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NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM 

Systematic, well-designed research provides the most 
effective approach to the solution of many problems facing 
highway administrators and engineers. Often, highway 
problems are of local interest and can best be studied by 
highway departments individually or in cooperation with 
their state universities and others. However, the accelerat­
ing growth of highway transportation develops increasingly 
complex problems of wide interest to highway authorities. 
These problems are best studied • through a coordinated 
program of cooperative research. 

In recognition of these needs, the highway administrators 
of the American Association of State Highway Officials 
initiated in 1962 an objective national highway research 
program employing modern scientific techniques. This 
program is supported on a continuing basis by funds from 
participating member states of the Association and it re­
ceives the full cooperation and support of the Bureau of 
Public Roads, United States Department of Transportation. 

The Highway Research Board of the National Academy 
of Sciences-National Research Council was requested by 
the Association to administer the research program because 
of the Board's recognized objectivity and understanding of 
modern research practices. The Board is uniquely suited 
for this purpose as: it maintains an extensive committee 
structure from which authorities on any highway transpor­
tation subject may be drawn; it possesses avenues of com­
munications and cooperation with federal, state, and local 

.governmental agencies, universities, and industry; its rela­
tionship to its parent organization, the National Academy 
of Sciences, a private, nonprofit institution, is an insurance 
of objectivity; it maintains a full-time research correlation 
staff of specialists in highway transportation matters to 
bring the findings of research directly to those who are in 
a position to use them. 

The program is developed on the basis of research needs 
identified by chief administrators of the highway depart­
ments and by committees of AASHO. Each year, specific 
areas of research needs to be included in the program are 
proposed to the Academy and the Board by the American 
Association of State Highway Officials. Research projects 
to fulfill these needs are defined by the Board, and qualified 
research agencies are selected from those that have sub­
mitted proposals. Administration and surveillance of re­
search contracts are responsibilities of the Academy and 
its Highway Research Board. 

The needs for highway research are many, and the 
National Cooperative Highway Research Program can 
make significant contributions to the solution of highway 
transportation problems of mutual concern to many re­
sponsible groups. The program, however, is intended to 
complement rather than to substitute for or duplicate other 
highway research programs. 

This report is one of a series of reports issued from a continuing. 
research program conducted under n three-way agreement entered 
into in June 1962 by and among the National Academy of Scicnces-

ational Research Council , the America n Association of Stlllc High­
way Officials, and the U. S. Bureau of Public Roads. Individual fiscal 
agreements are executed annua lly by the Academy-Research Council, 
the Bureau of Public Roads, nnd participating state highway depnrt­
menls, members of the American Association of State Highway 
Officials. 

This report was prepared by the cont racting research oge.ncy. It bns 
been reviewed by the appropria te Advisory Panel for clarity, docu­
mentn tion, and fulfillment of the contract. lL hns been accepted by 
the Highway Research Bonrd nnd published in the incercst of on 
elfectunl dissemination of fi ndings and their pplica tion in the for­
mulo tion of policies, procedures, nnd practices in tho subject 
problem area. 

The opinions ~nd conclusions expressed or implied in these reports 
arc those of the research ngencies tlrn t performed the research. They 
are no t necc sarily those of the Highway Research Board, the Na­
tional Academy of Science , the Bureau of Public R ads, the Ameri­
can Association o( Sta te Highway Ollicials, nor of the individual 
stales participating in the Program. 
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FOREWORD 
By Staff 

Highway Research Board 

Highway materials and testing engineers, as well as specification writers and those 
involved in construction, will find this report of particular interest. Serious ques­
tions have often been raised concerning the degree of confidence that can be placed 
in the generally used methods of making acceptance decisions with respect to 
aggregate gradation, particularly when test results approach the specification 
limits. This report deals with a study of sampling and test procedures for deter­
mining the gradation of aggregates to be used in highway construction. It contains 
practical recommendations for improved aggregate sampling techniques, for a 
determination of the inherent variance of aggregate gradation, and for suggested 
specification changes. 

Aggregates constitute more than 90 percent of the materials used in roadway 
and bridge construction; therefore, their quality and gradation are primary factors 
in ultimate performance. From an engineering standpoint, the intent of gradation 
specifications is to prevent the acceptance of improperly graded aggregates as 
well as to assure the acceptance of those that are suitable. The value of such 
specifications is closely associated with the method used to determine acceptance 
or rejection. Aggregates outside of the limits of gradation established by the 
specifications have been used without apparent detrimental effect, while aggregates 
that meet specifications have been known to produce disappointing results. Con­
jecture is thus raised as to whether or not present test methods provide an ade­
quate basis for acceptance or rejection of aggregates, or whether or not specifica­
tions contain realistic gradation limits to provide for the variation inherent in 
materials, sampling procedures, and testing techniques. 

The Miller-Warden Associates approach to the over-all problem of defining 
and evaluating the sources of variation that cause apparent or actual departure of 
aggregate gradations from those specified began with an analysis of the sources. 
These included such sources as inherent variation of the material, testing error, 
local segregation, etc. This was followed by field experiments at various locations 
of aggregate production and use. Statistical methods were employed, and a model 
was designed to incorporate the various sources of variation into the over-all 
variations in gradation expected among random samples. The individual sources 
of variation were evaluated from both a theoretical standpoint and practical operat­
ing conditions for a range of handling methods, sample sizes, and sampling methods. 
A nomograph was developed for estimating the minimum size of test portion re­
quired to obtain the true gradation of an aggregate within selected limits of error 
to account for the inherent variation due to the random arrangement of different 
sized particles in a pile or bin. 

The field phase of the study consisted of collecting about 2,500 samples of 
coarse aggregates at the point of production, the point of use, and at least two 



other points in the process, and the measuring of the variations of gradation. 
Eight sampling locations were chosen in five widely separated geographical areas 
and included crushed , stone, gravel and slag being used in portland cement con­
crete, bituminous concrete, and aggregate base. Handling procedures were those 
customarily employed in practice. 

This is an interim report on the first phase of the research. Along with 
research conducted under NCHRP Project 10-3, "Effects of Different Methods 
of Stockpiling Aggregates," a more thorough understanding of the problem has 
resulted and will contribute to the development of practical approaches for im­
proving the control of aggregates used in highway construction, including suggested 
specification changes. The final phase of the research is currently under way and 
has as its objective the extension of the knowledge gained in the first-phase work 
to a study of the effects of variations in gradations on the strength and workability 
of portland cement concrete and to a study of the variations in gradations in the 
hot bins of hot-mix bituminous paving plants. As they may be accommodated, 
related studies will involve effect of increment size in sampling of coarse aggre­
gate and mathematical exploration of aggregate gradations. 
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SUMMARY 

CONSTRUCTION 
EVALUATION OF 

PROCEDURES CONTROL 
INTERIM REPORT 

The purpose of this study was to evaluate variations inherent in aggregate grada­
tions. The research developed data relative to variations normal to coarse aggregate 
gradations at different points in the process stream at various types of plants at 
widely different geographical locations. Statistical techniques were used for deter­
mining the relative effect of testing accuracy, sampling methods, and segregation, 
with relation to the evaluation and acceptance of coarse aggregate used for highway 
construction. The work also included the development of a precision statement for 
the aggregate gradation test, and a method of drafting a realistic and adequate 
acceptance gradation specification for coarse aggregates. 

In general, the research data indicate that testing accuracy, even under routine 
conditions, does not greatly influence acceptance or rejection of aggregates on the 
basis of gradation. Sampling methods do have a large effect on the reported grada­
tion, and results based on a single test portion are not an adequate 'basis for deter­
mining compliance with specifications. Under normal conditions, as represented by 
the eight operating plants included in the program, variations in gradation due to 
segregation effects tend to increase as aggregates are moved from point of produc­
tion to point of use. Consequently, sampling at source or at intermediate points in 
the process stream does not appear to provide reliable information as to the varia­
tions in gradation of the aggregate actually incorporated in the final product or 
construction. Large samplings consisting of a series of measurements and results 
indicate that overall variations in coarse aggregate gradation exceed the limits of 
many current specifications. This means that, if the requirements are to be rigidly 
enforced, realistic specifications must have wider tolerances, or changes in plant 
controls are required. The range of overall variation depends on a number of causes. 
The relative effects of these causes vary over wide limits, but the general order of 
magnitude found in this study was testing error 4, inherent variation 10, sampling 
error 30, and actual batch-to-batch variation 56. 

The standard deviation for the repeatability of the gradation test on coarse aggre­
gate, under routine conditions, is approximately 0.4 percent. The standard devia­
tion for the reproducibility of this test depends on the weight and gradation of the 
test portion and must be computed for each particular case. A method is given for 
computing the required test portion or sample weight for any desired degree of 
accuracy. 

Recommended methods of incorporating the results of this study into highway 
construction specifications and procedures are presented in the form of a complete 
model specification for graded coarse aggregate. Methods are given for drafting 
similar specifications, with an explanation of the reasoning and mathematical con­
siderations involved. 

Specifically, the major accomplishments . and findings of this research are as 
follows: 

1. A study was made to evaluate sampling and testing procedures associated with 
aggregate gradation by laboratory investigation, and by taking a large number of 



2 

test portions from the process streams of eight operating plants at widely separated 
geographical locations. The variability of the gradation of five types of coarse aggre­
gate was assessed at the point of production, the point of use, and at intermediate 
points. Statistical techniques were selected and adapted for evaluating gradation 
test procedures, for methods of sampling aggregates for -gradation tests, and for 
determining the variations inherent in aggregate gradations. The source sof variation 
of the gradation of aggregate were statistically analyzed and their relative importance 
assessed. The magnitude of variance components was determined and displayed in 
a schematic model. 

The overall variation_ of the percentage passing a given sieve was hypothesized 
to consist of an inherent variance due to random arrangement of particle sizes, a 
testing error, a sampling error, and batch-to-batch variation. 

This study included: 

(a) Obtaining experimental proof of a theory of inherent variance of aggregate 
gradation expressed as a statistical parameter, and determining the effect of 
this variance on the gradation test. This was accomplished by securing a 
large number of test portions from a nearly perfectly mixed LOT of aggregate 
without introducing segregation effects. 

A practical method of estimating minimum sample size for aggregate 
gradation tests was devised and is presented in the form of a nomograph. 
This nomograph largely eliminates the computations required to apply the 
principles developed in the study of the inherent variability of the aggregate 
gradation test. 

(b) The variance due to testing error involved in the use of standard methods of 
testing for gradation, using different types and gradations of aggregates, was 
determined. This was accomplished by repeating the gradation test of each 
of a large number of test portions at several locations. The effect of simplified 
methods on the experimental error ( inherent variation plus testing error) 
was also investigated, utilizing small test portions. 

( c) The component of overall variance due to sampling error, using usual and 
special sampling tools, was measured. 

The sampling error was found to be largely due to local or short-term 
segregation. In some cases it was so small as to be obscured by the estimates 
of other variances; in others it was a significant part of the overall varianc~. 
The effect of the use of special sampling tools did not prove to be significant. 

2. Analysis of the data indicated that the variability of the gradation of different 
aggregates could be represented graphically by plotting the standard deviat.ion of the 

percentages passing the individual siev,es against VP(l00-P), where Pis the per­
centage passing the sieve. An estimate of a standard deviation, independent of 
gradation, was obtained by projecting the best line through the individual points to 
the 50 percent level, which is the point of intersection with the maximum value of 

V P(l00-P) . This estimated standard deviation was used in connection with the 
parameters called "degree of overall variability," "degree of segregation," and 
"segregation_ index," to compare the variability of aggregates having different grada­
tions. The relative differences in these parameters as a function of the point of 
sampling and of aggregate type were determined. 

3. The pattern of variation of gradation at each plant was studied by use of a 
quality history chart. This involves plotting the percentage passing a selected sieve 
for each test portion in sequential order. These patterns were analyzed with respect 
to handling and storing procedures. 
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4. A precision statement was developed for ASTM C136-63, "Sieve or Screen 
Analysis of Fine or Coarse Aggregate," with application to the percentages of 
coarse aggregate passing the ¾-in., %-in., and No. 4 sieves. In terms of the ASTM 
precision statement format, the tentative testing error ( difference of 2CT limits) was 
found to be about 1 percent. The tentative testing error for repeat tests on the same 
test portion was found to be 1.1 percent. 

An equation was derived for estimating the testing error on replicate test portions 
from the same sample. A specific numerical value, applying generally, cannot be 
stated for this error, because it changes with different gradations, test portion weights, 
and other factors. 

Testing error was found to contribute only a relatively small fraction to the overall 
variance. 

5. Definite recommendations are made for incorporating the results of this study 
into highway construction specifications and procedures to provide a basis for 
acceptance and rejection of aggregates. These include the major items of (a) point 
and method of sampling, (b) minimum sample weight and number of test increments, 
and ( c) graduated penalty system for noncompliance. 

6. A model specification illustrating the method of incorporating the foregoing 
considerations has been drafted and is included in the report. 

CHAPTER ONE 

INTRODUCTION 

OBJECTIVES 

The overall objective of this study was to evaluate real or 
apparent variations of coarse aggregate gradation with re­
spect to construction control procedures. 

Specific objectives were ( 1) to study the theory and 
application of mathematical and tatistical techniques for 
analyzing variations in gradation, and (2) to determine the 
reliability of customary aggregate sampling and test pro­
cedures applied to contract construction control and ad­
ministration. Related objectives were to determine the re­
peatability of the gradation test and the requirements for 
developing a precision statement for the test method. 

Of necessity, some rather involved statistical methods 
have been used in the analy i of certain portions of these 
data. Ina much as Cull exposition of these principles is 
beyond the cope of this report, user not versed in mathe­
matical statistics are referred to the following: 

1. "Development of Guidelines for Practical and Realis­
tic Construction Specifications." NCHRP Report 17 
(1965) 109 pp. 

2. "The Statistical Approach to Quality Control in High­
way Construction." U.S. Bureau of Public Roads 
(Apr. 1965). 

3. Military Standard 414. 
4. "Facts from Figures," by M. J. Moroney, Pelican 

Books. 

5. "Qualified Control and Industrial Statistics." Acheson 
J. Duncan, published by Richard D. Irvin, Inc. 

In many cases, where no documented bases of compari­
son exist, the authors have expressed opinions that certain 
values were normal or satisfactory. These opinions are based 
on the personal experiences of the authors and ntay be 
subject to modification as more data are acquired. 

IMPORTANCE 

Aggregates account for more than 90 percent of most high­
ways and structures and constitute one of the large elements 
of cost of highway construction. Information as to methods 
of control is basic to the formiltion of optimum acceptance 
standards for this important material. Unrealistic specifica­
tions, improper sampling methods, or inaccuracy of tests 
may result in the rejection of acceptable material (or the 
acceptance of unsuitable material), which will ultimately be 
reflected in increased highway construction costs. Some 
current sampling procedures place on the aggregate pro­
ducer responsibility for variations in gradation resulting 
from causes not under his control. The most economical 
construction can be achieved only when control procedures 
insure that the PROBABILITY* of the Engineer accepting 

• Statistical terms and words not commonly used in highway engineering 
are given in small capitals the first few times they appear in the text and 
are defined in the Glossary, Appendix A. 
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unsuitable aggregate is minimized and, at the same time, 
does not subject the producer to an unfair hazard of re­
jection of properly graded aggregate. 

THE PROBLEM 

Most aggregates are purchased for use in specific types of 
construction and are subject to various specifications for. 
gradation. The basic reasons for specifying gradation are to: 

1. Control maximum size because of restricting dimen-
sional considerations or to insure adequate shear strength. 

2. Control quantity and size of aggregate voids. 
3. Obtain suitable workability. 
4. Minimize degradation in compacted courses. 
5. Limit surface area. 
6. Control texture of exposed surfaces. 

The specified gradation requirement usually takes the 
following form: 

Sieve Size Percent Passing 

l½ in. 95 - 100 
¾ m. 35 -70 
¾ in. 10- 30 

No. 4 0-5 

This requirement establishes an allowable range for the 
percentage of aggregate passing each sieve size. 

When a LOT of aggregate, such as a stockpile or a day's 
production, is presented for use, an ACCEPTANCE DECISION 

must be made as to whether the aggregate is of the speci­
fied gradation. Because it is obviously impossible to pass 
the entire LOT through the sieves, the acceptance decision is 
based on a SAMPLE taken from the LOT, and the percentages 
of the aggregate passing a series of small laboratory sieves 
are determined by means of a gradation test. The results 
of such a test might be as follows: 

Sieve Size Percent Passing 

l½ in. 94.6 
¾ in. 69.5 
¾ in. 32.2 

No. 4 3.4 

When the results of the test are compared with the grada­
tion specification, it is apparent that the percentages passing 
some of the sieves are not within the required limits. In 
such an acceptance situation, a decision must be made as 
to whether the LOT of aggregate represented by the SAMPLE 

should be rejected, whether it substantially complies with 
the requirements, or whether another SAMPLE should be 
taken. If the chosen alternative is to reject the LOT of 
aggregate and if this decision should be disputed, an ob­
jective arbitrator might ask the foliowing questions: 

1. Does the fact that the SAMPLE did not meet the speci­
fications mean that the aggregate in a load of concrete, or 
in all the loads of concrete, is not within the specified 
gradation limits? 

2. What is the relationship of the gradation of the aggre­
gate at the point in the process stream at which the SAMPLE 

was taken to the gradation of the same aggregate at the 
point of use? 

