere with the present 
practice of designing specifications lo meet local conditions 
for economic reasons. Once the gradation limits are estab
lished for a pa11icular job, statistical specifications can be 
designed using the standard deviation as reported in this 
study, if no more accurate measurements are available.,, 

After publication of the report, the State Division of 
Highways used similar specifications in its construction of 
projects. 

Salt soundness test of aggregate 

In certain uses, the quality of individual aggregate parti
cles is an important characteristic, and owing to the composi
tion of gravel or stone, the soundness of the aggregate pieces 
must be detennined by certain standardized tests. In a study 
of Salt Soundness Tesrsji>r Fine Aggregate (4). the New York 
Department of Transportation used statistical conceph to 
investigate the procedures for detennining both the sodium 
and magnesium salt soundness of fine aggregate and the 
methods used to judge the acceptability of a source. Data 
were presented on ( 1) the effect of drying lime on the magni
tude and reproducihility of test results, (2) overall rcpro
dttcibility of the test with sodium and magnesium sulphates, 
and (3) the combined effect of testing and production varia
tions on the scatter of test results from single sources. The 
summary statistics for the soundness tests, with various dry
ing periods, is shown in table 5. 

The conclusions extracted from the New York study 
were"( I) that an increase in drying time in the test from 6 to 
30 hours will result in no change in the magnitude or repro
ducibility of the test results, (2) the reproducibility of the test 
with sodium sulphate and the test with magnesium sulfate are 
not significantly different, and (3) that it is possible to place 
the acceptance of sources of fine aggregate on a sound statis
tica I foundation." They recommended that ''the magnesium 
sulphate soundness test continue to be performed at the rate of 
one cycle per day and that the test with sodium sulphate be 
discontinued." 

Even though the results of the New York study of fine 
aggregates were generally acceptable as reproducible results. 
many States have not obtained satisfactory correlat10n be
tween salt-soundness test results and performance. This is 
particularly true for coarse aggregates. 

Table 4 -Digest of proposed specifications for class 2 base and subbase aggregates, California 

Sand-equivalent values 
(Test Method, California 217) 

Material Not to be 
Sieve size Minimum Overall 

I 
lower 

average .~ average than 2 

r I inch . . . . . . '' .. 
% inch .... . . . ... 

Base . . . . . . . . . . . ..... 30 25 361 No.4 ....... .... 
No. 30 . . . . . . .... 

• No. 200 ....... 
3 inch . . . . . . . 
21/, inch .... - . Subbase .... 23 18 30 · No.4 . . . . . . . . . 

. . - .. 
No. 200 ...... . 

. 

1 Five cDml'cutive 1e:-il:-i. cad1 pertmrm:d Oil independent ..,ample. 

~ No :-.imzk ... and equivalent n:..,ult to he lower 
'Overall avi.:rage \hould he ma1ntaim:d 101 99.9 percl.'.nt prnbahilit) ul" al.'.l.'.eplancl.'. ul :-.ui1able ma\er1al. 
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Gradation values 

Percent passing 

Moving Individual test 
average result 

............ 100 
95 ± 5 95 (+5)(-7) 

45 ± JO 45 ± 15 
20± 10 20± 1J 

5.5 .t 3.5 5.5 .t 4.5 
. . . . . . ... 100 

95 + 5 95 (+5)(-10) 
65 ± 2'5 65 (±35) 

12.5 ± 12.'i 12.5 (+175)(-12.5) 



Table 5.-Summary statistics for magnesium sulfate soundness tests, New York 

Arithme1ic means 1 Variance estimates 1 

Sand Drying period Drying period 
No. Difference in Difference in 

variation 2 Higher 
variation 2 Higher 

6-hour 30-hour 6-hour 30-hour 

Pct. Pct. Pct. Pct. 
I 5.64 5.90 Insignificant . . . . . . . . . . . . 0.23 0.24 Insignificant .. 
2 17.09 15.74 . . . . . do . . . . . .... ..... 0.05 1.83 Significant .... 30-hour. 
3 23.21 23.83 Significanl . . 
4 47.01 41.98 . . . . do . . . . 

5 47.65 50.16 . . . do . . . . . 

1 Calculated Imm resulb o! le'ih mi two )!fOUps ol' !hrec samples each. 
1 Statistical significance at 0.05 confidence level. 

30-hour 
6-hour 
30-hour 

Table 6.-Results for surface mixture samples, South Carolina 

... 0.06 0.24 Insignificant 
. . . . 1.37 2.88 .. .... do .. 

. .. 2.13 0.40 Significant ...... 6-hour . 

Specifi- Control chart values Standard devialion Analysis of variance 

Sample 
cation 

Sieve size 
location 

limils per- Average 
cenl pass- (x) 

ing 

Pct. Pct. 

{Plan! 1 
••••••• 

} 87-97 
92.0 

1/2 m ............. Spreader 1 ••••• 90.0 
Compm:ted 1 • 92.2 

{Plan! ......... 
} 58-72 

66.1 
No.4 . . ......... Spreader ...... 65.2 

Compacted .... 65.0 
{Plant . 

} 42-58 
52.0 

No. 10 Spreader . 53.0 
Compacted 54.3 

{Plan! ..... .. 
} 21-35 

28.l 
No.40 . . . . . . . . . . ' Spreader ... 28.0 .. 

Compacted .... 28.7 
{Plant ......... 