3. How ACCURATE is the test method? If the same SAM­

PLE should be retested, how closely would the results cor­
respond to those first reported? 

4. What would be the effect with respect to the test 
results if a different SAMPLING PLAN were followed? 

5. If an.other SAMPLE should be taken by the same 
method, would the test results be within ± 0.1, ± 1.0, or 
± 10.0 percent of the percentages first reported? 

6. Is the specification realistic? Can the results of tests 
on all SAMPLES be expected to fall within the limits? 

Basically, the answer to all of these questions is tied to 
the word "sAMPLE." In assessing any results of tests on 
aggregates, it must be kept in mind that under practical 
conditions one can never measure the whole bulk of the 
material. Measurements of gradation are made on the 
SAMPLE, which is usually an extremely small part of the 
whole bulk or LOT of aggregate it is supposed to represent. 
The result of measurements on a SAMPLE is always an 
ESTIMATE of the true value and has a limited ACCURACY. 

In business, one can say that 6% interest on $100 for one 
year is $6.00, and be sure that this is the one and only 
right answer. However, when measurements are made on a 
SAMPLE, and the results indicate that 6% of the aggregate 
passes a certain sieve, the situation is quite different. The 
best that can be done is to say that the percentage of the 
whole LOT of aggregate that would pass the certain sieve is 
probably 6% ± C, where C is a constant associated with 
the uncertainty of obtaining a true value. Because the value 
of C is seldom known, it does not appear in the reported 
tabulation of test results; but visible or not, it is always 
there, because it is the inescapable consequence of making 
an ESTIMATE from a SAMPLE. 

This situation is shown in Figure 1, in which the char­
acteristics of the LOT are estimated from a sample. The 
scheme shown is also the plan used in the main series of 
field experiments in connection with this project. An ad­
ditional purpose for presenting it as part of this introduc­
tion is to define the terms used and show their interrelation. 
The definitions of the terms LOT, BATCH, INCREMENT, TEST 

PORTION, GROUP, and SAMPLE are given in the Glossary 
(Appendix A), but the interrelationship of these subdivi­
sions of the LOT are shown in Figure 1. It should be noted 
that TEST PORTION and SAMPLE are not synonymous. A 
test portion is the part of a sample actually tested and may 
consist of a single increment (shovelful), or a group ( two 
or more increments from the same batch), or it may be 
obtained by reducing the sample or sample increments by 
quartering, riffling, or taking an aliquot quantity. The basic 
problem remains one of estimating the characteristics 
(average and variability) of the LOT from a limited number 
of measurements made on a sample. 

THE APPROACH TO AN ANSWER 

The research approach for this project was designed to 
separate and evaluate those factors which affect the value 
of C under various conditions of measuring the gradation 
of coarse aggregates used in highway construction. The 
report develops first the basic statistical concepts necessary 
for an understanding of VARIATION so that the deviations 
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BATCH 
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Figure I. Sampling plan for determining al'erage gradation, within-lot variation, and within-batch variation. 

inherent to the methods of measurement and to the sam­
pling and test procedures applied to contract construction 
control and administration can be defined and, where possi­
ble, quantified under typical operating conditions and with 
typical aggregates. In large part, coarse aggregates were 
selected for investigation because these are more prone to 
segregation during normal handling, sampling, and testing. 
One well-graded base course aggregate was included for 
comparative purposes. Typical operating plants and typical 
aggregates were purposely selected for study so that the 
relative measurements of variability obtained would 'ap­
proximate "normal" rather than "research" conditions. The 
main field investigation involved eight different plants, seven 
sampling points within the process stream ( crushers, trucks, 
stockpiles, barges, hoppers, belt conveyors, and the road­
way), five types of commercial aggregates ( crushed stone, 
slag, and gravel), and seven different geographic locations 
( six States) . 

In addition to this main field investigation, some special 
experiments were conducted both in the laboratory and in 
lhe field to better define or to quantify the mathemalical 
formula for inherent variance the testing error or repeat­
ability of the gradation te t, a particle count experiment, 

and to a limited degree, the relative efficacy of different 
sampling tools. The raw data for all of the experimental 
work, both in the main field investigations and the special 
experiments, are not given here because they occupy 193 
pages of some 3,000 individual test results and computa­
tions. 

Briefly, the major steps undertaken to accomplish the 
objectives of this initial phase of the project consisted of: 

I. Planning. 
2. Review of literature and standards. 
3. Statistical studies. 
4. Planned laboratory experiment. 
5. Field investigations. 
6. Sampling and testing experiments. 
7. Computations. 
8. Analyses of data. 
9. Drafting of report. 

10. Recommendations for continuing research. 

Particular attention is invited to the Glossary of Terms 
presented in Appendix A. An appreciation of the applica­
tion of statistical concepts by most highway engineers is 
difficult enough without the added handicap of problems 



6 

in semantics. For the first few pages of each chapter, those 
words that might be strange to the average reader and which 
are defined in the Glossary are given in small capitals. It is 

CHAPTER TWO 

STATISTICAL CONCEPTS 

It is obviously beyond the scope of this report to present a 
textbook on statistics-nor is it necessary. On the other 
hand, certain statistical concepts are needed and are used 
in this study and in this report as tools for the definition 
and measurement of variability. These statistical concepts 
are essential to the breaking down of variability into its 
components so that the causes of variation can be identified, 
studied, and (hopefully) quantified or, at least, their rela­
tive magnitude estimated. The pertinent statistical funda­
mentals are very briefly reviewed in this chapter. 

NORMAL DISTRIBUTION CURVE 

STATISTICS is a scientific method that deals with the analyses 
of averages, and VARIATION around averages, as found in 
numerical DATA. By the use of proper statistical techniques, 
certain inferences can be drawn from limited data that 
would not otherwise be possible. In addition, optimum 
sampling and testing schedules can be developed that elimi­
nate unnecessary expenditures of money, time, and effort 
by making only the number of tests necessary to evaluate a 
particular condition. One application of statistics used in 
this report is the concept of the NORMAL DISTRIBUTION. One 
of the properties of the NORMAL DISTRIBUTION CURVE is 
that, regardless of its shape, a definite percentage of the 
total area beneath the curve is defined by vertical lines 
spaced a definite number of STANDARD DEVIATION (o-) 
units from the centerline of the curve which represents the 
average value, X, as shown in Figure 2. 

The tails of the normal distribution curve approach the 
base line at approximately three standard deviation units on 
each side of the average. It should be noted, however, that 
about 68.2 percent of all possible test results would fall 
within ± la- limit from the average; 95 percent would fall 
within ± 2a- limits; and 99.7 percent of the results would fall 
within ± 3o- limits. Thus, under normal conditions, the 
number (or percentages) of measurements deviating from 
the average by any given amount can be predicted. When 
a very few samples are taken, this curve will often assume 
a shape other than that of a normal curve. This does not 
necessarily indicate that the parent distribution , consisting 
of all possible measurements, is not normally distributed. 

In the case illustrated by Figure 2, SIGMA (o-) = 2.3, so 
± 3u- = ± 6.9 and about 100 percent of the values are in­
cluded in the RANGE 55. l to 68.9. If these numbers repre­
sented the percentage of an aggregate passing a certain 

hoped that the reader will check the definitions of these 
words to assure a common understanding of their use within 
the context of the report. 

sieve and the results of a large number of tests indicated 
that the standard deviation, a-, of the measurements was in 
fact 2.3, it could be expected that few future measurements 
would normally exceed this range. Obviously, if u was 
smaller the range would be narrower, while a large value 
of a- would correspond to a wider range of variation. 

Sigma, then, is a means of expressing variation as a 
numerical value. For convenience, the VARIANCE, o-2 , which 
is the square of the standard deviation, is used instead of a­
as a measure of variability in some parts of this report be­
cause variances can be added, whereas standard deviations 
cannot be directly treated arithmetically. 

Accordingly, in this report both the standard deviation 
and the variance have been selected as the measures of 
variability. A relatively small value of either of these 
PARAMETERS indicates that essentially all measurements lie 
close to the average, while a relatively large value indicates 
that the measurements deviate from the average over a 
wider range. 

SIGNIFICANCE OF VARIABILITY 

When actual variations are compared with specification 
limits, there are three possible conditions (Figure 3), as 
follows: 

(a) A low variation with most results within specifi­
cation limits. This may indicate that the specifications are 
realistic and that the production process is in good control. 

x 

34 . I + 34. I = 68 . 2 

2.35 + 2.35 + 95 = 99 .7 

I I 

I :--± la -....: 
.,.___±2<7----1 

- ----± Jcr - -----1 

Figure 2. Percentages of area within given sigma limits , 



However, if all results are within specification limits, the 
data may indicate that the sampling procedure is not en­
tirely unbiased. 

(b) A relatively low variation with an average too close 
to the specification limit. This may indicate that either the 
material production is offset with respect to the specifica­
tion requirements, or that the specifications are offset with 
relation to current practice. 

(c) A high variation making it improbable that most 
results will fall within the specification limits most of the 
time. This conditio~ indicates that control needs to be 
tightened to reduce the variation to the uniformity required 
by the specification or that the specification tolerances are 
not realistic and need to be broadened. 

These relationships can be profitably applied to the con­
struction control of aggregates, as well as to many other 
materials, processes, test methods, and operations used in 
highway construction. They may be used for two main 
purposes: ( 1) to rate the compliance of a given aggregate, 
material, or process, with the specification requirements; or 
(2) to compare specification requirements with the vari­
ability of typical operations. This method of presentation 
by use of the NORMAL CURVE assists in visualizing the perti­
nent relationships between operating tolerances and speci­
fication limits, and also provides a logical means for select­
ing the more fruitful areas for additional detailed study and 
research, for determining whether there is a necessity for 
administrative investigation or improved control, and/ or 
for indicating the need for a specification rewrite. 

In the following sections, statistical methods based on the 
normal distribution curve have been used to analyze various 
problems, to treat the data, and to provide a means of 
measuring the relative sizes of the components of variation 
of the gradation of coarse aggregates at the critical points 
in the process stream of eight typical operating plants. 

ANALYSIS OF VARIANCE 

The !lleans of isolating and measuring the relative magni­
tude of the individual components of variability is called 
ANALYSIS OF VARIANCE. The components to be isolated and 
defined will differ, depending on the system and on the 
objectives of the analysis. The statistical principles, how­
ever, are the same and, in general, involve a large number 
of replicate measurements on test portions selected in such 
a manner that the influence of other causes of variability are 
either eliminated or are capable of being otherwise esti­
mated. Sometimes this involves some rather complicated 
interrelationships and occasionally some rather ingenious 
means of isolating and studying the individual components. 
The basic arithmetic, however, boils down to the fact that 
variances, cr2, are additive. 

Construction of Model 

Early statistical studies made in connection with this project 
included the design of a model showing the sources of the 
overall variations in gradation expected among random 
samples of aggregate taken at a point in the process flow 
from source to the point where the aggregate was incor-

Lowe r 
Li ml t 

Figure 3. Effect of variability . 
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porated into the product or construction. It was concluded 
that the OVERALL VARIANCE, cr2 0 , of the gradation of aggre­
gate samples taken from the same LOT such as a stockpile, 
railroad car, or bin, may be conveniently broken down into 
four basic components: • 

(a) cr2a - the inherent variation resulting from the ran­
dom arrangement of particles of different sizes 
in a mixture; 

(b) cr2t - a variance due to testing errors•; 
(c) cr28 - a variance due to sampling errors•; and 
(d) cr21 - the batch-to-batch variation within the lot. 

(1) 

Figure 4 shows the relationship of these variances, scaled 
roughly to the average size of the components of variance 
at the point of use. It shows how these components can be 
combined in various ways to construct a model germane to 
a given study. 

In general, continuing research was directed to the evalu­
ation of these variances, by both theoretical methods and 
by measurements on samples taken under practical operat­
ing conditions over a wide range of aggregate handling 
methods. The basic variance components and their perti­
nent combinations are now discussed individually. 

Theoretical Maximum Variance 

A theoretical variance not shown in Figure 4 is that repre­
sented by complete segregation (the condition illustrated in 
Fig. 5D). This theoretical maximum has no practical sig­
nificance in real life, but it does provide a limiting param­
eter. As will be developed later, this variance acquires 
mathematical usefulness in the definition of a new param­
eter called DEGREE OF SEGREGATION, and another called 
DEGREE OF OVERALL VARIABILITY. 

The theoretical maximum variance is designated in the 
report as cr"nrnx and is derived from the binomial theorem 
as P(IOO- P), where Pis the average percent passing a 

• These are not errors in the sense of someone making a mistake. They 
are random variations associated with the sampling and tes~ing procedure. 
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Figure 4. Sourc:es of variance. 

--
NON-RANDOM ARRANGEMENT I 

WHICH CAN BE FORMED ONLY BY A 
PART I CLE-BY-PART I CLE PLACEMENT . 

I 
I 
ii 

ORDERED 

COMPLETELY RANDOM ARRANGEMENT 
PRODUCED BY PERFECT MIXING. 

RANDOM 

I 

ARRANGEMENT I NTERMEOIATE BEnlEEN COMPLETELY 
RANDOM ANO COMPLETELY SEGREGATED. THE TYPE C 
OF MIXTURE COMMONLY FOUND IN PRACTICE. 

I I 
I I 

II. I Ill 
I ■■ --

I 

I 

I I 
I 

P"RTLY SEGREGATED 

D 

COMPLETELY SEGREC" TED 

COHPLITE SEPARATION OF TYPES OF PARTICLES 
RESULTING IN A VERY HIGH LIMITING, OR PARENT, 
VARIANCE. 

) 

given sieve. Table I gives the relationship between P, the 
percent passing, and the theoretical maximum variability. 
The maximum standard deviation, <Tmnx• lies between 30 
and 50 percent over the range of X from 10 to 90 percent 
passing the particular sieve in question-below 10 percent 
and above 90 percent, <Tmnx drops off quite rapidly. This 
general trend seems to be a pattern followed by other 
sources or components of variance related to aggregate 
measurements. In general, variability seems to increase as 
the amount of m·aterial passing that particular sieve tends 
to approach the 50 percent level-conversely, the variability 

tends to decrease and correlations become poorer as X for 
that sieve approaches either zero or 100 percent passing. 

Inherent Variance 

An initial activity was to devise some method of estimating 
the INHERENT VARIANCE, u"a, of the relative percentages of 
particle sizes due to the discrete nature and normal random 
distribution of aggregate particles. 

Figure 5. Particle arrangements. The white and black spots 
represent particles, or groups of particles, having unlike char­
r1C·teristics in a11 i11/i11iu: r1op11l<itio11 of combinations of such 
particles. The diff erenr arrangements represeilt the degree of 
disr1ersa/ of like parric/,,s throughout the mixture. 



INHERENT VARIATION is due to the RANDOM arrangement 
of different sized particles in a collection of particles. This 
is illustrated by Figure 5, where the fine and coarse particles 
are represented by black and white spots. Although it may 
be thought that a well-mixed aggregate should have an 
ordered arrangement as in A, this is an unnatural condition 
which, if achieved, would disappear when the aggregate was 
moved or mixed. When particles of different sizes are 
thoroughly mixed, they are almost completely randomized, 
as in B; and this is as nearly a uniform distribution of sizes 
as can be expected. 

It will be seen that if groups containing the same number 
of CONTIGUOUS spots are selected from B, some groups will 
contain more black spots than others, and the ratio of white 
spots to black spots will vary. This variance is symbolized 
by u2a, and because the arrangement of B is truly random, 
it is possible to calculate the value of 172 a under various 
conditions. Also, if a large number of groups or INCRE­

MENTS is selected, it is possible to predict from the normal 
distribution curve the percentage of times a certain num­
ber of black spots will occur in a group or increment. One 
peculiarity of this random distribution is that the variance 
depends on the size of the group or increment, and a collec­
tion of small increments. 

Because u2 a is caused by non-homogeneity within the 
volume of aggregate actually tested, it is a basic variation in 
gradations that cannot be reduced by PROCESS CONTROL. 

Obviously, it would be impractical and uneconomical to 
modify any production process in an attempt to reduce the 
process level of variance below this inherent variance. Also, 
this basic variation must be considered when establishing 
numerical limits for gradation specifications. In addition, a 
method of estimating this variance is necessary to the de­
velopment of a method of computing the minimum size of 
the sample or test portion required for a predetermined 
accuracy and degree of assurance. 

Manning ( 67) *, Buslik (28), and Visman (J 06) have 
devised formulas for computing the theoretical value of a 2 a, 
but the data with which the theoretical values have been 
compared does not appear to be entirely satisfactory for 
the purpose of establishing the validity of the formulas for 
aggregate control. Because of lack of suitable data and 
disagreement among values obtained by their computations, 
a special experiment was designed to measure the inherent 
variance of two typical commercial coa~se aggregates. As 
far as can be determined through a search of the literature, 
this experiment is the most comprehensive study ever un­
dertaken on inherent variance using a practical aggregate 
gradation. The findings are in general agreement with 
~quations based on the binomial distribution theory and, 
m particular, provide a reasonably good verification of 
Manning's equation. These raw data on which the findings 
are based (available on special request) should have special 
significance to the future researcher wishing to study this 
subject in greater depth. 
. The details of this experiment and associated computa­

tions are described in Appendix B. The results are sum­
marized in Table 2. The theoretical inherent standard 

• Bibliography reference numbers (Appendix C) . 
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TABLE 1 
THEORETICAL MAXIMUM V ARIABJLITY 

% PASSING, P 

50 
40 and 60 
30 and 70 
20 and 80 
10 and 90 
5 and 95 
2 and 98 
I and 99 
0 and 100 

U2mnx=P( 100-P) Umnx= VP( 100-P) 

2500 
2400 
2100 
1600 
900 
475 
196 
99 
0 

50 
49 
46 
40 
30 
22 
14 
10 
0 

deviation with which the experimental values are com­
pared is 

in which 

P(lOO-P)g 
454 W 

(2) 

P = percent by weight of the aggregate passing a desig­
nated sieve; 

,,. a = the inherent standard deviation of that percentage; 
g = the average particle weight, in grams, of all particles 

larger than the openings in the designated sieve*; and 
W = the total weight, t in pounds, of aggregate passed 

through the sieves. 