} 4-10 
5.7 

No. 200 .. ' ....... Spreader ...... 5.7 
Compacted .... 6.5 

1 Number of tests performed: Plant = 40, Spreader= 24. C ompactcd = 128. 

Bituminous Concrete Aggregate 
Characteristic.~ 

Aggregate used in bituminous concrete mixtures is sub
jected to several manipulations and treatments that are not 
applied to base course aggregate. The aggregate is heated for 
drying and mixing with asphalt. Often, it is stockpiled or 
placed in storage bins before the mixing operations. The final 
mixture is spread by a mechanical spreader and then a high 
force is applied for final compaction and rolling. Thus, the 
finished layer has experienced many abrasive forces that 
could cause not only changes in gradation of the aggregate 
component, but also changes in density and stability. A more 
detailed analysis of variations in aggregates used in bi
tuminous construction is contained in Part 4. However, the 
more important findings of individual projects are reported 
here. 

Total Average Total Tolal Malerial Sampling: ·1esting 
(0) (xl (CT) (o,/) (an/) (0,C) (o/J 

Pct. Pct. Pct. Pct. Pct. Pct. Pct. 
2.88 91.8 3.10 9.62 2.45 0.0 7.60 
4.00 90.7 3.52 12.41 8.74 0.0 3.50 
3.30 92.1 3.16 10.02 0.0 2.18 6.19 
3.90 66.8 3.92 15.37 9.70 0.0 5.15 
5.71 65.7 5.84 34.06 30.9 0.0 4.75 
4.32 65.2 4.28 18.34 0.0 10.18 8. I 1 
3.45 52.6 3.69 13.59 8.33 1.76 3.69 
4.98 52.7 5.60 31.35 28.15 0.0 5.04 
3.92 '>45 4.01 16.11 0.0 11.36 7.39 
1.70 28.3 1.9 I 3.64 2.28 0.0 1.40 
1.41 28.5 2.34 5.48 4.92 0.0 1.00 
1.85 28.8 2.08 4.31 0.0 

' 
2.51 2.09 

1.06 5.8 1.15 1.32 1.15 0.0 0.18 
1.20 6.34 1.38 1.91 0.0 0.0 1.44 
1.04 6.4 1.03 1.05 0.30 0.48 0.20 

In a study performed in South Carolina (5), random 
samples of asphalt mixtures were selected from trucks at the 
batch plant, from the roadway just behind the spreader, and 
from the roadway after compaction, to doermine whether 
any progressive change occurred in the characteristics of the 
aggregate. A summary of this work is given in tables 6 and 7 
in which the specification limits and analysis of variance for 
both surface and binder courses are also shown. The aggre
gate passing the No. 4 sieve in the surfacing mixture was 
within the joh-mix formula only 50 percent of the time by 
routine control sampling and 66 percent or the time by ran
dom sampling. The material passing the No. 40 sieve was 
within the joh-mix formula 76 percent of the time hy control 
sampling and 88 percent of the time by random sampling. The 
test results shown in table 6 indicate that the average for the 
No. 4 material varied from 66.8 to 65.2 percent whereas the 
No. 40 material varied only from 28.3 to 28.8 percent, con-
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forming more closely to the joh-mix fom1ula. The greatest 
standard deviation occurred on the samples from the spreader 
box. 

The characteristics of aggregate used in bituminous 
mixtures were also explored in West Virginia (6 )_ An analysis 
of the aggregate passing the No. 4 sieve is shown in table 8 for 
IO bituminous projects. For the percent passing the No. 4 
sieve, nine of the IO projects had an average v,tlue that was 
within the specifications. However. the overall standard devi
ation for the individual projects was so large that many of the 
projects had a considerable amount of nonconfom1ing mate-

Table 7.-Results for hinder mixture samples, South Carolina 

rial. Because of the large overall standard deviation, 4.4 

percent. a change in the specificied _job-mix tolerances was 
recommended. The following excerpts were taken from the 
West Virginia report: 

"Tblerances for percentages passing other sieves may 
also require adjustment. Inspection of the data shows that the 
major component of the overall standard deviation. CT.,. 1s the 
material variance, CT,,. and sampling and testing can be re
duced to a negligible amount." 

"The size of the standard deviation of the percent pass
ing any sieve. neglecting sampling and testing error. depends 

Specifi- Contrnl chart values Standard deviation Analysis of variance 

Sieve siLe 
Sample 
location 

l'ation 
limits per
cent pass-

ing 

Per. 

I in .. 
{

Plant 1 
••••••• } 

· · · · · · · · Spreader 1 • • • • 80-97 
Compacted 1 ••• 

{

Plant ......... } 
No. 4 • • · · · · · · - · · Spreader . . . . 35-50 

{

~l~;racte<l . } 
Spreader . 25-.,5 

{ 

~l~;tlCted _ . . . . } 

· · · · · · Spreader ...... , None 

{
~l~;t~t~'.1.::: :'} 
Spreader . . . . . . None 
Compacted .... 

No. 10 

No. 411 .. 

1

, No. 200 .... 

Average 
(x) 

Per. 
93.4 
93.8 
93.4 
40.6 
40.1 
43.1 
32.2 
32.2 
34.8 
18.0 
18.3 
19.7 
4.1 
4.0 
4.3 

1 :\umher of test perfom1ed: Plant= 284, Spreader= 68, Compacted=- 380. 

Total 
(cr) 

Per. 
3.95 
5.19 
4.70 
4.76 
6.79 
4.42 
4.06 
5.46 
3.51 
2.09 
2.66 
2.00 
0.53 
(1.49 
0.67 

Average 
(x) 

P<'t. 

93.9 
93.3 
93.7 
40.8 
41.3 
42.9 
32.2 
32.9 
34.6 
18.1 
18.5 
19.9 
4.1 
4.1 
4.3 

Total 
(cr) 

Pct. 
4.11 
4.07 
4.48 
4.61 
6.01 
4.54 
3.90 
4.83 
3.74 
2.18 
2.34 
3.62 
0.54 
0.58 
0.67 

Total 
( crrn 2) 

Pct. 
17 09 
16.56 
20.07 
21.25 
36.14 
20.60 
15.24 
23.3 
13.96 
4.74 
5.48 

13.15 
0.30 
0.33 
0.44 

Material Sampling Testing 
(<Jm 2) (cr/) (CT/) 

Pct 
()_() 

3.35 
4.59 
8.47 

21 20 
4.23 
7.22 

14.03 
0.0 
2.17 
3.18 
2.24 
0.17 
0.18 
0.11 

Pu 
2.60 
0.0 
()_() 

7.36 
5.37 
0.0 
3.68 
0.0 
5.86 
1.14 
0.0 
0.0 
0.05 
()_() 

0.18 

Pu. 
I:1.04 
12.2.'i 
1.'i.43 
7.52 

12.87 
8.67 
4.43 
8.38 
5.91 
1.46 
2.37 

10.87 
0.09 
0.18 
0.15 

Table !!.-Analysis of variance of bituminous concrete aggregate for 10 projects in West Virginia 

Percent passing No. 4 sieve Specification 60-70 

Sample 
Number Overall Standard deviation 

Project No. 
location 

of samples Avc~agc standard 
(n) 

(X) deviation Material Testing Sampling 

( cr,,l (crJ ( cr,) (crJ 

Pct Per Pct. Per Pel 
38 Al . . . . . . ..... . . . . . . Even 96 66.7 2.5 2.5 00 0.0 
.08 Al ....... - . Odd . . . . . . . . 96 67.5 4.8 2.5 1.6 3.8 
3235 .. . . . . . . . . . . . . . . . Even ... 100 65.6 3.6 3.6 0.0 0.0 
3235 ........... Odd . ......... 100 64.8 3.3 3.3 0.0 0.0 
3462 . . . . . . . . . . ... Truck 120 69.3 4.5 3.4 0.0 2.9 
3462 . . . ........ . . . . . . . Pavement . ... - . 120 65.7 4.7 4.1 0.8 2.1 
173 H(I) & (2) ... .. . .. - . . . . . . . . . . . 200 70.0 4.8 3.6 1.5 2.2 
204A & 204A (3) . . . . . ...... . ...... 180 72.1 5.1 4.4 1.8 1.7 
284(C) & (4) SRC . . . . .......... . .... 120 61.7 4.0 3.9 0.8 CU 
284(C) & (4) AASHO ... . .............. 120 61.5 4.2 3.9 1.6 0.5 
Average. all projects . . . . . . . . . . . . . . . . . . . . ........... 66.5 4.4 3.7 1.2 1.9 
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lo a large extent upon the value of the percentage passing that 
sieve" (fig. 2). 

In the West Virginia report it was proposed that toler
ances for gradation specifications be varied according to the 
percentage passing any sieve. The magnitude of variation to 
provide 95 percent probability tolerances on the job-mix 
formula is shown in figure 3. 

Other States engaged in statistical studies of aggregate
gradation characteristics in bituminous mixtures have indi
cated that, for best unifonnity and smallest standard devia
tions, control of gradation should he at the mixing plant. Joh
mix tolerances for all gradations should be adjusted for the 
percentages expected to pass the specified sieves. 

Portland Cement Concrete Aggregate 
Characteristics 

Because structural concrete in highway construction is 
critical, the specified aggregate gradation should be assured. 
Several research projects were conducted to detern1ine the 
best place to sample aggregate for control, permissible toler
ances on various sieve sizes, and alternate methods or tests to 
establish gradation uniformity. 

In California, a study was perfonned to determine the 
precision of current test methods and the feasibility of using 
statistical quality control procedures for portland cement 
concrete aggregate. Several conclusions were drawn from 
this study: Present controls and specifications for aggregate 
gradation need to be modified because of the high material 

6 

5 

b 

z 
0 4 ~ 
<( 

> w 
0 

Cl 3 
a: 
<( 
Cl 
z 
<( 
1--
(J) 

2 

• 0 
0 10 20 30 40 

. , 

50 

variance and large percentages of out-of-specification grada
tion; sand-equivalent and cleanliness test methods were satis
factory; more efficient field control would be possible if 
control charts were used; better control of gradation could be 
obtained by using a moving m•erage based on the results of 
the five most recent individual tests; material and testing 

co 
> 
ii5 40 l----+-----l--+----+------,1--\--+------, 

~ 

" ~ 
+-- CUHHl::N I JMf- _____. 

TOI f"RANr:F I IMITS 

c 

; 60 

I+--+--- %%LIMITS--I--~ 

TOLERANCE ON JMF. PERCENT 

Figure 3.-Re/ution of 95-percent probability tolerances on job
mix formula to percent passing sieves, a,phaltic wearing course, 
West Virginiu, 1966. 

• 

60 70 80 90 100 

PERCENT PASSING SIEVES 

Pigure 2.-He/ation of standard deviation to percentages passing sieves, asphaltic concrete wearing course, West Virginia, 1966. 
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variances were considerahly larger than were anticipated (see 
fig. 4 ); and a relatively high percentage of the aggregate 
failed to meet the specification, which is shown by the dia
gram in figure 5. 