Estimation of the average particle weight, g, is not par­
ticularly easy. It was therefore desirable to develop a rela­
tionship between the average weight of aggregate particles 
passing one sieve and retained on the next smaller sieve-and 
their effective diameter. To do this, it was necessary to 
count and weigh several thousand particles to determine an 
accurate estimate of the weight of the various sizes. This 
work was later extended to other aggregates and an equa­
tion and a nomograph were developed to simplify the 
estimation of g under normal or average conditions. The 
equation is developed and presented in Appendix B; the 
nomograph (Fig. 7) is explained later in this chapter. 

As shown in Table 2, reasonable correlation between 
experimental and theoretical values of u a was obtained at 
the 95 percent confidence level, particularly with respect to 
the larger (¾-in.) particles in the gradation and when the 
weight of the test portion was in the order of 20 lb. On 
this basis, the values of un obtained by the use of Eq. 2 
were considered to be a sufficiently accurate estimate and 
values of era so computed are used in the report. To show 
the relative magnitude of this source of variability, average 
crn values corresponding to a sample weight, W, of about 
25 lb, are presented in Table 3 for the various sieve sizes 
of the gradation used in this study (1 ½ in. to No. 8). 

• Note that this value is the average particle weight of all particles of 
all material that would be retained en the designated sieve if there were 
no coarser sieves in the stack. J.t.. is not the average particle weight of 
merely that material passing the next larger sieve and retained on the 
designated sieve as is customarily visualized in gradation considerations. 

t Note also that W is the Iola! weight and not merely the weight of 
aggregate passing the designated sieve. 
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TABLE 2 

COMPARISON OF COMPUTED AND EXPERIMENTAL INHERENT STANDARD DEVIATION, u,. 

AVG. WT. 
OF TEST AVG. STD. DEVIATION, % PASS. 

REPETI- PORTION SIEVE PARTICLE PERCENT PERCENT 

MATERIAL TIONS (LB) SIZES WGT. (GM) RETAINED PASSING THEOR. EXPER. 95% C.L. 

Crushed stone 100 19.0 Jl/2"-¾" 
¾ "-1/s" 
3/s"-No. 4 

No. 4-No. 8 

Crushed stone 100 9.8 l½"-¾" 
¾"-¾" 
3/s"-No. 4 

No. 4-No. 8 

Crushed stone 100 5.0 l½"-¾" 
¾"-¾" 
¾ "-No. 4 

No. 4-No. 8 

Rounded gravel 200 24.4 !½"-¾" 
¾ "-J/s" 
¾ "-No. 4 

No. 4-No. 8 
No. 8-Pan 

Testing Error 

The variance due to TESTING ERROR, denoted by <T21, is the 
between-le t-portion variance due to the Jack of REPEAT­

ABILITY of the test procedure, which may include effects of 
reducing increments to TEST PORTION size, or other pre­
paratory work. Even when the same sample is passed 
through the same sieves, re ults may differ. Aggregate par­
ticles are usually of i.rregular hape, and during one test 
may be favorably positioned for passing through a sieve 
opening, wherea • during another test the same particle may 
not be o oriented. With ome types of shaking equipment, 
particles that have pa sed through the openings of one 
sieve may even return to that sieve after prolonged shaking. 

Sources of variation between reported gradations, not 
usually considered a part of the testing error of the pro­
cedure, may include differences in sieving efficiency and 
actual errors such as the loss of aggregate particles from 
the ample testing, inaccurate weighing of groups of sepa­
rated particles, or incorrect observations or calculations. 

Probably the chief cause of variation, in many cases, is 
Lhe use of too large a test portion. If a thick bed of par­
ticles remains on a ieve al the end of the shaking period, 
it i probable that varying number of the smaller particles 
will not have had the opportunity to pa s through the sieve 
openings. All of the foregoing factors are affected by dif­
ferences among items of equipment and differences among 
operators. In situations where variation due to testing 
error is large, and cannot be reduced by using more precise 
test equipment or improved operator technique, it is neces­
sary to average the results of a number of nearly identical 
test portions to obtain the desired accuracy. 

As used in this report, <Ti is a measure of the repeat-

29.0 13.3 100.0 
4.3 51.2 86.7 2.0 1.9 1.66-2.20 
0.61 27.8 35.5 1.6 1.5 1.31-1.74 
0.09 7.7 7.7 0.56 0.53 0.46-0.61 

29.0 13.4 100.0 
4.3 51.4 86.6 2.7 2.9 2.54-3.36 
0.61 27.5 35 .2 2.2 1.7 1.49-1.97 
0.09 7.7 7.7 1.0 0.51 0.45-0.59 

29.0 13.8 100.0 
4.3 52.0 86.2 3.9 3.8 3.33-4.40 
0.61 26.4 34.2 3.1 2.2 l.93-2.55 
0.09 7.8 7.8 1.5 0.65 0.57-0.75 

16.2 16.4 100.0 
4.3 57.1 83.6 1.4 1.4 1.24-1.64 
0.81 23.9 26.5 I.I 0.9 0.81-1.08 
0.11 2.2 2.6 0.35 0.26 0.23-0.30 

0.4 0.4 0.14 0.16 0.14-0 .19 

ability of the gradation test using the same test portion, the 
same equipment, and with the same operator. It is com­
puted from 

rr2 _!(X,-X,)~ 
i- 2n 

in which 

u 21 = variance due to lack of repeatability of the test; 
X 1 = result of first test on test portion; 
X2 = result of second test on same portions; and 

(3) 

n = number of test portions (two measurements or tests 
were made on each test portion). 

The scope of the work to be accomplished under this 
project included experimental measurement of <T21 for 
coarse aggregate only. Because some aggregates are sub­
ject to degradation during sieving, <T 21 was determined by 
retesting test portions taken at random from the various 

TABLE 3 

AVERAGE u., VALUES FOR W = 25 LB 

SIEVE 
SIZE 

l\/2 in. 
¾ in. 
:Ys in. 

No. 4 
No. 8 

THEORETICAL 
INHERENT 

VARIABILITY, 
u., , % PASSING 

2.8 
2.0 
1.4 
0.7 
0.6 



samples, rather than making multiple tests with the same 
test portion. 

The retests were made under such conditions that the 
results were not BIASED by those originally obtained. A 
total of 312 retests were made on six different aggregates 
having different gradations (the test portion size varied 
from about 15 to 45 lb). The tests were made in three 
different laboratories and two types of sieving equipment 
were used. 

The standard deviations of the percentages passing the 
various sieves are given in Table 4. 

The data in Table 4 were obtained in the three labora­
tories under practical operating conditions considered to 
be typical in the average State highway department or com­
mercial testing laboratory. Precautions · were taken that 
only normal care was exercised in making either the original 
or the repeat tests and that the results of the repeat tests 
were not influenced by those previously obtained. The re­
sult was the rather wide range of repeatability shown in 
the table, which probably represents realistic routine pro­
cedure. However, it is quite possible that if special precau­
tions were taken to further eliminate ASSIGNABLE CAUSES, 

more uniform results would be obtained. 
Pooling the data by combining variances yields a rounded 

figure for average standard deviation, u1, of 0.4 percent 
under these given conditions. This value of o'1 includes 
normal weighing errors, but does not include other possible 
sources of testing error which could occur when replicate 
test portions are tested, such as variations due to splitting 
or quartering. Accordingly, values of testing error indi­
cated by the data of this table must be considered to be 
minimum values, which can be expected to be exceeded 
when routine gradation tests are made on replicate portions 
of a sample of aggregate. 

Assuming that sieves having standard openings are used 
and are in good condition, the relative amount of sieving 
error depends on several variables. The most important of 
these are the thickness of the bed of particles on the· sieve, 
the shape of the particles, the length of time the material is 

TABLE 4 
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sieved, and the efficiency of the sieving equipment. If the 
bed is not more than one particle thick and the complete­
ness of sieving is tested by the hand method as outlined in 
ASTM Method C 136, 5(b), the sieving error will be ex­
tremely small. Under the practical conditions of routine 
tests, a bed of several particles in thickness may form on 
one or more sieves, depending on the gradation of the 
aggregate. In such a case, there may be appreciable sieving 
error associated with these overloaded sieves, because there 
will be less opportunity for particles to be oriented into posi­
tion for passage through the sieve openings during the 
practical limits of sieving time. 

The values shown in Table 4 represent differences to be 
expected when the same test portion is retested under prac­
tical routine conditions using a range of aggregate types 
and gradations normally encountered in typical highway 
construction. As cited, only normal care was taken to 
prevent overloading of the sieves, to sieve completely, and 
to avoid weighing errors. Under these conditions, differences 
were found in the standard deviation of the percentage 
passing the same size sieve among the different series. With 
an extended gradation, such as in Series No. 5, the lesser 
number of particles retained on the coarse aggregate sieves 
apparently led to a reduced testing error. The differences 
between Series No. 7 and Series No. 8 apparently reflect 
the effect of different technicians using the same equipment, 
and essentially the same aggregate. It should be noted, 
however, that these routine testing errors are small com­
pared with other sources of variation which combine to 
determine the CONFIDENCE LIMITS for the estimate of the 
true gradation of the aggregate. In other words, the ac­
curacy of the test result is affected more by the sampling 
procedure and sample weight than by the precision of the 
test method. 

Experimental Error 

The sum of the variances due to inherent variation and test­
ing error ( CT2 a + CT 2 t) has been called EXPERIMENTAL ERROR 

(cr0). Inasmuch as it is this combined variance that affects 

SUMMARY OF RESULTS OF REPEATABILITY TESTS 

NO.OF 
TEST STANDARD DEVIATION, (]'1, OF PERCENTAGES PASSING 

SERIES PORTIONS, 
NO, EQUIPMENT n 1 V2 IN. ¾ IN. 3/s IN. N0.4 NO. 8 A 

I Gilson 100 0.49 0.65 0.35 0 .26 0 .02 
2 Gilson 100 0.28 0.50 0 .33 0.20 0.02 
3 Gilson 20 0.57 0.37 0.26 0.25 0.25 0 .02 
4 Gilson 12 0.45 0.51 0.14 0.12 0.02 
5 Gilson 20 0.26 0.25 0 .25 0.28 0.02 
6 Gilson 20 0.30 0.46 0 .55 0.45 0 .03 
7 Weston 20 0.54 0.43 0 .36 0.04 0.02 
8 Weston 20 0.09 0.14 0 .20 0.17 0.01 

Weighted avg., u', 0.318 0.149 0.268 0 .111 0.061 

Wtd. avg. among series, -ii, 0.6 0.4 0.5 0.3 0.3 0.02 
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the repeatability and REPRODUCIBILITY of an aggregate 
gradation test on duplicate ample , the PRECISION STATE­

MENT for this test must be based on this sum of variances 
(see Chapter Seven). 

Sampling Error 

The source of the sampling error, a- 28 , is the incomplete 
mixing of a small volume of aggregate, such as in a batch 
or unil of construction, so that the distribution of the par­
ticles of different sizes is not e.ntirely random. A · a result, 
an increment taken from one part of the batch will not 
show the same test values as one taken from another part 
of the batch. It is computed by first finding the total within­
batch variance, u 2b, then subtracting the sum of the inherent 
variance and the testing error, or 

(4) 

In several cases, the experimental ampling error proved 
10 be zero or a . lightly negative value. This probably 
indicates that no sampling error existed (the batch itself 
was well mixed) or lhat the estimate for u ~. or a-~, was loo 
large. It al o illustrates a fact which mjght wel_l be empha­
sized at this point; namely, that these variances are not exact 
numbers, but arc themselves subject to errors of measure­
ment or estimating. (In fact, the analysis of variance in­
volves obtaining the best estimate possible of the individual 
components, but knowing full well that certain approxima­
tions are a necessary part of the analysis.) It is not sur­
prising, therefore that small negative estimated values will 
occasionally appear when the variances to be estimated 
are small. Again it should be noted that essentially all of 
the zero or slightly negative u_, values were obtained when 
X, the level of percent passing, was either very high 
(95 %+) or very low (0 to 2% ). 

The general order of magnitude of the variabi lity due to 
ampling error or local segregation is illustrated in Table 5. 

Here, the first column shows the sampling error, a-ij on the 
¾-inch sieve for various point of ampli.ng in the proce 
stream. ll should be emphasized that these results are pre­
·ented here primarily to illu trale the order of magnitude of 
this ource of variance. A more detailed presentation of 
finding and the correlation between source of variance and 
point of sampling is presented later in the report. 

Within-Batch Variance 

The within-batch variance is found by taking two test por­
tions or increments from suitably separated points in the 
same batch, making the specified tests, and substituting the 
results in 

in which 

u 2 & = total within-batch variance; 
XA = test result on first increment; 
X JJ = test result on duplicate increment; and 

(5) 

n = number of paired increments ( one-half the total 
number of increments). 

In many instances, such as in the case of an aggregate for 

TABLE 5 

AVERAGE STANDARD DEVIATION" OF CONCRETE 
AGGREGATE PERCENT PASSING ¾-IN. SIEVE 

AVG. STD. DEVIATION VALUE 

WITHIN- BATCH-TO-
SAMPLING SAMPLING, BATCH, BATCH, OVERALL, 
POINT u, u, CI/ (I 0 

Crusher 0.9 1.7 3.5 3.9 
Belt to bin 1.3 2.1 4.2 4.9 
Bin to discharge 3.4 3.8 8.0 9.1 
Barge 7.6 7.7 9.4 12.3 
Stockpile 4.4 4.6 8.2 9.5 
Truck 3.6 3.8 8.0 9.1 

a For comparative purposes, average testing error at == 0.4, and average 
inherent vnrinbility u a = 1.4, on the %-in . sieve. 

use in concrete, within-batch variance, a-\, is of least prac­
tical importance, because the cause of this variance will be 
removed by further mixing. However, if the batch is suffi­
ciently segregated, the sampling error, a-2 8 , may lead to 
misinterpretation of test results unless test portions are taken 
by collecting multiple increments of aggregate from dif­
ferent parts of the batch. The exercise of engineering judg­
ment in interpreting the relative importance of within-batch 
variance for a given aggregate use can have much prac­
tical significance. 

Again, for comparative purposes only, average within­
batch standard deviation, a-&, values are presented in Table 
5. 

Batch-to-Batch Variance 

The batch-to-batch, or within-lot variance, u 21, is the most 
significant, because it can cause actual differences in the 
performance of different batches. 

The size of the variance depends almost entirely on the 
efficiency of the methods of handling, transporting, and 
storing aggregates, and the resulting degree of segregation. 
It is computed by difference, using 

(6) 

The relative magnitude of the standard deviation associ­
ated with batch-to-batch segregation, u 1, is also given in 
Table 5. 

Overall Variance 

The total overall variance among test portions taken from 
a LOT is symbolized by u ~0 • which is equal to u 2a +a-\+ 
1r2 ~ + er 1, and i • computed by 

tX" - (tX)"ln 
<T'1.o == 

II - I 

in which 

a-2 0 = total overall variance; 
X = test result on an increment or test portion; and 
n = number of measurements or test results. 

(7) 



Comparative values of average overall standard deviation 
of percent passing the ¾-in. sieve at the different sampling 
points are also included in Table 5. 

Computation of CT 2 0 can be quite tedious. In this study, 
all computations were made on a high-speed electric desk 
calculator using forms specially devised for this purpose. 
Use of this type of form (Fig. 6) greatly simplifies the 
calculations involved. 

A computer program was subsequently developed for 
these computations and has been successfully used for a 
later project (HR 10-3 (1)). It is now evident that this 
program will prove to be of value for extensions of Project 
HR 10-2 work. 

Summary of Variances 

To sum up, the variations in gradation which may be ex­
pected among random samples taken from a LOT of aggre-

SOURCE OF DATA 

Project Seri es 5 
Locat Ion N. C. Roadway 
Hateri al 
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gate stem from many causes, as shown in Figure 4 and 
Table 6. 

The relative magnitudes of the corresponding standard 
deviations are summarized for comparative purposes in 
Table 5. A summary of the general observations regarding 
the factors which seem to influence these variations is pre­
sented in the following in order of relative size. 

The testing error, CT1, is the smallest of the group with an 
average of about 0.4 and a range of 0.2 to 0.6. The data 
indicate that there is a relation between CTt and the amount 
of material on the sieve. For most of the aggregates studied, 
the percent passing the No. 4 and the No. 8 sieves was small 
and, in general, CTt is correspondingly smaller than it is on 
the ¾-in. or %-in. sieves. Series No. 5, on the other hand, 
is a well-graded aggregate with a relatively large percent 
passing the No. 4 and No. 8 sieves; the testing error on these 
sieves is correspondingly larger. 