A statistical analysis of variance in aggregate for port
land cement concrete was made by Louisiana (7). The varia
tions in gradation of fine and coarse aggregate sampled from 
different stockpiles as well as the differences between sam
ples with stockpiles, were determined. According to the Lou
isiana report, "The largest component of variance is between 
stockpiles, which is reflective of material variance. The vari
ation between samples within stockpiles can be attributed to 
either the stockpiling technique or sampling procedure." The 
actual results for the fine aggregate passing the No. 4 sieve 
are shown in table 9. The analysis of the coarse aggregate was 
similar to that of the fine aggregate. As shown in table I 0, 
heavily loaded sieves had the greatest deviations and the 
largest amounts of material outside the specification limits. 
As a result of this study, the researchers prepared suggested 
acceptance limits and frequencies of measurement for aggre
gate used in portland cement. (See tahlc 11.) 

Quality control of aggregate used in portland cement 
concrete by sampling from the stockpiles and bins at the 
central plant was studied in Oklahoma (8). The dry aggregate 
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Figure 5.-Percent uf material outside of specifirntions, portland
cement-cuncrete aggregate pa~sing Nu. Y4-in. sieve, project No. 2, 
California. 
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Table 9.-Analysis of variance on gradation of fine aggregate for portland cement, Louisiana, Percent passing No. 4 sieve 

Sum of 
Source of variance squares 

(SS) 

Between stockpiles ......... ' ........ 249.43 
Between samples within stockpiles ...... 52.44 
Between subsamples within samples .. 14.35 

Total ..... ..... . . . . . . . . . . . 316.22 

1 cr,, 2 = .:W (Te'>ting) cr~ = J'.1 (Samplin_g) CT~ -;rnckpile = 1.90 (Material) 
2 Significant 

Degrees of 
freedom 

(OF) 

8 
63 
72 

143 

Mean Estimate of 
squares mean s4 uares I 1 .05 
(MS) (EMS) 

.11.18 cr,/+cr., 2+ I 6a,1
2 '8, 63 

0.83 cri+2cr._2 '63, 72 
0.20 cr/! 

. . . . . . . . . . . . . . . . . . ........ . . . . . . . . . . 

Table 10.-Summary of statistical results on portland cement concrete aggregate gradation, Louisiana' 

Average 
Standard Outside 

Specifica-
Variance (cr") 

Sieve size deviation Minimum Maximum specifica-
(x) 

(Cl) tions 
tion limits Test Sample Stockpile 

Grade A course aggregate 

Pn. Per Pct. Per Pct. Pct. Pct. Per. 
I in . . ...... 95.6 3.8 82.7 99.9 n 90-100 0.84 5.65 9.97 
¼in . . . . . . . . ..... 75.4 10.8 46.1 88.8 2.1 40-88 6.41 77.62 40.72 
1/2 in ......... ' ... 35.5 12.7 4.6 60.2 13.5 15-55 9.18 132.()4 26.72 
No.4 ........... ' 1.3 1.2 0.2 5.5 0.0 0-6 0.13 0.76 0.72 

Fine aggregate 

No.4 . . . ........ 97.8 1.5 92.1 99.9 3.8 95-100 0.20 CU2 1.90 
No. 16 ........ 79.2 7.9 56.6 91.6 9.7 45-90 0.70 l0.72 57.69 
No. 50 .... 15.9 6.5 7.2 31.6 1.4 7 30 5.36 39.88 0.0 
No. 100 .... 2.1 1.3 0.3 5.7 0.0 0-7 0.04 0.40 1.34 . 

1 L(m1si:ma l)epar1men1111 Highways Rt:'prn1. 19M 

Table 11.-Suggested acceptance limits for portland cement concrete aggregate 1 

Acceptance Rejection 
Acceptance limits 

Measurement Sieve size prohahility probability 11 Mean Individual 
frequency (!'a) (Pr) 

LL UL x,;- iii+ 

Gradation of fine a:?gregate, percent passing 

Pct. Pct. 
No. 4 ' ............ 99 90 4 95.90 99.75 l.93 3.93 
No. 16 . ' .......... 99 90 4 68.97 89.45 20.80 20.80 One every 200 cu. yd. 
No. 50 ........ ' . . . 99 90 4 7.51 24.35 17.11 17.11 
No. l()(l .......... 99 90 4 0.41 .1.71 3.35 3.35 

(iradation of grade A c<K1rse aggregate, percent passing 

I in ............... 99 90 4 90.63 100.00 10.10 10.IO 
1/4 in ......... 99 90 4 61.43 89.39 28.40 28.40 
1/, in ......... 99 90 4 19.08 51.84 33.27 33.27 

One every 500 cu. yd. 

No.4 .. 99 90 4 (l.0 2.70 3.20 3.20 

1 Lumsi.1nc1 J)epartmenl ot H1ghwc1ys r!eporl. 1966 
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was weighed al the bin site, the cement added, and the batch 
hauled by trucks to the road site where the concrete was 
mixed. Random samples were taken at a point in the stockpile 
nearest the bins. The analysis of the gradation indicated that 
the mean values for each sieve size were within the specifica
tion limits although many individual values were outside the 
upper and lower control limits. The Oklahoma Department of 
Highways recommended that the gradation detem1ination be 
continued, but with certain modifications. Acknowledging 
that some plans provide for the sampling of aggregates at the 
batching bin, researchers pointed out in their report that sam
pling at the stockpiles pem1its early detection of undesirable 
or unacceptable aggregate, which is the purpose of quality 
control-to locate defective material as quickly as possible. 

Summary 

Some of the important findings from selected research 
on the characteristics of aggregate used in base courses and in 
bituminous and port land cement concrete mixtures have been 
presented here. More attention has been given to aggregate
gradation characteristics from source of supply to placement, 
than to other characteristics. Early studies concentrated on 
historical data; more recent studies were conducted during 
actual field construction. Comprehensive plans were devised 
to study historical data and to measure variability during 
construction. The degree of conformance lo gradation speci
fications was found lo vary from step lo step in the process
ing. Analysis of variance usually was applied during con
struction to determine causes of the variation and to locate 
conditions needing corrective action. 

Generally, the largest deviations from specifications 
were in the material in the middle of a stack of sieves-where 
a large amount of material is on individual sieves. 

Knowledge of inherent material, sampling, and testing 
variations enables the engineer lo design specifications with 
tolerances that are compatible with local conditions and, 
thereby, lo avoid unenforceable requirement or unreasonable 
expense and still obtain a suitable aggregate. 

For aggregate control, the sand-equivalent test rather 
than gradation is preferred in some Stales, and slalislical 
research, conducted lo ascertain wchther the sand-equivalent 
test is informative and reproducible, has confinned its useful
ness, although the amount of data at present is rather limited. 

Statistical research on salt-soundness determination in
dicated that drying time did not need lo be changed; that 
sodium sulfate testing could be discontinued, as magnesium 
sulfate testing is satisfactory; and that it is possible to place 
acceptance of fine aggregate sources on a sound slaslislical 
foundation. 

ln statistically-oriented research on aggregate gradation 
for bituminous mixtures, infomialion similar lo that for base 
courses was developed, and indicated that variation from the 

54 

specifications differs according to the point of sampling. The 
research showed that the variation on certain sieve sizes is 
considerable indicating either the need for improvement in 
sieving operations or the establishment of wide tolerances in 
the specifications to eliminate compliance disagreement. The 
research also indicated that sampling at the hot bins was 
preferred for process control, whereas, sampling at the com
pacted bituminous layer was best for establishing uniformity 
of the mixture. 

Data in various studies indicated that the aggregate used 
in porlland cement concrete had a smaller standard deviation 
than the aggregate used in bituminous mixtures or in base 
courses, but that statistical analysis provided information for 
early detection of undesirable gradation or undesirable 
quality. 

Based on their studies, highway departments in some 
Stales arc revising their specifications and outlining specific 
sampling procedures. The use of statistically designed con
trol charts is highly recommended for control of the charac
teristics of aggregate by these Stales. The moving average of 
five most recent individual test results is reported to be the 
most practical for controlling the construction processes. 
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Part 6-
Control Charts 
Reported by EDWIN C. GRANLEY, 
Highway Research Engineer, 
Materials Division 

Introduction 

Test measurements portrayed graphically demonstrate 
the familiar adage. a picture is worth a thomand word.\. One 
type of graphical portrayal. the control chart. is used exten
sively by industry in quality-assurance procedures. Many of 
the industrial control-chart principles arc just as applicable to 
process control and acceptance inspection in highway con
struction as they are to industrial techniques. 

Control charts show cumulative trends in dimensional 
or physical properties within maximum and minimum limits 
that denote acceptable production. They not only indicate 
when established limits have been exceeded. but also provide 
the means to anticipate and correct causes that tend to pro
mote the production of defective products. Thus. the use of 
control charts is an application of the principle that an ounce 
of prevention is worth and a pound of cure. 

In industrial statistical quality control methods. certain 
variations in product quality are classed as chance variations. 
Such variations ohcy the laws of probability as inevitably as 
the nipping of a coin. Little can he done to change these 
variations except to revise the control process. 

In addition to these chance variations other variations in 
quality. systematic variations. can be attributed to assignahle 
causes. such as differences among equipment, workers, ma
terials. time. etc .. and the interrelations of each to the others. 
Knowledge of the behavior of chance variations is the basis of 
control-chart analysis. If data vary in a pattern that conforms 
to the applicable statistical distribution. an assumption is 
made that no assignable causes exist. TI1esc data are said to be 
in rnntrol. If the data do not follow the statistical distribution, 
it is considered that assignable causes arc at work and that the 
process is out o( con/ml. When the process is in control, the 
distribution of variations for large numbers of items is 
predictable. 

1 Ila lie numht·r, in parenltie..;('<; identify !he refercnn,.., li~.1cd on p. 60 

According to Duncan (/), 1 " ••• a control chart is a 
device for describing in concrete terms what a state of statisti
cal control is; second, a device for attaining control; and, 
third, a device for judging whether control has been 
attained." 

The construction and use of a control chart can be ex
plained simply. Samples of a given size are taken randomly 
from a process at more or less regular intervals and tested. If 
no assignable causes exist. these test value, will be distrib
uted in a definite pattern. If the distribution is norn1al, the 
pattern will assume the shape shown by the normal curve in 
figure I. These data from the tests on the samples can be used 
to construct the control chart shown in figure 2. Actually. the 
normal curve has been tipped on its side and the values 
plotted in the horizontal plane on a time or unit of production 
basis. If a signficiant number of average (X) values are plotted 
and all of them fall within the control limits and are randomly 
distributed about the average, that is, show no trends, then it 
can be said that the process is in a state of statistical control. If 
the data <lo not conform to this pattern, but show cycles or 
runs above or below average or outside the limit lines, the 
process should he investigated and the assignable causes 
ascertained. If all points fall within the control limits and are 
randomly distributed, assignable causes are not necessarily 
absent. However. the conclusion that chance causes alone arc 
at work is acceptable, and a search for a,signable causes 
would be unprofitable. 