The inherent variability, CTa, is next in line under the con-

1111. X )( )( )( 

I 88 . 8 83.4 7 I. 3 
2 84.5 81 . 8 70 I 

Date Sampl ed Jul:t 9 1 19b~ } 84.9 83. 7 78 .6 
Type of Test 4 85 .2 82.Q 71 ~ 
Date Tested 
Remarks 5 86 .S 82 . 0 79. 7 

6 82.3 80.3 79 .8 
7 85. 7 75,3 78 . 8 
8 81. 6 84.3 8 I. 3 

% Passin2 374" 9 88.8 as. 1 81 .8 
10 83 . 9 86.3 82 . ~ 

11 80 . 0 77 , 2 84 . I 

12 81. 2 8 I. 7 78.2 

13 76 . I 86. 5 83.4 

14 86.3 85 . 2 81.1 
hr:; 82.3 8 I. 2 81. 1 

16 78,5 82.3 84.7 

)7 84. I 72.8 83.8 

18 80.5 74.6 78. 7 

Ila 80. 5 70.4 81. 3 

20 76,5 72 . 9 77.6 

ow COMPUTED l'\ETHOO 
1 n No. X' s 60 

2 D( Sum n X's 4.858. I 
1 i (A,,._, 2)/fD~ Jl 80.97 
s Dr Sum n (X's )8 >al, 517.17 
4 ,nc_} a /n (Row 2} 8 /n 393,352.26 
6 l:t-(D<). In Row<;-Row4 1,165.11 
7 a• (Row 6 \/ (n. Jl 19,75 
8 (J ./Row 7 4 .44 
9 LI IOO(Row 8)/(Row 3) 

By _________ Date ____ _ 

Figure 6. Example of worksheet for comp11tinf.i t!te standard deviatioll, ", hy use of a 
desk ca lculator. 
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TABLE 6 

SUMMARY OF VARIANCES 

DESIO- HOW 

VARIANCE NATION CA USE ESTIMATED 

Theoretical maximum <I2mnx Complete segrega- Computed 
tion 

Inherent ( within-test <12,, Inherent Computed 
portion) 

Testing error (between u', Testing error By experiment 
tests) 

Sampling error (among u-.~ Sampling error By difference 
increments) 

Within-batch ,,.:\, Multiple (sum of By experiment 
<T2n , <121, U2s) 

Batch-to-batch " 0" I Segregation By difference 
(within lot) 

Overall cr-11 Sum of variances By experiment 

djtions of test (sample weight, W ::::: 25 lb). Inherent vari­
ance is an inverse function of sample weight and is also 
related to particle size. Under the study conditions u 0 

varied from 0.6 for the No. 8 sieve to 2.8 for the 1 ½-in. 
sieve size. 

Tire experimental error, <Tr , is a mea ure of ihe combined 
e.ffects of testing error and inherent variation. It is the 
variance which will most closely approximate reproduci­
bi.lity of aggregate gradation tests on replicate samples, 
Thus, the implication is that a coarse aggregate gradation 
precision statement for among-different-laboratory testing 
may need to be related lo sieve size the quantity on that 
sieve, and sample weight, as well as the random variation in 
operators, equipment, etc. 

S,ampling error, u~, is a funclion of both the sampling 
method and the sampling point, ranging from an average 
of 0.9 al the crusher to 7 .6 from the barges. Sampling 
error also varies wi th the amount of material on the sieve 
and frequently approximates zero when the percent passing 
i either very high (95%+) or very low (less than 5% ). 
Although mentioned only briefly in thi particular report, 
the mea ured variabi lity due to local or within-batch segre­
gation is also a function of the distance between the paired 
within-batch portions. 

Within-batch variability, ub, at the 1.7 to 7.7 level, is 
next in line and is subject to the combined previously dis­
cussed effects. 

BMch-to-batch variability, u1, is the measure of segrega­
tion which is usually the most important and which is 
largely a func tion of the processing or handling methods. 
In these studies, the average u 1 varied from 3.5 at the 
crusher to an average of 9.4 percent pa. in·g the ¾-i n. sieve 
on the barges. 

Overall variability, u0 , is the largest, because it is made 
up of the sum of all previou ly discussed sources of random 
variation . In these studie , the average u 0 varied from 3.9 at 
the crusher to 12.3 on the barges. 

EQUATION 

u 2m ox = I'( JOO - P) 

U 211 == P(I00-P)l:f 
454 W 

u2, == ~(Xi - X,)' 

2n 

a-2 , = u'• - (u'u + <12 1) 

<T211 == ~(X., - Xa)' 
2n 

U 2 1 := U 2 o - U 2b 

., l:X' - (l;X) •/ 11 
v,. = 

n - 1 

It is interesting to note that, even under the poorest con­
ditions, the standard deviation values of random variation 
under typical condition summarized in the foregoing for 
comparative purposes are in themselves small, relative to 
complete segregation, O'mnx· 

ASSIGNABLE CAUSES OF VARIATION 

In addition to the foregoing sources of variance due to ran­
dom or chance causes, the influence of assignable causes 
of variation on aggregate gradation test results should not 
be overlooked. These are actual errors of omission or 
commi ion, such as intentional departure from specified 
proportions or methods, or mnlfunclion of equipment. 
A ·signable cau es u ually produce much larger variations 
than random causes, o they can be detected and eliminated 
by thorough inspection. 

A summary of the more common errors encountered in 
determining the gradation of aggregates is presented in 
Table 7, in which both am piing and testing errors are 
analyzed with respect to source, type, cause and sugge ted 
corrective action. 

APPLICATIONS OF VARIANCES TO CONSTRUCTION 
CONTROLS AND SPECIFICATIONS 

An understanding of the causes and sources of variability 
at the quarry site, in the transportation, processing and 
handling, and in the control of aggregates used in construc­
tion is obviously of importance to many segments of the 
highway industry. The aggregate supplier and the con­
tractor must not only maintain satisfactory degrees of uni­
formity to meet specifications, but they also should be able 
to pinpoint the source of any undue variability easily and 
quickly so that positive corrective action can be taken. The 
responsibility for segregation throughout the full transpor­
tation and handling process should be capable of being 
placed where it rightfully belongs. The techniques and 
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formulas developed herein for defining these sources of 
variation make it possible to design sampling plans which 
will pinpoint just where and to what degree the material 
is going out of specification or the uniformity is changing. 

proved control of assignable causes of variation is an en­
tirely different matter. 

The equipment manufacturers might well find the tech­

niques and formulas developed herein to be of value in the 
design of improved storage bins, silos, hoppers, etc. It is 
shown later that some of the test results obtained in the 
Philadelphia plants indicate that hopper design is the prob­
able cause of a relatively large difference in segregation 
observed in two otherwise similar aggregate processing 
plants. 

Another important application of potential value to the 
highway industry as a whole lies in the ability to better 
define just where the process needs help. For instance, it 
would be pointless for the instrument manufacturers to 
spend a lot of money developing a better means of control 
or of testing at a point in the process that would not sig­
nificantly influence the overall variability, o-0 • Cutting the 
testing error in half at the o-1 = 0.4 level doesn't help much, 
if the sampling error, o-8 , is at the 5 to 7 level, or the batch­
to-batch variability, o-1, is in the 7 to 10 range. These ob­
servations, of course, apply to sources of random variation; 
any advancement in instrumentation, automation, or im-

The last observation of a general nature before getting 
into the more specific applications of variances to con­
struction controls and specifications lies in the improved 
ability to define realistic tolerances for both construction 
controls and material requirements. 

TABLE 7 

ERRORS IN DETERMINING THE GRADATION OF AGGREGATES 

SOURCE TYPE 

Chance Random 

Chance Random 

Chance Random 

Equipment Bias 

Equipment Random 

Technician Bias 

Equipment Bias 

Equipment Bias 

Equipment Bias 

Technician Bias 

Equipment Bias 

Equipment Bias 

Equipment Random 

Technician Bias 

Technician Random 

Technician Random 

CAUSE REMARKS CORRECTIVE ACTION 

(a) SAMPLING ERRORS 

Within-lot segregation 

Within-batch segregation 

Inherent variation 

Loss or exclusion of larger 
particles 

Disproportionate quantity of 
fine or coarse particles 

Biased sampling plan 

Break or hole in sieve 

Plugged sieve openings 

Gradation changes according to lo­
cation in lot 

Gradation changes between adja­
cent sampling points 

Function of gradation and maxi­
mum size of aggregate 

Most likely when gradation in­
cludes wide range of particle sizes 

Occurs when reducing aggregate 
to test portion size 

Sample taken on "judgment" basis 

( b) TESTING ERRORS 

Increase number of test portions 

Increase number of increments per 
test portion 

Increase total weight of test por­
tions 

Use appropriate sampling tool only 

Divide test portion and test all 
parts, or use riffle of adequate 
design 

Locate sampling points by use of 
random numbers 

Most likely in highest numbered Inspect, and run standard sample 
sieves 

Most likely in highest numbered Inspect after each use. Clean 
sieves openings 

Non-standard sieve openings Worn or damaged sieves Check sieve openings or use stan­
dard sample. Replace faulty sieves 

Incomplete sieving Most likely in highest numbered Reduce size of test portion, use in-
sieves termediate sieves, increase sieving 

time, hand check for completeness 

Incorrect tare on scales Constant error in one direction Place known weight on pan 

Inaccurate scales Usually proportional to weight Repair or replace scales 

Insensitive scales Usually inversely proportional to Repair or replace scales 
weight 

Loss of part of fraction Can be detected by repeat weigh- Improve technique 
ing of test portion 

Incorrect reading Can de detected by repeating test Improve technique 

Incorrect recording and/or Can de detected by repeating test Improve technique 
computations 
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General Applications 

There are two broad applications worthy of note, as fol­
lows: 

1. The ability to define and measure limiting tolerances 
beyond which further restrictions become impractical with­
out some major change in the processing method or con­
trol. In other words, the defining of what is normal in­
herent variability associated with that particular operation 
or test method. 

2. The ability to better define just what is good accept­
able construction. Engineering judgment with respect to 
permissible variability (or conver ely, to needed degree of 
uniformity) is based largely on the attempt to duplicate 
previous or known good experience. These statistical tech­
niques provide the tools for measuring the variability of 
acceptable good construction, either in place or as it is being 
produced under normal control and conditions. Thus, these 
methods provide a valuable adjunct to engineering judg­
ment. 

Specific Applications 

In addition to the general uses, only a few of which are 
di scussed in the foregoing, there are certain specific appli­
cations of variances to construction controls and specifica­
tions pertinent to this study. 

LIMITING MAXIMUM VARIANCE 

As previously discussed, the limiting maximum variance of 
the percentage of aggregate pas ing a given ieve is given by 
P( 100 - P) where P is the average percentage passing. 
This means that as the 50 percent point is approached !he 
limiting variance is 2,500 [= 50 X ( 100 - 50)] whereas 
for 1 percent the limit is 99. This effect is reflected in the 
range of specification limits which are practical for a 
graded aggregate. Due to the tendency for variations in 
the 40-60 range of percentages to be larger, the specifica­
tions limits in this area must necessarily be wider than for 
small percentages if specifications are to be consistently 
met. 

This limiting variance may also be used, a il has been 
in this report as a reference value. If di.lfercnt handling or 
stockpiling pr cedures are to be compared, u ing aggregate 
having different gradations the 'degree of egregation " 
obtained by dividing the batch-to-batch standard dcviati n, 
<T0 1, by the limiting igma, <r,111,x, to obtain an index provides 
a better indication that one method actually resulted in less 
segregation than the other, and that the difference in segre­
gation was not unduly influenced by the mathematical effect 
of the differences in gradation percentages. 

LIMITING MINIMUM VARIANCE 

As developed previously, the inherent variance, (T~ a• due to 
nonhomogeneity of the discrete aggregate particles is a 
basic variation which cannot be further reduced by process 
control or by testing refinements. The magnitude of this 
basic variance is dependent on both the gradation, or aver­
age particle size, and the total weight of the aggregate sam-

pie that is actually tested. It thus becomes a limiting minimum 
value which can be tied directly to some definite limiting 
minimum weight of sample required to attain a given degree 
of accuracy or confidence in the test results. If only a small 
weight of an aggregate containing large particles is tested, 
<T 2a will be large and the specification limits must be wide 
enough to accommodate ± 2<T2 a• plus variations due to 
normally good handling procedures. On the other hand, 
narrow specification limits require that the minimum weight 
of aggregate sampled and tested be sufficient to reduce 
<T2 a to a value such that the gradation test has an acceptable 
degree of accuracy. 

Eq. 2 may be used to estimate the minimum sample 
weight required to estimate the true gradation of an aggre­
gate within allowable limits of error. Note that this is sam­
ple weight for the total weight of aggregate put through the 
sieves. How this total sample weight is divided up into the 
number of test portions, or the number of different batches, 
or the number of increments taken from each batch, is 
quite another matter involving sampling plan considerations 
discussed later. The number of test portions required to 
average out differences in the gradation of aggregate from 
different parts of the LOT depends on the size of the overall 
standard deviation, <T0 • To average out differences in gra­
dation in different parts of the batch, a number of incre­
ments must be taken, the number depending on the size 
of the within-batch standard deviation, (Tb • Thus, there 
must be some minimum number of increments in each 
sample taken to represent the LOT. The size of these in­
crements must be large enough so that the larger aggregate 
particles are not excluded, but the practical weight of in­
crement taken is largely a matter of judgment and the 
sampling tool used. If the practical sample size determined 
by multiplying the practical increment weight by the num­
ber of increments is greater than shown by Eq. 2, the size 
is acceptable for the chosen degree of accuracy. 

As a part of this study, a nomograph (Fig. 7) was de­
vised to eliminate the computations required by Eq. 2. 
The scales on this nomograph may be used to estimate 
particle weight and the degree of accuracy associated with 
total sample weight under various conditions. The nomo­
graph may also serve as a convenient way of judging alter­
nate means for arriving at a practical balance of cost, in­
crement size, and the number of test portions, in addition 
to providing a rational approach to estimating the minimum 
total sample weight required to attain a given degree of 
accuracy. 

CO MBINED VARIANCES 

More effective sampling plans can be designed if estimates 
of the individual variances are available. For example, in 
some acceptance situations one objective is to estimate the 
average value of some characteristic of a LOT within some 
selected confidence limits, usually 95 percent, or ±2<To- In 
the case of aggregate gradations, the confidence limits at­
tached to the average percentage passing a given sieve de­
pend on the summation of several variables. 

First, it is essential that all increments and test portions 
which form the sample representing the LOT be selected by 



the use of a random sampling plan. If this condition is 
met, the standard deviation associated with the confidence 
limits of each average gradation (u0d will be the square 
root of the sum of four variance components; that is, 

(8) 

in which 

b = number of batches sampled; 
t = number of test portions from each batch; 
i = number of increments taken to form each test por­

tion; and 
w = weight, in pounds, of each increment. 

The objective of any acceptance plan should be to reduce 
ucL to the smallest practical value. As previously discussed, 
the smallest value that can be expected is determined by 
the gross weight of the sample, btiw. 

The most efficient way of splitting this total weight into 
the number of increments which will result in the desired 
confidence limits, CL, depends on the relative sizes of a-21., 

u\, and u 21, and the relative cost of acquiring increments 
and test portions. As shown by the investigations reported 
herein, many LOTS of aggregate have a relatively large 
batch-to-batch variance, u2 z. This means that b should 
usually be large with respect to i. In most acceptance 
sampling situations, only one test or portion is taken from 
each batch, in which case t = 1. The number of increments, 
i, taken from each batch to form the test portion depends 
on the size of the potential sampling error, u 28 , which in 
turn depends on the size of the within-batch variance, u2 b, 

under a given combination of circumstances. The currently 
reported investigations indicate that, under some sampling 
conditions, a-2 s may be very small or nonexistent, and that 
<T21 is relatively small. However, for practical reasons, the 
number of increments, i, taken for each test portion should 
usually be greater than one. The size of the increments, w, 
must not be so small that a representative propo,rtion of the 
larger aggregate particles is not included, but on the other 
hand- should not be so large that they cannot be handled 
conveniently. 

To sum up, accurate estimates of the average gradation 
of a LOT of coarse aggregate depend on the effects of many 
variables. To minimize these effects, a sampling plan .must 
be designed for the individual acceptance situation so as to 
obtain the greatest accuracy consistent with limits of avail­
able funds and technician time requirements. The efficiency 
of the plan will depend largely on how much is known about 
the components of variance under the conditions of the 
particular situation. 

OVERALL VARIANCE 

It is the overall variance, <T2 0 , that directly affects the writing 
of practical specifications with realistic tolerances. The mag­
nitude of a-2 0 also affects the sampling plan, because the 
number of test portions required to obtain a measured pre­
determined degree of assurance and accuracy is found from 

* In this case, o-2 is the inherent variance associated with unil weight of 
aggregate. " 

in which 

/ ,. '> .. er-,, 
n= -­

t,2 

n = number of test portions; 
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(9) 

t = the desired degree of assurance, or probability of 
success in obtaining a correct answer, measured in 
standard deviation units from the center of the t dis­
tribution curve; 

<T0 = the overall standard deviation of the measurements; 
and 

A = the maximum allowable difference between the com­
puted average of the measurements and the true 
average. 

For example, if it is known that the overall standard 
deviation of the percent by weight of aggregate passing the 
¾ -in. sieve is 4 percent, and it is desired to take enough 
test portions so that there is a 95 percent probability of 
obtaining an average value correct to ± 1 percent, n = 
[(2.00) 2 X (4) 2/(1) 2 = 64. 

In the example, the value of t = 2.00 is for 60 DEGREES 

OF FREEDOM (d.f.) and 95 percent probability. This value 
of t must be found by ITERATION because d. f. = (n -1) 
and n is initially unknown. To simplify computations and 
reduce the number of iteration trials, a norriograph (Fig. 8) 
has been devised. 

SUMMARY OF SPECIFIC APPLICATIONS 

In summary: 

(a) Complete segregation is represented by limiting max­
imum variance, umax• 

(b) The minimum total sample weight in pounds is 
equal to the factor W in Eq. 2 and may be estimated, for 
a desired degree of accuracy under various conditions of 
particle size and percent passing the designated sieve, from 
the nomograph (Fig. 7). 

( c) The total sample weight as defined above may be 
made up of an infinite combination of increments of various 
sizes, of numbers of test portions per batch, and the number 
of batches to be sampled. The optimum balance to attain 
the standard deviation associated with given confidence 
limits is a function of the relative magnitude of u 21, u 21, a-28 , 

and <T2a expressed in Eq. 8. 
(d) The total number of test portions or individual mea­

surements which must be averaged to attain a given degree 
of assurance that the computed average lies within a given 
allowable range of the true average is a function of the 
overall variance, a-2 0 • This relationship is represented by 
Eq. 9 and the nomograph (Fig. 8). Overall variance is an 
important and useful parameter, whether or not the in­
dividual components or sources of variance are known. 
Although the results must be used with caution ( checked 
to assure that the operations are comparable and the same 
sampling plan was involved), some values of overall vari­
ance are now well enough known that the normal random 
variability associated with certain phases of highway con­
struction can be generally characterized. Average values 
from the so-called "sigma bank*" may, under properly 

• Established by Miller-Warden Associates, Raleigh, N.C. (see NCHRP 
Rpl . 17, p. 88). 



18 

3: 

8 
0 
N 

0 
0 
Ill -

b 
<J 

WEIGHT OF SAMPLE IN POUNDS g q 

ogggg 8 g 0 
0 

80.co"'--O I(')""' M -

0.,, '° "co°'I . 0 ooo 
I j j j j I 

0 0 0 0 
0 

.,, 
N -

STANDARD DEVIATION 

N M 

( I f 
I I 

""'I,/') .. 
;, r ;- rrrl , 
t I I 1 I I 
~ q "J 01(') M 

- ..... NN 

N 

0 
N 

00 0 00 0 0 0 
0 0 oo 0 0 

~ Ill o o~o It) 
.... M N -
WEIGHT IN GRAMS 

0 

i I I 111 I I 
"0t Ill -0"-C00.0 It) 0 

- ,_ N 

PERCENT DEVIATION FROM TRUE VALUE EXCEEDED ONLY ONE TIME IN TWENTY 

VARIATION FACTOR 

q -

g 
It) 

0 °o O goo 
•- •- 0 It) ,- 0 0 0 0 0 Oo O o 0 ~ - :.: N ;J - _ .,, - .,, o I(') o o o ooo ,,.,_ o ,,., o o ioogg~ Ill o 

I 
.... -, " 1 '°"CO°'I N N ,<") -..r I '° "-CIOO.I N N C") "" I '°"ClO°' I - N 

11.. I-.J-l.(-'-1-'-1-l-l --1----l--l--f +f ---1-( ---1---'-l--1-1-41-+I -1-. --l--+f -+-1 +1--1-1---1---41--ff--fl-1-1+· --J--+(-+I -+(-if--+-· H(HIH(Hl➔·--+--11 

AVERAGE PARTICLE WEIGHT IN GRAMS 
0 0 0 gg 

~ ~ 0 ~ 
0 0 

-: "! <'! "' :? 0 0 N .., .., .,, - N M 

ID> 

5? 
co 

_,{' ~.., -~ ~N "'Ill' ..,, 
co ""' I ·.- -I I I I I I I I .., 

':,.it, ,,,_,., -~ ~ ..,._N N -~ M M M .., 
N 

LIMITS OF LARGEST SIZE PARTICLES RETAINED ON SIEVE ~ 

b 

~ 

i ... M 

IOI 

PERCENT BY WEIGHT PASSING SIEVE 

Oo It) 0 IQ 0 M It) " 0 - N M ct 10 IO,o ,o " CD co CD CD 0,. 0,. 0,. 0,. 0,. 

A, I I I I I I I I I I I J, I I I 
oo ~ 0 .,, 0 " It) M !2 0. " -0 It\ 
It)"¢ M N N - - -

Figure 7. N omograph for eslimati11g weight of aggregale sample for gradation test . 



.02 

.05 

0.1 

~ m 
G) 5,0 
:I: 
-I 

z 
C) 
::0 
)> 

~ 
(/) 

10 

50 

100 

500 

10 

8 

6 

19 

USE OF NOMOGRAPH TO ESTIMATE SAMPLE WEIGHT 

1. Select the critical sieve size. This is usually the size follow­
ing that sieve which passes 90-100% of the aggregate, 

For Example: If 99% p?,sses the 2" sieve and 50% passes the 
1 11 sieve, the· 1 11 sieve i_s the critical size. 

2, Determine the average particle weight of all particles retained 
on the critical sieve. If this is unknown, it can be estimated 

4 roughly from the values shown on the left of the g scale. 

1 

2 

(I) 

m 
< m 
c,, 
N 
m 

3. To find g approximately by use of the scale on this page, find 
the weight opposite the mid-point of the distance between the 
sieve size that the particles pass and the sieve size on which 
they are retained. Then calculate a weighed average for the 
total material retained on the designated sieve. 
For Example: Sieve Percent Particle 

g 

Size Pass-Ret Weight 

3/4-3/8 
3/8-4 
4-8 

30 
50 
10 

= 30x4. 1 + S0x0. 6 + l0x0. 09 = 
30 + 50 + 10 

4. 1 
o. 6 
o. 09 

1. 7 g (Av. wt. particles 
Ret on No. 8 sieve) 

4. From the percentage passing the critical sieve on scale P, 
project a line through the average particle weight on scale 
g to scale F. 

For Example: If 50% passes the 1 11 sieve and the average 
particle weight of the aggregate retained on the sieve is 70 
grams, project a line from 50 on scale P through 70 on scale 
g to 386 on scale F. 

5, From the point on scale F, project a line through the desired 
degree of accuracy on scale 6. to the required total sample 
weight on scale W. 

For Example: With an F £actor of 386 and a desired degree of 
accuracy of ± 2%, the line projected through these points indi­
cates a required sample weight of 370 pounds on scale W. 

6. The accuracy obtained by the use of a larger or smaller 
sample can be found by projecting a line from the F factor 

2 \ to the actual sample weight and reading the result on scale ti.. 

3 
For Example: With an F £actor of 386 and an actual sample 
weight of 50 pounds, the percent pas sing the 111 sieve will be 
correct to within ± 5%, 95 times in 100 determinations. 
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defined conditions, provide useful preliminary estimates of 
the more common standard deviations. 

GRADATION PARAMETERS 

It is difficult to visualize or think of differences in gradation 
as a multiplicity of percentages passing different sieve sizes. 
Further, the experimental results obtained show that the 
magnitude of most of the sources of variance is a function 
of the average percent passing. It is therefore desirable to 
be able to express gradation as a single number and to 
either minimize or be able to define the effect of percent 
passing on the variance. Accordingly, this section describes 
the so-called HUDSON A parameter as a means of expressing 
gradation as a single number and the degree of overall 
variability (DOV), degree of segregation (D of S), and 
SEGREGATION INDEX (S) parameters as measures of relative 
variability. 

Hudson A 

To measure and assess the effects of changes in gradation 
by the use of statistical methods, it is desirable to describe 
the gradation by a single number rather than a multiplicity 
of percentages. The FINENESS MODULUS (FM) , originated 
by Abrams, is such a parameter and is useful when dealing 
with aggregates for portland cement concrete. However, 
the FM was intentionally designed to exclude the influence 
of the minus No. 200 aggregate in the gradation. This 
makes the FM unsuitable for use when dealing with aggre­
gates for bituminous concrete or .when other aggregate 

Use of Figure 8 

The purpose of this nomograph is to furnish an approximate 
solution of 

where t depends on the number of degrees of freedom 
(n - 1) associated with n. 

1. To use, project a straight line from the standard de­
viation of the measurement on the left hand ( u) scale 
through the desired degree of accuracy on the center (~) 
scale. This line will intercept the right hand (n) scale at 
the approximate value of n indicated by the equation. 

2. To obtain a more precise value of n, enter the t table 
with the number of degrees of freedom (n - 1) associated 
with the chart value, and opposite this value find t in the 
column which has t = 1.96 opposite d.f. = oo. 

Insert this t in the equation and solve for n. Use this 
value of n to find a new t, and continue to iterate until the 
value of n found by solving the equation is nearly the same 
as the value of n used to find t. 
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mixtures contain a significant quantity of minus No. 200 
material. 

The UNIFORMITY COEFFICIENT, c,,, is another parameter 
that is useful in characterizing the properties of a gradation. 
This characteristic is defined as the ratio of the diameter of 
the 60 percent finer point to that at the 10 percent finer 
point on the gradation curve. Unfortunately, this param­
eter is difficult to derive and interpret. 

For the reasons given, FM and C,. are not used in this 
report. 

Recent studies have resulted in the concept of the so­
called Hudson A, which is simply one-hundredth of the 
sum of the percentages passing the ten STANDARD SIEVES 

startng with the 1 ½-in. and including the No. 200 sieves. 
The investigation of theoretical concepts, confirmed by 
limited experimental investigation, indicates that A is a 
fundamental constant, related to the relative surface area 
effects of the aggregate in any mixture of particle sizes. 
For example, the relationship of ;f to the asphalt demand in 
hot-mix bituminous pavement is shown in Figure 9, from 
which it can be seen that, with asphaltic concrete aggregates 
in the usual range of A from 4.00 to 6.00, a change of 0.50 
in the value of A would change the asphalt demand by 
about 1 percent by volume, which is enough to affect the 
performance of the mixture. Thus, A appears to be a 
measure of relative coarseness of aggregate mixtures, suffi­
ciently sensitive to reflect significant variations in aggregate 
gradation by the use of single numbers. 

Segregation Index 

An important parameter of relative variability is the ratio 
of overall variance, u 2 0 , to the within-batch variance, 
u"h• This ratio has been termed "segregation index" a'nd is 
designated by 

(10) 

In a perfectly mixed stockpile, with no segregation, u21 

= 0 and S = 1. As segregation between separated portions 
of the LOT becomes more pronounced, u21 increases, as does 
S. Inasmuch as this is a ratio of variances, the F-test of 
Snedecor can be applied to estimate whether the ratio is 
sufficiently large for the degrees of freedom concerned to 
indicate a statistically significant degree of batch-to-batch 
segregation. Also, the variart:es, u2 0 and u\, can be ex­
pressed in terms of Hudson A, thereby avoiding the prob­
lem of having to express gradation as percent passing a 
number of different sieves. 

Variability as a Function of Percent Passing 

As previously cited, the experimental results obtained in this 
study, as well as those from the HR 10-3 and HR 10-3 ( 1) 
experiments in stockpiling, show that the magnitude of 
most of the components of variation is a function of the 
percent passing. Thus, it is difficult to compare the relative 
variability of different processes or handling procedures 
using aggregates of different gradations. It is therefore 
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desirable to find some means of relating variance with per­
cent passing so that meaningful comparisons of relative 
variability can be made at ome common point on the 
gradation curve. Although additional work is admittedly 
needed, two factors (degree of overall variability DOV, 
and degree of segregation, D of S) are tentatively proposed 
herein as a means for p lacing a number on the relative over­
all variability and relative degree of segregation al the 50 
percent passing point. This 50 percent passing point ba 
been found, both theoretically and experimentalJy, to be 
the point of maximum variance for all coar c aggregate 
gradations studied to date. 

THEORETICAL CONSIDERATIONS 

Theoretically, both the inherent variance, u 2p, and the over­
all variance, u 20 , are a function of P( 100 - P) . Experi­
mental confirmation of the Manning adaption of the bi­
nomial theorem (Eq. 2) bas been discussed. Further, the 
theoretical maximum variance, a-2.nnx, is defined for pur­
poses of this report as being equal to P( 100 - P), where P 
i the average percent passing. It is therefore logical to 
develop the desired relationship between variability and 
percent passing as ll function of P(lOO - P). If the dis­
tribution was entirely binomial as in the case of pots of 
equal size illustrated in Figure 5D, the mathemalics would 
be rea onabJy ·traightforward. 

In the case of actual aggregates used in construction, the 

9 10 

situation is different in that particles are of different sizes 
and, consequently, the distribution is not exactly binomial. 
This Research Agency has done some work on the develop­
ment of a mathematical model which will reflect the ex­
perimental findings from the combined studies of the 
variability of construction aggregates to date. However, 
this model is not ready for presentation as yet and further 
work is beyond the scope of this initial phase of the project 
reported herein. One of the major components of the model 
is klP( I 00 - P) ]', and the amount of segregation of any 
particle ize in the gradation is expressed by the coefficient 
k and the exponent t. The value of I is l in the case of 
spots of equal size, but with real aggregates its value de­
pends on the range and distribution of particle sizes in the 
gradation and possibly on other interactions or additional 
factors which have not -as yet been evaluated. Some pre­
liminary calculations of k and t by the method of least 
squares, using actual data, yielded values of k = 0.02 and 
t = 1.7. Knowing these factors, the relative variance (segre­
gation) of any particle size can be calculated, provided the 
percentage, P, of that size is known. The variance or 
standard deviation of a fictitious size at which exactly 50 
percent of the total aggregate would pass the sieve can be 
calculated. This may be a basic parameter for comparison 
purposes, because for large samples this 50 percent point is 
theoretically the point of maximum variability, regardless 
of aggregate type or gradation. 



INTERIM GRAPHICAL ESTIMATIONS OF <Too 

Although further work on the mathematical model and 
further least-square method calculations could not be un­
dertaken within the budget limitations of the initial contract, 
a graphical approach has been developed which seems to 
be practical for interim purposes. After trying a number of 
<:ombinations and different ways of plotting the data, it was 
found that simple log-log plots of standard deviation versus 
VP( 100 - P) yield straight lines suitable for extrapolation 
to the 50 percent passing level (P = 50). Figure 10 shows 
log er 0, crb, and cr1, versus log V P(.100 - P) for the crusher 
(sampling point 1) of Series No. 1. Figure 11 shows log 
u 0 versus log VP( 100 - P) for all four sampling points of 
Series No. 1. 
-Similar log-log plots were drawn for all eight series and 

the corresponding cr050 , ub 5 o , cr15 0 points read at the point of 
intersection of the best straight line drawn by eye with the 
P = 50 intercept. These values represent the standard 
deviations corresponding to overall variability, u 000 , to 
within-batch variability, a-b,o, and to batch-to-batch vari­
ability, u 150 , at the 50 percent passing level for each sam­
pling poi.pt or process step for the various aggregates and 
plants tested. It is believed that comparisons at this 50 
percent level are more meaningful because they overcome 
at least part of the difficulty due to differences in gradation. 

Log-log graphs of a-0 , a-b, and u 1, versus V P(l00 - P) 
have been prepared for all of the aggregates and processing 
methods or sampling points tested to date for Projects HR 
10-2, HR 10-3, and HR 10-3 (1); all told, there are 53 sets 
of data. Essentially, all sets plotted up remarkably well and 
all but two types of aggregate gave good straight lines. The 
graphs are not shown here due to their substantial volume, 
coupled with the fact that most of the indicated results are 
of a fairly uniform nature. The relatively clean (washed) 
1 ½-in. to :Ys-in. crushed stone from Gresham's Lake (Proj­
ect HR l 0-3 ( 1)) showed an abnormal pattern. The well­
graded crushed stone in Series No. 5 of Project HR 10-2 
and the crushed aggregate base course materials used 
in the degradation studies of Project HR 10-3 (1) showed 
some curvature and some deviation of the points 
greater than 50 percent to line up with the corresponding 
P( l 00 - P) values on the minus 50 percent side of the 
gradation. The slope of the line obtained for most of the 
coarse aggregates was the same; exceptions were that, in 
some cases, aggregates sampled from stockpiles tended to 
show a steeper (greater) slope. The rounded gravels also 
plotted to a steeper (greater) slope. These graphs and the 
data are discussed further in Chapter Five. 

The limitations of this technique are not as yet defined. 
It is hoped that further work on the mathematical model 
and further study of these various graphs and relationships 
in the continuing work on this project will result in. better 
definition of the pertinent factors and their interaction. As 
is normally characteristic of successful research, this glim­
mer of a better understanding of the construction control 
procedures for aggregates opens up new vistas requiring 
further study and the need for more precise tools and tech­
niques to still better define, assimilate, and use the new 
knowledge. 
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DEGREE OF OVERALL VARIABILITY AND DEGREE OF SEGREGATION 

A new parameter called degree of overall variability, DOV, 
based on u050 , is proposed. The standard deviation is chosen 
instead of variance because most engineers are better 
equipped to think in terms of standard deviation, and the 
values have direct numerical significance as percent passing. 
Degree of overall variability is defined as 

DOV= CT~r,o X 100 
50 

( 11) 

The denominator, 50, is the standard deviation associated 
with theoretical maximum variance ( complete segregation). 
It is the value of VP( 100 - P) when P = 50 percent. Thus, 
one way of visualizing the significance of the DOV param­
eter is to think of it as a percent of complete segregation. 
The right side of Eq. 11 is a measure of relative degree of 
overall variation based on standard deviation at the 50 
percent level. A more meaningful significance to degree 
of overall variability, however, lies in the fact that the 
100/ 50 part of the definition formula equals 2, therefore 
the degree of overall variability is also the 2a-050 limit or 
percentage tolerance within which 95 percent of single 
measurements at the 50 percent passing level may be ex-
pected to fall. • 

Degree of segregation (D of S) is correspondingly de­
fined as 

D f S = a-150 X I 00 
o 50 (12) 

It is a measure of the relative batch-to-batch variability, and 
is indicative of the nonlocalized segregation most likely to 
result in nonuniform construction. Again, there is the per­
centage implication, because the denominator, 50, is theo­
retically the standard deviation associated with complete 
segregation. 