Types of Control Charts 

Control charts now in use fall into two categories: 
Charts of attributes and charts of variables. Usually, control 
charts of attributes are associated with the go or no go disci
pline. They show one of two types of information: (I) TI1e 
fraction defective or percent of items confmming or noncon
forming to specifications, or (2) the number of defective 
items. Although the attributes may often he measurements, 
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Figure 1 .-Distribution of chance variations in a test sample 
measure of quality. 
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Figure 2.-Theoretica/ basis for a control chart. 

mostly they are visually inspected properties like finish, 
scratches, missing parts, cracks, or functional ability. On the 
other hand. control charts of variables are used for values 
such as p.s.i. density, thickness, length or other such units 

reported from testing. 
Whether to use plans for attributes or variables to con

trol a process in highway construction cannot be answered 
here. The use of either will be dictated by the process or 
product to be controlled, and each will provide an effective 

tool to guide the State and the contractor. The only requisites 
are that the process be continuous, that the chart be visibly 
displayed. and that the charts be available to everyone con
cerned and correctly interpreted. Only control charts for vari

ables will be considered in the remainder of this article. 
Control charts can be constructed from test data in the 

fonn of individual measurements, averages. standard devia
tions. and ranges. either singly or in combinations. /\gain, the 
form to use will be dictated by the process lo be controlled 
and the economics of the project. 

Variables charts fall into two categories: (I) standards 
given and (2) standards unknown. The usual way to develop a 
control chart for the standards-given category is to analyze 
past data and use the information obtained to set up the charts 
for present and future production. Analysis of the past dala 
will provide values of the average. X.' the range R,' and the 
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standard deviation <J. of the population for calculating the 
midpoint and limit-line positions on the chart. Usually. the 
charts are used in pairs-X and R or X and <J. 

Computation of Limit Lines 

To detem1ine the respective limit lines for a nonnal 
population. when standards are known, the following fonnu
las (2) are used: 

X Chart: 

Center line = {, = X' 
Upper control limit UCL 

= X' + Aa~ 
J ,ower control limit = LCI, 

R Chart: 

CT Chart: 

= X' -ACT~ 

L = d"a; 
UCL= D 2cr; 
LCL = D 1cr; 

L = C2a; 
UCL= Bp: 
LCL = B1cr; 

Where the constants A, B 1, B 2 , D 1, 0 2, C 2 , and d2 for different 
sample sizes are given in tables of control chart constants like 

table I. 

Sometimes control charts must be constructed when 
historical data arc nol available for analysis and. conse
quently, the parameters (standards) are unknown. If the 
standards are unknown, data from 20 to 25 samples. consist
ing offourto five measurements each, arc needed to compute 
the limits for the charts. Averages, ranges, or standard devia
tions of measurements on each sample are averaged to give X. 
R or CT, respectively. Again, the charts are used in pairs-½ and 
R or X and CT. Thi.; following fonnulas can be used to compute 

the center lines and the control limits for the charts: 

If X and I< charts are used.· 

X Chart: 

L=X 

UCL= X +A)? 

LCL = X-A 2R 

R Chart: 

t. = k 

UCL= D4R 

LCL = D,R 



If X and a charts are used: 

X Charts: 

L=X 

UCL= X+A 1a 
LCL = X-A 1a 

a Cha11s: 

L = cr 
UCL= B

1
0 

LCL = B3cr 

The values of constants A 1, A2 , B,, B4 , D 1 , and D4 are listed in 
table 2. 

Limits established by use of the factors from tables I and 
2 are based on statistical probability and will satisfy the 
statistician hut not necessarily the engineer. Usually the engi
neer wants the product to meet specification requirements 
that are based on engineering considerations. and he may not 

care whether the process is in statistical contrnl. Many engi
neers prefer that the specification be used to den:lop the 
control chart. This can be done. for examplt'. on a two-way 
specification by using the target as the centerline and the· 
tolerances as the upper and lower limits. If the test results 
show nonconformance, either the proc~ss net'ds to he 
changed; sampling and testing techniques altered. processing 
improved. or the specifications changed to meet existing 
conditions. The engineer is thus faced with two altt'mativcs: 
either change the specifications or insist that the requirements 
be met. 

llow the Chart Works 

The average, X, chart shows shift of process average. 
The range, R. or standard deviation a, charts show process 
dispersion or spread. Usually, the range, R, chart rather than 
the standard deviation, a, chart is used to measure subgroup 
dispersion. Although both present similar trends. the range 
values for the R chart are much easier to compute and explain. 
Charts of individual test values can be used to depict both the 

Table 1.-Factors for computing control chart lines-standards given 

Chart for 
averages 

Number of observations in 
Factors for sample, n 

control limits 

A 

2 ...................... 2.121 
3 . ' . . ' ................. 1.732 
4 ...................... 1.500 
5 ............. . . . . . . . . . 1.342 
6 ............. . ' ....... 1.225 
7 ...... ........ . . . . . . . . 1.134 
8 .............. . . . . . . . 1.061 
9 .... . . . . . . . .......... 1.000 
10 .... .... . . . . . . . . . . 0.949 
11 ............ 0.905 
12 ..................... 0.866 
13 ..................... 0.832 
14 ..................... 0.802 
15 . . . . . . . . . ............ 0.775 
16 . . . . . . .......... . .... 0.750 
17 . . . . . . . . .......... . . 0.728 
18 . . . . . .......... . ..... 0.707 
19 . . . . . .......... . ..... 0.688 
20 . . . . . ......... 0.671 
21 ..... ......... . . . . . . . 0.655 
22 . . . . . ........ . . . . . . . . 9.640 
23 . . . . . . . . . . ...... . . . . . 0.626 
24 ................ . . . . . 0.612 
25 ................ . . . . . 0.600 
Over 25 ... '' ........... 3 

-..[7 

11 __ 3 __ 

..f2n 
2I+_L, 

..f2n 

. . 