Relative Significance of Variability Parameters 

At this point, one might logically question the need for so 
many parameters, and it is interesting to compare possible 
significance of the three ratios, DOV = u 050 / 50 X 100, 
D of S = u 150 /50 X 100, and S = u 2/ a-\. 

As previously discussed, the degree of overall variability, 
DOV, is a measure of relative degree of overall variability 
based on standard deviation at the 50 percent level, and as 
such is admittedly an arbitrary parameter, at least in the 
current stage of development and understanding of the 
basic theoretical concepts. As more is learned about these 
relationships, particularly about the degree of conformance 
to the binomial (or a multinomial) theorem, it may well be 
that this parameter (or its variance counterpart) will take 
on added significance. In any case, at this stage it provides 
a convenient means of comparing the relative overall varia­
bility of aggregates having different gradations. Further, 
the values are spread over a convenient range and the im­
plication of percentage of the standard deviation associated 
with maximum variability or complete segregation may be 
helpful to the average materials engineer, who is not versed 
in visualizing statistical variance. 



24 

l 00 ....----r----,-----,,----,.---,,----.-~--,--.----r---~---.----.---,---r--,--, 
cl 

80,.. ob• 2 . 1 4 . 4 

01, 0 4 . J 18 .6 

60 ~ 4.8 23 .0 
ob,_ o.e, \ 00 '\ 

50 1------1------+--~----f--t--+--4-----t-v~..---+~- ~~~=""Vrl--l--l 

1; :: i------l---4------l----!------t--+------1---1-,,[/'-1-v --+------,· ~/ V ------t-... -+---t---+--l 

~ ,),,,,v L,,,v vVl::;::1/ 
20 1------1-----1------1----l-c,,,,C:...--+--l--+--+?4?"9'----+-----t-----+---+----t--+-----; 

. /v /:;::., 
'1/ c~v 

151----l----1--,,,,,.,,,,,,,,::......... __ +-_ -h,.£,,,,,,c,..t::..v--1-1-1---l---+---+----+---+---+---1~ 

/ ~1/ 

10 L-..-..-L-.L/1/__i._______.,_/.:.....c...~-1-----'------'---'--....._____.____ _ __,____._____,_____.___..__...___, 
. I . 15 .2 , 3 .4 .5 .6 . 7 .8 .91.0 1.5 2 3 4 5 6 7 

Q' 

Figure JO. Statistical parameters for 50 percent passing level, Series No. I, sampling point I (crusher) . 
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Degree of overall variability, DOV, does take on real 
significance when it is thought of as the 2u0 limit, inasmuch 
as this is the gradation tolerance commonly used in con­
struction aggregate specifications within which 95 percent 
of single measurements may be expected to fall. It has been 
recognized that wider tolerances are needed on those sieves 
at roughly the midpoint of the gradation (the 40 to 60 per­
cent passing level), but the reason and the degree of differ­
ence has not been generally understood. The relative effect 
on gradation tolerances of percent (P) passing sieve is 
indicated in Table 8, which is based on a slope, t, of about 
1.7, and u 0 of 5 at the 50 percent level. Other values of u 0 

would be multiples of 5, but the relative effect on gradation 
tolerances would remain the same. The 2u0 tolerances will, 
of course, decrease as the percent passing goes beyond 50 
and P approaches 100 percent, because P(l00 - P) again 
approaches zero. In real life, there is some evidence that 
well-graded aggregates, in particular, do not regress along 
the same line but require somewhat higher 2u0 tolerance 
limits over at least a portion of the coarse side of the gra­
dation. 

Although DOV thus has real significance as a reflection 
of overall variability and is the proper parameter for speci­
fications and quality control purposes, it conveys nothing 
about the causes or nature of the variability. Degree of 
segregation (D of S) is the counterpart based on u150, and 
it is this parameter which is a measure of batch-to-batch 
segregation within the LOT. It represents that type of vari­
ability (segregation) that is most likely to affect the quality 
of the construction or finished product. Further, it is the 
parameter that should motivate action, because it normally 
reflects variability that someone can do something about­
a high value is usually associated with an assignable cause, 
such as improper stockpiling, poor hopper design, etc. In 
essentially all cases where the overall variability measured 
was really high, the u1 component (segregation) was also 
high. 

It ·should be repeated, however, that at this stage both 
DOV and D of S are more in the nature of practical param­
eters, with no implication that they are necessarily optimum 
units of measurement or comparison from the theoretical 
viewpoint. They are proposed as tools or units of measure­
ment to assist the highway engineer in the evaluation of 
construction control procedures and in better visualizing 
the mechanism of segregation and other causes for lack of 
uniformity in aggregate gradation test results. 

The segregation index, on the other hand, does have some 
theoretical basis for significance. The ratio of overall vari­
ance to within-batch variance is commonly used as a means 
of classifying the type or nature of the variability. It will 
be noted that the numerical value of S is small when either 
the overall variance, u 2 0 , is small or the within-batch vari­
ance, u\, is relatively large. Because u 2 0 is the sum of the 
within-batch variance and the variance caused by batch-to­
batch segregation (u2 0 = ,;\ + u 21), a high value of S 
means that there is a real or significant difference from place 
to place in the LOT. In many cases in actual road construc­
tion, this is the more important consideration because with-

TABLE 8 

RELATIVE EFFECT ON GRADATION TOLERANCES 
OF PERCENT (P) PASSING SIEVE 

PERCENT 

PASSING 
SIEVE 

5 
7 

10 
12 
15 
20 
25 
30 
50 

2,;, 
LIMITS(%) 

±2 
±3 
± 4 
±5 
±6 
±7 
±8 
±9 

±10 
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in-batch variability is partially negated by subsequent mix­
ing. 

A look at degree of overall variability, degree of segre­
gation, and segregation index together will often reveal the 
nature or pattern of variability. For instance, if DOV is 
large and S is small, there is a good bit of local segregation 
or difference between adjacent test portions, but relatively 
little difference from location to location within the LOT. 

This situation exists when aggregate is dredged with a 
clamshell and placed, a bucket at a time, onto a barge. 
Adjacent buckets may be quite different (one coarse and 
one fine), but the same pattern is repeated in about the 
same manner throughout the barge load. If adjacent test 
portions happen to be taken at the boundary between 
bucketloads, the overall variance, u 2 0 , the degree of segre­
gation, D of S, and the within-batch variance, u 2b, are 
relatively large but the segregation index, S, is relatively 
small. In other words, local segregation (adjacent areas) 
may be quite large, but essentially the same condition exists 
at different locations on the barge. In the case of a coned 
stockpile, however, the pattern of variability is quite dif­
ferent. Here, adjacent test portions may be similar (local 
segregation very small), but the stockpile badly segregated 
from top to bottom; so, overall variance, u 2 0 , batch-to-batch 
variance, o-21, degree of segregation, D of S, and segregation 
index, S, are all relatively large, with only the within-batch 
variance, u 2b, relatively small. 

Particular caution must be used when comparing segre­
gation index, S, values. It must be realized that, whereas 
this is a valuable ratio for some purposes, it is virtually in­
dependent of the overall variability at the moderate or low 
segregation levels. A high segregation index values does not 
necessarily mean a high degree of segregation; it merely 
means a low within-batch variance relative to the overall 
variance. By the same token; a relatively low degree of 
segregation, D of S, does not necessarily imply a superior 
construction control procedure; the within-batch variance 
may be high, resulting in sampling and testing difficulties. 
Finally, even the degree of overall variability, DOV, values 
must be interpreted in light of engineering judgment and 
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prior experience or knowledge of the reaJ needs for uni­
formity to economically duplicate known good construction 
and avoid known poor construction. 

Thus, each of these parameters must be used lo mea ure 
or to compare that properly, or behavior pattern, or char­
acteristic, or control procedure for which it was designed. 
This is no more difficull than learning to properly use any 
other tools. Each contributes to a better understanding of 
some segment or aspect of the problem, but they must be 
used in combination, one with the other, to bring the over­
all picture into proper focus. 

CHAPTER THREE 

A NOTE TO THE PURIST 

The purist may, with some justification, question the 
applicability of the binomial theorem concept to the dis­
persion of different-sized particles in an aggregate mixture. 
Whether or not further work will validate the binomial 
approach or show ome other relationships to better fit the 
facts remains to be een. At this tage however, this ex­
perimental validation of the Manning formula for inherent 
variance would eem to lend significant support. Further 
the P( 100 - P) factor seem to reflect observed behavior 
patterns with remarkable consistency. 

EXPERIMENTAL WORK AND OBSERVATIONS 

In the previous chapter, the statistical tool applicable to this 
study were described. This chapter presents the manner in 
which these tools were put to work in various field and 
laboratory experiments to accomplish the objectives of this 
initial phase of the study project. 

GENERAL 

Some of the experimental work was directed toward ex­
ploring or proving the suitability of certain statistical for­
mulas, models, or hypotheses to research on the evaluation 
of aggregate construction control procedures. Other studies 
were directed toward variations inherent to measurement 
methods and testing and sampling. 

The main field investigation, however, was oriented to 
measurement of the variability associated with the steps 
commonly encountered in the processing and handling of 
typical highway construction aggregates. Ideally, all ma­
terials should be sampled, and tested for variability, at the 
point where they are incorporated into the final product or 
construction. Because thi is seldom practical , aggregates 
are often accepted or rejected at some intermediate proc­
es ing or storage point. The primary objective of the main 
field investigation, therefore, was to explore the magnitude 
and , if possible, the nature of the variability of aggregates 
under routine process control at various customary sam­
pling points from the crusher through to the final weigh 
hopper or point of end use. It should be noted that the 
primary objective was to gain some insight into the magni­
tude and nature of the variability associated with routine 
proces control al customary sampling points, not to in­
ve ligate the relative efficacy or merit of any particular 
tran porlation or handling technique. Nevertheles , a ec­
ondary benefit to be derived from thi main field investiga­
tion is some supporting data on the relative degree of segre­
gation associated with the stockpiling and handling pro-

cedures that happened to be in use in the eight commercial 
plants investigated. 

Lastly, some of the experimental work was directed to­
ward the evaluation of specific aggregate sampling tools. 
This work was largely qualitative in nature and the results 
are reported in the form of photographs and observations 
of the research engineer. Some work of a quantitative na­
ture was accomplished; but, in general, comparative in­
depth evaluation of different aggregate sampling tools was 
not considered to be within the cope of the initial study. 

In addition to this general description of the experimental 
work, this chapter includes a summary list of the various 
experimental projects undertaken and the location within 
the report wherein the details of that particular study can 
be found. A discussion of sampling procedures applicable 
to all experiments is also presented. 

SUMMARY LIST OF EXPERIMENTAL STUDIES 

To enhance readability and maintain continuity, most of 
the various experiments conducted under this project are 
presented in other parts of the report or as appendices, de­
pending on the nature and importance of the work. The 
purpose of this section is to list these experiments and to 
provide a reference guide to the detailed procedures and 
findings, as follows: 

1. The main field investigation consisted of taking a 
relatively large number of test portions of aggregate at 
various sampling points from each of eight plants located in 
six states. The tests made at each plant are designated by a 
series number, and for each series there were three to four 
points of sampling. Normally: 100 test portions were taken 
at each sampling p<>int, for a total of about 2,500 grada­
tion tests made in the main field investigation. 

In Chapter Four, a detailed description of process flow, 
the location of each sampling point, and the test results 



associated with each series are presented. Interpretation of 
the data and discussion of findings is covered in Chapter 
Five. 

2. A rather sophisticated laboratory experiment was con­
ducted to develop actual gradation test data for comparison 
with the theoretical binomial mathematical approach to 
computing inherent variance. The objective was to estab­
lish whether or not the Manning formula is valid and ap­
plicable for aggregate control considerations. The investi­
gation included two types of aggregate and the mixing and 
testing of 500 test portions, as well as counting and weighing 
of several thousand aggregate particles to determine average 
size-weight relationships. 

The details of this experiment are described in Appendix 
B. A discussion of inherent variance and its significance 
with respect to aggregate gradation sampling and testing, 
together with the Manning equation, is presented in Chapter 
Two. Data summaries are given in Tables 2 and 3. Finally, 
application of the Manning equation as a means for esti­
mating limiting minimum variance is discussed in Chapter 
Two. Based on these considerations, the nomograph (Fig. 
7) is developed as a rational approach to estimating the 
minimum total sample weight required to attain a given 
degree of accuracy for gradation testing. 

3. To determine the repeatability of the gradation test 
method under practical routine operating conditions, tests 
were repeated on 312 test portions representing each type 
and gradation of aggregate investigated. These data are 
summarized in Table 4. Testing error is discussed in Chap­
ter Two, and precision statements, generally, are discussed 
in Chapter Seven. 

4. Several special sampling tools were developed for 
specific applications. The use of these tools is pictured in 
this chapter, with captions giving some qualitative observa­
tions as to their relative efficacy. 

5. Results of hand sampling a coarse aggregate stock­
pile were compared with those obtained by belt sampling 
the same material. Results of the 84 tests made are sum­
marized in Figure 21. 

6. The results of hand sampling a stockpile of coarse 
aggregate, using a standard tool, were compared with re­
sults obtained with a specially designed tool. Fifty test 
portions were taken with each tool. The results are sum­
marized in Table 11. 

7. Results of hand sampling a coarse aggregate stock­
pile at four different levels on the pile (at the base, one­
third and two-thirds up the pile, and at the top) are dis­
cussed later in this chapter and summarized in Table 10. 

8. The possibility of increasing the efficiency of grada­
tion testing by the use of a continuous sieving device was 
investigated. However, preliminary tests showed that this 
device was unsuitable for the intended purpose. 

9. The complete raw data for all gradation tests per­
formed under this project have been compiled; a limited 
number of copies are available on request to the research 
agency. 

In addition, advantage has been taken of experimental 
data derived from the literature and from other research 
projects. For completeness, those germane to this summary 
list include: 
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10. Development of the so-called Hudson A as a grada­
tion parameter, presented in Chapter Two, and the rela-
tionship of A to asphalt demand, as shown in Figure 9. 

11. For comparative purposes, summary data have been 
taken from NCHRP Report 5, entitled, "The Effects of 
Different Methods of Stockpiling Aggregates-Interim Re­
port." 

SAMPLING AND TESTING CONSIDERATIONS 

One of the most difficult and confusing problems facing 
the engineer-inspector is the selection of an unbiased sam­
ple from the LOT of aggregate in question. This sample or 
group of test portions is often used to check for compliance 
against gradation specifications or for design of bituminous, 
portland cement concrete, or other types of mixes. A count­
less amount of time and effort has been wasted in working 
with samples that were improperly secured and, conse­
quently, resulted in conclusions that were erroneous. 

It is not uncommon to start a project and quickly find 
that the aggregate being supplied does not conform to the 
gradation on which the design was based. At times, it is 
not possible to make even minor field adjustments without 
wasting undersized or oversized material. At other times, 
costly delays are involved while a new mix design is being 
developed based on a different gradation. 

Even though highway and materials engineers have 
recognized these problems since the introduction of scienc 
tific concepts to roadway construction, no satisfactory solu­
tion has been provided to eliminate the difficulties. Too 
often, the inspector is given a shovel and instructed to get 
one or two bags of aggregate "representative" of the ma­
terial in a stockpile containing 5,000 to 50,000 tons of 
aggregate (Fig. 12). It is only through sheer chance .if he 
is able to obtain a sample that even approximates the aggre­
gate sizes that would be obtained by putting the entire stock 0 

pile through a series of sieves. He will usually select a few 
( one, two, or three) locations that "look about average," 
insert the shovel a few times, and fill the bag or container to 
obtain a sample for testing. He may even select one por­
tion of finer material and blend it with a second portion 
of coarser material such that the final sample is his esti­
mate of what the gradation should be, based on visual in­
spection. It should be realized that, in many cases, there is 
no choice other than a hand-sampling technique. If the 
aggregate is already stockpiled at the time of sampling and 
if no mechanized equipment is available for moving the 
material, the inspector must use his best judgment as to the 
method of removing test portions to get a "representative" 
sample. 

By the use of statistical procedures, the Engineer can 
determine a sampling pattern or system that reduces the 
human element or bias to a minimum. Such a system is 
known as a random sampling plan. A plan of this type 
makes use of a table of random numbers to locate the sam­
pling points with respect to time or space. This table of 
numbers is generated by any one of several electronic or 
mechanical means which provide that every number has 
an equal chance of appearing. The specific application of 
a table of this type depends on the nature of the material 
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Figure 12. Some typical problems facing an inspector chm·11ed with the duty of 
laking a meaningful sample from a 111011111ai11ous stockpile. 

to be sampled; i.e., whether or not a given time element 
is to be the sampling control or whether the sampling con­
trol is to be expressed in units of area, volume, length, 
batch, or load number. 