Chart for standard Chart for ranges 
deviations 

Factors for Factors for Factors for Factors for 
central I inc control limits central line control limits 

C2 B1 B2 d2 DI o, 

0.5642 (J.000 1.843 1.128 0.000 3.686 
0.7236 (J.000 1.858 1.693 0.000 4.358 
0.7979 0.000 1.808 2.059 0.000 4.698 
0.8407 0.000 1.756 2.326 0.000 4.918 
0.8686 0.026 1.7 I I 2.534 0.000 5.078 
0.8882 0.l05 1.672 2.704 0.205 5.203 
0.9027 0.167 1.638 2.847 0.387 5.307 
0.9139 0.219 1.609 2.970 0.546 5.394 
0.9227 0.262 1.584 3.078 0.687 5.469 
0.9300 0.299 1.561 :un 0 812 5.534 
0.9359 0.331 1.541 3.258 0.924 5.592 
0.9410 0.359 1.523 3.336 1.026 5.646 
0.9453 0.384 1.507 3.407 1.121 5.693 
0.9490 0.406 1.492 3.472 1.207 5.737 
0.9523 0.427 1.478 3.532 1.285 5.779 
0.9551 0.445 1.465 3.588 1.359 5.817 
0.9576 0.461 1.454 3.640 1.426 5.854 
0.9599 0.477 1.443 3.689 1.490 5.888 
0.9619 0.491 1.433 3.735 1.548 5.922 
0.9638 0.504 1.424 3.778 1.606 5.950 
0.9655 0.516 1.415 3.8 I 9 1.659 5.979 
0.9670 0.527 1.407 3.858 1.710 6006 
0.9684 0.538 1.399 3.895 1.759 6.031 
0.9696 0.548 1.392 3.931 1.804 6.058 

. . . . . . . . . ..... ( I) (2) . ....... . . . . . . . 
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shift of average and the dispersion, though not as efficiently 
as !he combination of average and range charts. 

Following are a few of !he many warning signals thal 
have developed to indicate out-of-control processes (3): 

Individual charts 
• I test value greater than 2.33 standard deviation from 

centerline. 
• 3 conseculive test values greater rhan one standard 

deviation above or below the centerline. 
• 11 consecutive lest values on same side of centerline 

job mix target. 

Averaie and ranie charts 
• I average or range value outside control limit lines on 

Rand X chart. 
• 2 consecutive averages outside 2 cr limits above or 

below the centerline. 
• 7 consecutive values on either side of centerline for X 

charts or above centerline for R charts. 

These signals are based on statistical probabilities; however, 
a 3- or4-point consecutive trend toward either limit or above 

or below the centerline should be considered a warning. 
Diagnosis of the reason for the process being out of statistical 
control is an engineering consideration. The chart can only 
point oul that somelhing is wrong. 

Examples of Use 

At present, several Stales are experimentally using vari
ables control charts on several items of construclion. 

In 1967, the South Carolina State Highway Department 
(4) used specification-based control charts to control and 
accept production of bituminous hot mix on an Interstate job. 
A chart on which extraction test results were plotted as indi
vidual measurements, averages of 5 per lot, and range of 5 per 
lot, was used. Charts were also prepared for bitumen content 
and each of the following sieves: ¾ in., 1/, in., % in .. No. 4, 
No. 8, No. 30, No. I 00, and No. 200 for each 2,000-ton lot. A 
facsimile of a control chart used on the South Carolina project 
for controlling percent passing the No. 30 sieve is shown in 
figure 3. Similar charts were used both for the remaining 
sieves and for bitumen content. Control limit lines for imli
vidual measurements, averages, and ranges were superim-

Table 2.-Factors for computing control chart lines-standards unknown 

Number of ohservations in 
sample, n 

2 - ........ . . . . . . - - . . .. -

3 ........... . . . . - - - . 

4 ... . . . . . - . - - ...... 
5 - ......... - . . . . - . 

6 .. - ...... - . . - ... - . -
7 . - .. - - ....... . - . - . - . 

8 ... . . . . . - ............. 
9 ...................... 
10 ..................... 
11 ..................... 
12 ..................... 
13 ..................... 
14 ..................... 
15 ..................... 
16 ..................... 
17 ..................... 
18 ..................... 
19 ..................... ' 
20 ..................... 
21 .......... . . . . . . . . . . . 
22 ..................... 
23 ..................... 
24 ..................... 
25 ..................... 
Over 25 

I I - ___l__ . 
-./2,; 
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. . . . . . . . . . . . . . . . 

Chart for 
averages 

Factors fur 
control limits 

A, A, 

3.760 1.880 
2.394 1.(l23 
1.880 0.729 
1.596 0.577 
1.4IO 0.483 

' 1.277 0.419 ' 

1.175 0.373 
1.094 0.337 
1.028 0.308 
0.973 0.285 
0.925 0.266 
0.884 0.249 
0.848 0.235 
0.816 0.223 
0.788 

I 
0.212 

0.762 0.203 
0.738 0.194 
0.717 0.187 
0.697 0.180 
0.679 0.173 
0.662 0.167 
0.647 0.162 
0.632 0.157 
0.619 0.153 
_3_ . ..... . . 