For example if 50 test portions are to be taken from the 
production of an aggregate plant during a 10-hr day, it is 
only necessary to ·elect SO numbers from a table of random 
numbers and consider each number as a decimal. Each 
number is multiplied by 600 min to obtain a time in min­
utes from start-up. One test portion is taken from the plant 
output at each of these times, regardless of the apparent 
quality of the aggregate being produced at that moment. 

A similar scheme is u ·ed when a definite number of 
batches of aggregate are to be weighed out during the 
course of the day. By taking an appropriate quantity of 
decimal random numbers from a table and multiplying 
each by the number of batches, the sequential number of 
each batch to be sampled can be found. 

When random sampling locations are to be found on a 
sur face, such as a barge load of aggregate, or a section of 
tabilized aggregate base, the coordinates of each sampting 

point arc found by the use of two .random numbers con­
iderecl to be decimals. One of the pair is multiplied by 

the length and the other by the width of the area. One 



corner of the area is taken as a reference point and the 
exact location of each test portion is found by measurement 
from this point. 

These sampling procedures eliminate the bias inherent in 
other methods and are essential if statistical methods are 
to be used to draw inferences from the results of tests on 
the sample. In connection with the work on this project, 
PROBABILITY SAMPLING was employed in all cases. The 
total amount of aggregate represented by the samples was 
chosen so as to be a rational LOT, such as a day's produc­
tion. The location, or spacing, of test portions within the 
LOT was determined by the use of a table of random num­
bers and all test portions, so selected, were taken and tested 
regardless of appearance or any other judgment factor. 
In some cases, special sampling tools were devised and 
used to minimize mechanical bias during the act of ac­
quiring the increments or test portions for the sample. In 
order to obtain data that would make it possible to dis­
tinguish between the less important (within-batch) segre­
gation and the more significant (within-lot) segregation, 
duplicate increments were taken from each sampled batch 
or segment at sufficient distance apart to insure against 
correlation, or similarity becau.se of continuity. 

The main field investigation was designed so that some 
of the sampling procedures were common to each location. 
For example, belt sampling was accomplished at some point 
in seven out of the eight series. Two methods of belt sam­
pling were used. One was by stopping the belt at a pre­
determined time, defining a specific area with metal tem­
plates shaped to fit the belt, and removing all aggregate be­
tween the templates (Fig. 13) . The other belt sampling 
method was to cut the stream of aggregate flowing from the 
end of the belt with a suitable metal container (Fig. 14). 
Stockpiles and barges were sampled with a shovel from a 
cleared area behind a batter board at points randomly 
selected by a grid pattern (Figs. 15 and 16). In one case 
(Series No. 6), one face of a large slag stockpile was 
worked with a front-end loader, randomly selected front­
end loader batches were dumped on the ground, and dupli­
cate test portions were taken with a shovel from different 
parts of the batch. Flowing streams of aggregate from over­
head storage bins, etc., were cut with different types of 
metal containers or high-sided sampling tools (Figs. 17 
and 18). Special tools were also used for truck sampling 
(Fig. 19). In this case, it was the truck that was randomly 
selected, rather than the position or point of sampling 
within the truck. Test portioJ)s were obtained from the 
stabilized aggregate base using a sampling hoop (Fig. 20), 
at locations selected by the use of random numbers applied 
to a grid pattern. 

In general, samples consisted of 50 groups, each made 
up of two replicated test portions taken at random locations 
in accordance with the research ampling plan (Fig. 1). 
However, except as otherwise noted, lhe technicians doing 
the sampling were purposely allowed to use the procedures 
and techniques with which they were accustomed. In other 
words, except for the special studies, it was desired that the 
variations measured include the sampling errors or varia­
bilities associated with normal, routine construction con­
trol procedures. 
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For practical purposes, it was decided that the test por­
tion was to be taken in one increment and the entire incre­
ment put through the sieves so that increment and test 
portion were one and the same. Most test portions were in 
the range of 20 to 30 lb in weight, and the entire portion 
was sieved. 

At six of the plants in the main field investigation, a 
Gilson testing machine was used for sieving the aggregate to 
refusal, with screening time varying from 5 to 7 min, de­
pending on the proportionate amount of minus No. 8 ma­
terial in the test portion. A Weston rotary sieving device 
was used at the other two plants. 

EXPERIMENTS IN THE HAND SAMPLING OF STOCKPILES 

As previously discussed, there are construction control prob­
lems in the sampling of aggregate stockpiles. Hand sam­
pling is often necessary, because it is not usually feasible 
to run the material across a sampling belt. It is therefore 
desirable to better define and, if possible, to quantify the 
nature and the magnitude of at least some of the stockpile 
sampling problems. This section presents the results of 
experiments and observations made durit?,g the course of 
this study which are related to this stockpile sampling 
problem. 

Belt Sampling vs Hand Sampling 

It was deemed advisable to explore first the order of mag­
nitude of the difference in two sampling methods-belt 
versus hand. Armchair consideration of this question leads 
to the fact that the difference will be a function of the 
amount of segregation in the stockpile. Obviously, if there 
is no segregation all test portions will have essentially the 
same gradation, regardless of the sampling method. At the 
other extreme of complete segregation, the variability will 
depend on the method of reclaiming to place the material 
on the belt, and on the method and location of taking the 
hand sample. To some degree this will also be true, of 
course, at the intermediate stages of segregation encoun­
tered in real life. From a practical viewpoint, the problem 
reduces to defining the magnitude of the differences be­
tween hand and belt sampling, using normal average con­
trol techniques at the normal levels of segregation which 
may be encountered in actual practice. 

One experiment was conducted at the Nello L. Teer 
Princeton Quarry, using the same 1-in. to No. 4 crushed 
stone aggregate that was used for the HR 10-3 studies. The 
stockpile sampled was the large parent stockpile, which, 
incidently, was quite uniform ( very little segregation). 
Thirty-four test portions of aggregate were taken with a 
shovel from random locations on the surface of the stock­
pile and the gradations compared with those of 50 repli­
cated samples from the same general area obtained by 
passing the material across a sampling belt. 

In the case of shovel samples, the aggregate on the sur­
face of the pile was removed for a depth of 10 to 12 in. 
A protective barrier was placed on the upper side of the 
sample area to prevent aggregate at a higher level from 
tumbling into the sample area. The shovel was inserted 
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several times, such that a test increment of approximately 
25 lb was obtained (Fig. 15) . Belt samples were obtained 
in the manner pictured in Fig. 13; i.e., the belt was stopped 
metal templates were inserted to define the sampling area, 

and all material between the plates was removed and tested 
for gradation. 

The comparative results are presented in Figure 21. 
These charts show the gradation envelopes, wherein the 

Figure 13. The belt sampling technique consisted of defining a specific belt area ll'ith the aid of metal templates, 
then removing all aggregate between the metal plates. Two test portions were removed each time the belt was 
stopped so that within-batch variance could be determined. 
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Figure 14. Belt from crusher to stockpile in Series N o. 3. Test portions were 
obtained by passing a m etal conlainer through the stream of aggregate as in lower 
picture. This aggregate was s11hseq11e11tly hauled to an asphalt plant localed about 
¼ mile from the stockpile area. 

width of the band is equal to ±2<T0 • The overall standard 
deviation, <T0 , for the belt method is about one-half of that 
obtained using the shovel sampling method for each sieve 
size and for Hudson A. For instance, <T0 for percent passing 
the ¾ -in . sieve was 3.3 for belt sampling and 6.3 for hand 
sampling. On the :Ys-in . sieve, the belt method looked even 
better; 2.1 for the belt versus 6. 7 for the shovel. 

It should again be emphasized that these results were ob­
tained on a stockpile that was only slightly segregated. The 
corresponding standard deviation for percent passing the 
¾ -in. sieve on a coned pile, when tested by the belt method , 
Was <T0 = 11 versus 3.3 for this parent stockpile. 

To show the relative difference between belt and hand 
sampling for different aggregates and different degrees of 
segregation, the data in Table 9 are presented. The stan­
dard deviation at the 50 percent passing level, <T0 ,, 0 , is 

shown for those series in the main investigation wherein 
aggregate en masse (either stockpiles or in big barges) was 
hand sampled and then subsequently belt sampled. In gen­
eral , the same relationship seems to apply; namely, that the 
standard deviation for the belt method is roughly one-half 
that obtained by the hand (shovel) method. 

It should be noted that this difference in standard devia­
tion also reflects any mixing or segregation that might have 
resulted from the handling which occurred in transferring 
the aggregate from the stockpile or barge to the surge bin 
feeding the belt. It is not possible at this stage to distinguish 
between the change in standard deviation induced by han­
dling and that due to the sampling method, although the 
latter is believed to be the dominant factor for these par­
ticular experiments. 

Jn any case, it is evident that the greater variability of the 
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$hovel samples Laken from tockpiled aggregates is a fact 
of life thal should be understood and properly taken into 
account in the design of construction control procedures 
and in the writing of realistic specification . Large risks 
are involved in taking one or two shovel samples from a 
stockpile and using the results for mix design and for ac­
ceptance or rejection decision . For instance if a nominal 

value of 10.5 is taken for the standard deviation associated 
with hand sampling, the futility of attempting to obtain an 
accurate estimate of gradation is illustrated by the fact that 
about 425 test increments of about 25 lb each would be 
required for an accuracy of ± 1 percent at the 9 5 percent 
confidence level. In the usual case where only about five 
test increments are taken, the best that could be hoped for 
would be an accuracy of about ± 13 percent for the amount 
passing the :Ys -in. sieve for the stockpiles hand sampled in 
this study. As discussed in Chapter Two, the statistical 
approach to construction control provides the Engineer 
with a numerical measure of these risks, whether they be 
large or small, so that he can use his judgment to better 
advantage in balancing the cost of further testing or in­
creased control against the degree of accuracy and the con­
fidence level warranted for the particular material or pro­
cedure under test. 

TABLE 9 

HAND (SHOVEL) VERSUS BELT SAMPLING OF 
AGGREGATE STOCKPILES 

STD. DEV . AT 

50 % PASSING 

AGGREGATE LEVEL, cr,,.~,o 

SERIES SHOVEL BELT 

NO. SIZE TYPE SAMPLING SAMPLING 

I in.-No. 4 Crushed stone 10.5 4.7 
I I in.-No. 4 Crushed stone 13.6 8.3 
2 ¾ in.-No. 4 Crushed gravel 7.8 4.3 
7 I in.-No. 4 Rounded gravel 15 .0 4.1 
8 I in .-No. 4 Rounded gravel 18.0 7.4 

Figure /5 . All stockpile samples were obtrii11ed with some type of shovel, using a 
technique similar to the meth od sho w11. In each case surface aggregate was 
cleared all'ay a11d a barrier H·as used to preve11t aggregate at a higher level from 
t11mhli11 g into the area to be sampled. Th e shoi•el was inserted a sufficient number 
o f times to ohtai11 test portions weighing 20 to 30 lb . 



Segregation versus Sampling Level on a Stockpile 

The mechanism of the segregation that occurs in a coned 
stockpile has been discussed qualitatively and it is gen­
erally known that the coarse aggregate tends to accumulate 
at the bottom of the pile. To better judge the hand sam­
pling problem, however, it would be desirable to know the 
order of magnitude of this segregation under the most 
serious conditions ,likely to be encountered in the field. If 
the gradation obtained is a function of just how high up 
the pile the inspector climbs to take his sample, it is logical 
to question how high he should go and how much difference 
it does make. 

To get a reading on this, hand (shovel) samples were 
taken from four different levels of a segregated coned stock­
pile made with a 1 ½ -in. to 3/s -in. crushed stone aggregate. 
This is part of Series No. 3. Hand samples were taken at 
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the base of the pile, about one-third up the pile, about two­
thirds up the pile, and some close to the top. The average 
gradation, by percent passing ¾ -in. sieve and Hudson A, 
and the corresponding range at each location, is presented 
in Table 10. 

This is admittedly a severe-probably extreme-condi­
tion, but it illustrates the potential magnitude of the prob­
lem. Less severe segregation would, of course, be reflected 
in less difference from top to bottom of the pile. Whether 
the same relative differences in gradation as a function of 
sampling location in the stockpile would prevail at varying 
degrees of segregation is unknown at this time. 

In this instance, both the average percent passing the 
¾ -in. sieve and the average A values approximate a linear 
function of height of sampling location on the pile. The 
gradation of this 1 ½ - to 3/s-in. aggregate, as produced at 

Figure I 6. /11 Series Nos. 7 and 8, the gra1·el aggregate 11·as trnnsported to the 
ready-mix concrete plant site in barges of 900- to 1,000-ton capacity. A grid pattern 
was projected 011 the surface of the aggregate pile and through a system of rnndom 
numbers specific sampling areas ll'ere located. One hundred test increments were 
removed from each barge. 
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Figure 17. These sampling devices, 11se,/ to cut the aggregate stream discharged 
into the weig/t hopper i11 Series Nos. 7 and 8, are typical of those used to sample 
flowing strt!(IIIIS of agpre,:ate. 

the crusher, averaged 37.6 percent passing the ¾-in. sieve 
and an average A of 1.362. Assuming a linear relationship, 
these numbers correspond to 50 percent up the pile to 
attain the passing ¾ -in. average, and 51 percent up the 
pile to attain the Hudson A average. In other words, these 
very limited data indicate that the inspector would have 
a better chance of selecting an "average" sample, if he took 
material from a little over half-way up the pile, say be­
tween 50 and 60 percent up the side. However, there are a 
number of limitations to be applied to the implications of 
this observation in light of present knowledge. 

Fir. t, this Research Agency definitely doe not wish to 
imply that an inspector can, in fact obtain an average 
sample from a segregated stockpile of aggregate by merely 

climbing a bit over 50 percent up the side of the pile and 
digging in. As previously tated , there are large risks in­
volved in making any inference or decision based on a few 
hovel samples taken from any place in a egregatcd stock­

pile. The work of HR 10-3, HR I 0-3 ( l), and the data and 
observations of thi project clearly support this position and 
definitely show that a relatively large number of randomly 
selected test portion must be ana lyzed before any reliable 
inferences regarding either the average gradation or the 
variability can be drawn. Nevertheless, on many highway 
construction projects, inspectors are' required to do the best 
they can in obtaining a "representative" sample from 
aggregate stockpiles. Therefore, any guidance that can be 
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TABLE 10 

SEGREGATION VERSUS STOCKPILE SAMPLING LEVEL 

SAMPLING NO.OF 

LEVEL SAMPLES 

Top 8 
½ Up' 13 
V3 Up• 14 
Base 15 

% PASSING ¾-IN. SIEVE 

AVERAGE RANGE 

51.5 31.8-74.0 
40.8 14.1-63.8 
25.7 2.1-56.3 

9.3 1.8-23 .4 

HUDSON A 

AVERAGE 

l.66 
1.47 
1.24 
1.01 

RANGE 

1.39-1.94 
1.07-1.86 
0.77-1.70 
0.81-1.31 

• About one-third and two-thirds of the distance up the side of the stockpile. 

Figure 18. In sampling the vertical discharge chute at the head of the conveyor 
belt feeding !he 50-1011 overhead storage bins in Series No. 6 (upper photo), a 
/rack built of angle iron was used to support the sampling pan as it was pulled 
into and out of the aggregate stream with a rope. Lower photo shows a similar 
de1'ice used for sampling at the weigh hopper. 
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Figure 19. A11 aggregate used for construction of a stabilized aggregate base 
course was in vestigated in Series No. 5. The truck .ramp/es (after pugmill mixing) 
were secured with o sample thief. This device provided increment weights of 
approximately 15 lb each . 

Figure 20 . The roadway was sampled after rl"l aggre11a1e had been placed with a 
spreader and before compaction. A /O-i11. dimneter hoof) defined the sampling 
areas and all material within the hoop was rem fwed for testing. 

inferred from these limited ob ervations is pertinent and 
potentially valuable under current construction control 
practices. However, the following limitations should be 
noted: 

I. Although 1he average percent pas ing the ¾-in. sieve 
and the average Rud on A values presented in Table l 0 
line up pretty well the range of the individual gradation 

test result vary widely. For instance, i-;t the one-third up 
level, individual test results varied from 2.1 to 56.3· and 
from .14. I Lo 63 .8 on 25-lb amples taken at the two-third 
up level. Thus, the chance of an inspector getting an "aver­
age" ample even at the same level up the pile, is very 
poor. A number of te t increments must be taken and the 
results averaged in order to have any reasonable confidence 



t­
z 
"' I.) 
a: 
"' IL 

... 
z 
w 
I.) 
a: 
w 
IL 

ON WIDTH OF GRADATION BAND BASED ON X, :!: 2 SIGMA LIMITS 
lD l-' 2.0 ' ,.o " 50 3 r., n ,., 00)1 0197 16' 00. ft .. ~ ft-• n, ,, . 04 0 l l " 1 . 