~ 

Chart for standard 
Chart for ranges 

deviations 

Factor for Factors for Factor for Factors for 
central line control limits central line control limits 

'"2 B, B• d1 D, 04 

0.5642 0.000 3.267 I. 128 0.000 3.267 
0.7236 0.()()0 2.568 1.693 0.000 2.575 
0.7979 0.000 2.266 2.059 o.mo 2.282 
0.8407 0.000 2.089 2.326 ()_()()() 2.115 
0.8686 0.030 1.970 2.534 0.000 2.(KJ4 
0.8882 0.118 1.882 2.7()4 0.076 1.924 
0.9027 0.185 1.8 I 5 2.847 0.136 1.864 
0.9139 0.239 1.761 2.970 0.184 1.816 
0.9227 0.284 1.716 3.078 0.223 1.777 
0.9300 0.321 1.679 3.173 0.256 1.744 
0.9359 0.354 1.646 3.258 0.284 1.716 
0.94 IO 0.382 1.618 3.336 0.308 1.692 
0.9453 0.406 1.594 3.407 0.329 1.671 
0.9490 0.428 1.572 3.472 0.348 1.652 
0.9523 0.448 1.522 3.532 0.364 1.636 
0.9551 0.466 1.534 3.588 0.379 1.621 
0.9576 0.482 1.518 3.640 0.392 1.608 
0.9599 0.497 1.503 3.689 0.404 1.596 
0.9619 0.5IO 1.490 3.735 0.414 1.586 
0.9638 0.523 1.477 3.778 0.425 1.575 
0.9655 0.534 1.466 3.819 0.434 1.566 
0.9670 0.545 1.455 3.858 0.443 1.557 
0.9684 0.555 1.445 3.895 0.452 1.548 
0.9696 0.565 1.435 3.931 0.459 1.541 

. . . . . . . . . . . ( I ) (2) ...... - . - . . . 
. ·1 

. ... . .. - . 
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posed on each chart. Limits for average and range were 
computed from standards known, using appropriate values 
from table I multiplied by a factor of (2.33/3.00) times the 
standard deviation to reduce them to 98 percent probability 
intervals. Limits on the chart for the No. 30 sieve were devel
oped from a standard deviation of 2.5 percent, which had 
been determined in previous research. The limits were com
puted as follows: 

Individual measurements at 9R-peffent ln•el 
Job mix tolerance= (2.33) X (2.5) = 5.8 

UCL= 38.0 + 5.8 or 43.8 percent 

LCL = 38.0 - 5.8 or 32.3 percent 

A1•erages of"5 per lot 

Job mix tolerance= (~:ii) X (A) X (2.5) 

= (0.78) X (1.34) 

X (2.5) = 2.6 

UCI, = 38.0 + 2.6 or 40.6 percent 

LCL = 38.0 - 2.6 or 35.4 percent. 

Control limits for ranges were not established on this 
particular project. However, the central value and upper limit 
for 5 per lot would be computed as follows for the 99 percent 
level: 

Range of 5 per lot 

Central value= (d2) X (standard deviation) 
X (reduction factor) 

= (2.326) X (2.5) X (j:66) 
= 4.5 percent 

Upper control 
limit (UCL)= (02 ) X (standard deviation) 

X (reduction factor) 

= (4.918) X (2.5)~:~~ 

= 9.5 percent 

"' l 
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Figure 3.-Control chart used by South Carolina. 

Statistically, the control chart for averages (fig. 3) was 
out of control as seven consecutive points were above the job 
mix target. However, on this job nothing was done: the situa
tion probably was one of engineering judgment. 

Several other States have or are proposing to use control 
charts. The Vem1ont Department of Highways, for example, 
plots all field test data on charts. The California Division of 
Highways is proposing to use a moving average of five as the 
basis for corrective action. Trends are more apparent with the 
moving average chart than with the average chart. Decisions 
on confomiance of the sub lot are based on individual-toler
ance requirements for the test and on reduced-tolerance re
quirements for averages of the preceding four ,ublots plus the 
one under consideration. On the other hanJ, the Virginia 
Department of Highways proposes to plot only individual 
results and rely on individual probability trends for judgment 
of conformance. Initially, this approach is being applied ex
perimentally to asphalt mixes. Kansas also plots individual 
bituminous extraction data and is starting to plot averages of 
the same data. 

For the past 5 years, the Mississippi Stale Highway 
Department, the forerunner in the use of control charts, has 
been using a progressive-step chart to accept and control 
density of stahilized bases. The 1967 specification extends 
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this use to other bid items. This seemingly complicated plan 
allows acceptance to be based on as few as two tests per lot, 
but a minimum of six tests are usually required for rejection. 
The plan has a built-in safeguard for excluding wild test 
results. In addition, the test results of the lot are averaged with 
all test results from the previous five lots, and this average 
must not deviate by more than a specified amount from the 
target value. 

Summary 

The use of control chaits to regulate and accept highway 
construction is still in a fledgling stage. Up to now the indus
try has existed and expanded with the single test. retest, and 
engineering-judgment concept. The use of control charts will 
not alter the fact that the engineer has the final decision in 
accepting construction. The charts, however, are effective 
tools to visually forewarn that undesireable trends may be 
developing and to help both the engineer and the contractor 
decide when to rake action and when not ro take acrion. 

The adoption of control-chart use by the highway indus
try would provide a significant technological advance in as
certaining adequacy of construction. Almost anyone can spot 
large changes, but successive small changes that develop as 

trends are not easily detected, even by experienced people. 
The picture portrayed by the control charts would highlight 
the trends and motivate the use of such charts as a decision 
tool. 
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