I - I 

- I I I ' I 1 I 

90 

a:: 
Samples Taken from a Conveyor Belt 

PERCENT PASSING 

40 
Sieve Size x (J ± 2a Li mi ts 

1-1 / 2 100 0 - -
3/ 4 79.0 3. 33 72.3 - 85. 7 50 n = 50 3/8 13.4 2. 13 9. I - 17 . 7 
4 I. 48 .486 . 51 - 2.45 

"° 8 . 75 . 205 .34 - 1.16 

A I. 960 ._0509 1.858- 2. 062 
30 

20 

B -
0 

• Ji, llt I !/4 1/ 2 J/8 1/4 -4 8 10 16 20 30 -40 50 80 100 

SIEVE SIZE SIEVE NUMBER 

ON WIDTH OF GRADATION BAND BASED ON )( :!: 2 SIGMA LIMITS 
lD l-' 2.D I 1.0 .75 .50 3J, ' .1 9 1 .OOJ7 -'>797 0460 " " I nni, nuo.• .0117 .001 ,_.a 

I I I I I I 

90 Hand Samples Taken with a Shovel 

PERCENT PASSING 
a· x Sieve Size _a_ ± 2sz Limits 

- 1-1/2 100 - - -
3/4 83.4 6.29 70.8 - 96.0 

n = 34 3/8 18.2 6. 71 4.8 - 31.6 
,o 4 2.3 0.969 .36 - 4.24 

8 0.74 0.468 0.0 - 1.68 

50 A 2.060 . 133 1. 79 - 2.33 

"° 
30 

20 

-
0 

i '" IJi, I !1/4 1/2 9/11 1 4 I .. II 10 16 20 30 40 50 80 100 

SIEVE SIZE SIEVE NUMBER 

Figure 21. Comparison of variation of gradatio11 , be lt sampling ,,s ha11d sampling. 

37 

.0Dlll 
IOO 

--- 90 -----a 0 ---------
-6 0 ----- 5 0 ------4 0 ---- 30 

~ 0 

IO 

0 
200 

.OOH 
I 00 ----. 90 ---

-a 0 -
---7'0 --
• 6 0 

---·5 0 --
.. 0 

J 0 

0 

IO 

0 
200 



38 

in the gradation, even though all sampling is done at the 
same level on the pile. 

2. This experiment was conducted with only one type 
and one size of aggregate, and on only one stockpile. Much 
additional work is necessary before valid generalizations 
can be made. 

3. Even this limited experiment involved only a rela­
tively few test portions and gradation results. As shown, 
total n was 50, with only 8 of these taken from the top. 

In retrospect, it would have been desirable to obtain more 

-

. , , " 
~ <, ~' 

data of this nature as part of this study. However, it was 
not part of the approved working plan and even this 
limited information was obtained, more or less, on an aside 
or "extra" basis. Additional experiments to better define 
segregation versus sampling level on a stockpile are recom­
mended as part of the continuation studies on the project. It 
is a bit ironical to recommend additional research on a 
practice which is known to be inherently poor and un­
reliable at best. Nevertheless, as long as inspectors must 
sample stockpiles, they should be provided with the best and 
most complete guidance available that may improve their 
chances of obtaining a sample that more nearly represents 
the true characteristics of the LOT of aggregate. 

EXPERIMENTS WITH DIFFERENT SAMPLING TOOLS 

As previously noted, various sampling tools were tried in 
the course of this study. Most evaluations were made on 
a qualitative basis, but some quantitative comparison are 
reported. The compari on of belt sampling versus hand 
sampling of stockpiles with a shovel was presented in the 
foregoing section. 

Regular versus High-Sided Shovel Design 

A special study was conducted to compare the performance 
of the two shovels shown in Figure 22. The narrow shovel 
is the standard sampling tool used by a State highway de­
partment. The other shovel, with built-up sides, was spe­
cially made for this investigation. 

. 'I';,; 

i'l~ ._ ~ . ..,, . 

Figure 22. The modified shovel (lower photo) is generally recommended for 
hand sampling, particularly in the case of aggregates with a wide range of particle 
sizes. However, the narrow shovel (upper photo), a sta11dard sampling tool used 
hy some State highway deportments, yielded identical results in the experimental 
sampling of the aggregate show11 . 



It was suspected that the narrow shovel would cause a 
portion of the larger aggregate particles to be lost from 
the shovel, resulting in a finer gradation-a difficulty that 
the wider and higher-sided shovel should alleviate. It was 
anticipated that this could be demonstrated and the mag­
nitude of the larger particle loss measured. A total of 50 
test increments was secured from a crushed stone stockpile 
with each tool. Increment weights averaged 25 to 30 lb and 
the entire portion was passed through the sieves. 

Table 11 gives the values from a statistical analysis of 
the gradation test results. 

This experiment failed to disclose any significant differ­
ence between samples of this aggregate secured with the 
two tools. In fact, the results are remarkably close to each 
other, both with respect to average percent passing, X, and 
the standard deviation, er, on all four sieves. The results 
checked more closely than might normally be expected if 
the 50 successive test increments had been taken with the 
same sampling tool, rather than attempting to show the 
difference between the two shovels. 

No explanation is offered for the failure to measure a 
difference between these shovel designs. It is suspected, 
however, that this would not be the case with all aggregates. 
It is still believed that the logic of the built-up sides is sound 

TABLE 11 
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and it is desired to repeat this experiment with other aggre­
gates, particularly in light of results obtained with the 
truck sampling thieves discussed in the following. 

Truck Sampling Results 

One of the sampling points selected in two of the series 
of the main field investigation was the loaded truck. This is, 
of course, a common and reasonably convenient sampling 
point, but the results (Table 12) indicate that this may not 
be good practice from the construction control viewpoint. 
In each case, the average gradation, X , was significantly 
finer than that obtained on samples of the same material 
taken at a sampling point before the trucks were loaded 
and again after they were discharged. 

In Series No. 2, the aggregate is a ¾-in. to No. 4 crushed 
gravel used for portland cement concrete production in 
Colorado. Sampling point No. 1 is the belt conveyor 
taking the aggregate directly from the crusher discharge. 
The aggregate was then loaded by conveyor into trucks 
(sampling point No. 2) and moved to a large storage pile 
near the crusher site (sampling point No. 3). One hun­
dred test increments weighing 25 to 30 lb each were taken 
at each sampling point and the full increment or test por­
tion was put through the sieves. It will be noted that the 

COMPARISON OF SAMPLING RESULTS WITH TWO SHOVELS 

NO . OF ¾-IN. SIEVE %-IN. SIEVE NO. 4 SIEVE NO. 8 SIEVE 
TEST 

SHOVEL INCREM ., AVG . % STD. AVG.% STD. AVG.% STD. AVG. % STD. 

TYPE II PASS., X DEV., er PASS., X DEV., <1 PASS., X DEV .. <1 PASS., X DEV., <f 

Std., narrow 50 63.05 15.54 3.15 3.31 0.76 0.63 0 .60 0.59 
Special" 50 63.64 15.57 2.78 3.92 0.75 0.72 0.56 0.57 

" Wider shovel with built-up sides. 

TABLE 12 

COMPARISON OF TRUCK SAMPLING TEST RESULTS• 

NO. OF 

TEST 1,'2-IN . SIEVE 3/s-lN. SIEVE NO. 4 SIEVE 
SAMPLING INCREM. , 
POINT ll X (f '" "" "' x (f . <fb "' X " " "• (f I 

(a) SERIES No. 2 

No. 1, before 100 51 .4 4.4 2.1 3.8 28.6 3.5 1.6 3.1 
No. 2, truck 100 66.0 9.3 3.4 8.6 41.2 10.4 3.8 9.7 
No. 3, after 100 56.4 7.2 5.9 4.2 33.1 7.0 5.5 4.3 

(b) SERIES No . 5 

No. 1, befo re 60 58.2 4.0 1.8 3. 1 39.3 3A 1.7 2. 9 
No . 2, truck 60 68.5 6.0 4.6 4.1 49.3 5.7 4.2 3.8 
No. 3, after 60 ' 54,7 6.6 3.7 5.4 36.3 5.7 3.1 4.8 

a X ==:: average percent passing; u,, == overall standard deviation; a ,1 == within-batch deviation; er 1 == batch-to-batch deviation . 
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average percent passing the 1/s-in. sieve, for instance, in­
creased from 28.6 to 41.2, then dropped back to 33.1. The 
same pattern is shown by the average percent passing the 
½ -in. sieve. 

Series No. 5 is a well-graded crushed aggregate (essen­
tially 100 percent passing 1 in., down to about 6 percent 
minus 200) used for aggregate base course construction in 
North Carolina. It consists of 85 percent crusher run, to 
which 15 percent fines were added on the belt feeding a 
2-ton pugmill used for mixing and for bringing the com­
bined aggregate to optimu·m moisture content. Sampling 
point No. 1 was located on the belt feeding the pugmill, 
immediately after the fines had been added. After mixing, 
the aggregate was dropped into trucks (sampling point No. 
2). The trucks fed a mechanical spreader, which put down 
an uncompacted course of about 8 in. After spreading, the 
aggregate was sampled by placing a 10-in. diameter hoop 
on the urface and removing all material within lhe area of 
the hoop (sampling point No. 3). Again, .it is evident that 
the samples taken from the truck (sampling point No. 2) 
were significantly finer than those taken from the belt (sam­
pling point No. 1) or, subsequently, from the roadway 
(sampling point No. 3). 

Thus, in both cases there is evidence that sampling from 
the truck tended to give misleading results in that the aver­
age gradation was about 10 percent passing higher than 
results obtained on the same sieves, both before loading and 
after discharging from the truck. The reason for this is 
not readily apparent, although there are a number of pos­
sible causes, which are briefly as follows: 

1. Segregation in the truck. It is well known that the 
coarse particles tend to segregate in the truck just as they 
do in a coned stockpile. In fat: t, the truckload is, in essence, 
a small coned pile, with the added handicap that the sides 
of the truck make it even more difficult to sample the 
bottom of the pile. Just how much segregation might have 
been enhanced by the method of loading is unknown, but 
it is probable that the belt conveyor method used to load 
the Series 2 aggregate resulted in some additional "throw" 
of the coarser particles. 

2. The random sampling plan was applied in this case 
to truck selection, rather than to the location within the 
truck at which the sample was to be taken. It will be re­
called that the object of this part of the research was to 
evaluate or compare various common sampling points using 
routine procedures normally employed in routine construc­
tion control. The technicians were therefore not guided as 
to what level or what position in the truck should be am­
pied, but were purposely allowed to use their cu tomary 
procedure. It is probable, therefore, that one of the pri­
mary causes for the finer average gradation results obtained 
in the truck samples is that the sampling point was too 
high on the pile, and thus reflected the segregation dis­
cussed in item 1. 

3. The sampling method used in Series 2 was essentially 
th.it shown in Figures I 5 and 16; namely, shoveling from 
behind a barrier or batter board used to prevent aggregate 
at a higher level from tumbling into the sampling zone. 
This is the usual method used for sampling stockpiles, 
barges, etc., and there is no consistent evidence that it 

nece sarily contributes one way or the other to sampling 
errors that would result in finer or coarser average grada­
tion. 

For Series No. 5 however, a sampling tool or thief 
(Fig. 19) was used. These sample thieves were easy to u e 
and could be readily inserted into the aggregate mixture. 
They were too small (6-in. diameter by 8½ -in. length) , 
however, in that the test portion obtained was only 15 lb, 
which i less than i normally desired. Also, it i probable 
that when the edge of the thief came in contact with the 
larger particles, mechanical ampling error was induced 
by the act of pushing the tool into a mass of aggregate 
which was trapped or confined toward the inside as the 
Lube filled , but with the particles freer to move away from 
the edge of the tool toward the outside or unconfined areas. 
Thi mechanical action could be observed during the quali­
tative experiment shown io igure 23, in which an 8-in. 
diameter pipe JO f t long was forced into a stockpile. This 
pipe method was also found to be unsatisfactory because 
it was too heavy and unwieldy, as well as because of the 
apparent tendency for the intruding end of the pipe to 
deflect the larger particles outward. 

Regardless of the cau ·e, or the combinaLion o( cau es, 
these experiments clearly illustrate the potential dangers of 
sampling from a truck- a common practice, part icularly 
ia the sampling of hot-mix a phaltic concrete. Additional 
data are needed before these effect can be properly qllanti ­
ficd , but the implication from the construction control 
viewpoint are obvious. Asphalt content, for in Lance, i 
directly related to gradation and obtaining a sample that is 
loo fine could result in a satisfactory test on a mix that 
was really too lean. Another critical point i crushed aggre­
gate base course, wherein control of the minus 200 material 
is important. ampling too high on a stockpile or getting 
a fine test portion from a truck could result in unnecessary 
rejection of a borderline material. 

Qualitative Results Using Other Sampling Tools 

Although time and money did not permit full quantitative 
evaluation, some other types of sampling tools were de­
signed and used on an experimental basis. These are de­
scribed briefly in the following. 

Mention has already been made of the pipe sampling tool 
that was tried as a thief method of obtaining samples from 
a stockpile. Figure 23 shows forcing of this 8-in. diameter 
by 10-ft long pipe into a stockpile. No practical method was 
apparent for handling this much weight with equipment 
available around highway construction. A special adapter 
for a fork lift truck or front-end loader could probably be 
devised, if warranted . However, based on limited data, but 
largely on observation, the method was found to be un­
·atisfactory anyway because of a tendency for the intruding 
end of the pipe to deflect the larger aggregate particles out­
ward. 

The 10-in. hoop shown in Figure 20 proved to be prac­
tical and satisfactory in every respect. It was used to take 
the roadway samples of crushed aggregate base course after 
spreading, but before compaction. 

The bin sampling devices shown in Figure 17 provided 
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Figure 23. Special-type sampling devices used experimentally included this 8-in . 
diameter, I 0-ft long pipe shown being forced into a stockpile. Tlris method proved 
unsatisfactory because there was a tendency for the intruding end of the pipe to 
deflect th e larger particles outward. 

a safe and satisfactory method for sampling aggregates from 
a bin discharge. This was also true of the sliding sampling 
pan that could be pulled through an aggregate stream when 
supported and guided on a track built of angle iron (Fig. 
18). 

The belt sampling technique shown in Figure 13 is 
probably the best of all the sampling procedures used. It is 
easy and simple to obtain the recommended randomization 

by stopping the belt at preselected times. The technicians 
soon become proficient in rapidly inserting the templates, 
designed to fit the particular belt in use, and in scraping and 
brushing the full sample into a container. There is no per­
sonal judgment or bias involved and each segment of the 
LOT has an equal chance of being tested. This is the sam­
pling technique and construction control procedure recom­
mended whenever possible. 
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CHAPTER FOUR 

MAIN FIELD INVESTIGATION 

In this chapter each of the eight series in the main field 
investigation is described and the test data obtained are 
summarized. Although some brief discussion of the find­
ings germane to each individual series is included, analysis 
of the test results as a whole and discussion of comparative 
trend or relationships is reserved for Chapter Five. 

GENERAL 

The general approach for obtaining the results reported 
herein was, in all cases, to measure the variation of grada­
tion of aggregates at the point where they were actually 
being incorporated into a product or a construction con­
forrnjng to normal (acceptable) good practice. In addition, 
the variation in gradation was measured in at least two other 
places in the process stream; Lhal is, at points where the 
aggregate might normally be sampled during handling or 
storage. Also, regular routine procedures were followed 
throughout o that results would be representative of typical 
process variations found in commercial aggregate plants 
and in plant producing ready-mix concrete, bituminous 
mixtures, and aggregate ba es. In each case, it was em­
phasized that none other than day-to-day routine control 
were to be exerci ed in order that results obtained would not 
be affected by special refinement . 

The gen.era! location of each plant, the type of aggregate, 
the point of sampling, and the number of le t portions for 
each of the eight series are given in Table 13. Because of 
advance agreement, the specific company furnishing aggre­
gate in each ca e is not identified. 

CHARTS AND TABLES 

The format for presentation of the data is the same for all 
series. Following the description of the process flow and 
identification of sampling points, the re ult of the analysis 
of variance ( Chapter Two) are given in each case a out­
lined in the following. 

Variation of Gradation at Point of Use 

Plus and minus 2a- limits are compared with the specifica­
tion limits in current use for that particular aggregate and 
State. Both the overall variation .limits ±2u0 , and the 
batch-to-batch variation limits, ±2a-z, are given. The over­
all variation shows the limits within which 95 percent of 
single test results could be expected to fall. The batch-to­
batch variation shows the limits within which the gradation 
of 95 percent of the batches would faIJ, if the entire batch 
was put through the sieves. The ±Za-0 limits, based on 
overall variance are ignificant with respect to establishing 
realistic tolerances because they include the random testing 
errors and other wirhin-batch variances. The ±2a-1 limits, 
based on batch-to-batch variance, are of significance with 

respect to the actual effects of variability (segregation) on 
the road or structure. Because a-2z is the significant variance 
that is responsible for nonuniformity of products or con­
struction, the comparison of ±2a-0 with the specification 
limits is meaningful from the viewpoint of deciding whether 
the LOT should be accepted or rejected, whereas the ± 2o-1 

limits reflect that portion of the overall measured variability 
which is actually meaningful with respect to the life or 
serviceability of the road or structure. 

Variation of Gradation at Other Sampling Points 

Again, the ±Za-0 limits obtained on samples taken from 
various points in the process back as far as the crusher are 
compared with the specification limits. The batch-to-batch 
variance loses significance with relation to the specification 
limits at these other points in the process, but a-1 is presented 
and discussed in other parts of the report. 

Individual Series Summary Charts 

The write-up for each series contains the following: 

I. Summary tables showing the average percent passing, 
X, the variances and the tandard deviations for each sieve 
size al each sampling point and for Hudson if. 

2. A bar chart howing the relative variance of A at 
different points in the process tream. Each bar is divided 
to delineate withi11-batch variance and batch-to-batch vari­
ance, as well as the overall variance. 

3. Aggregate grading chart , one for each sampling 
point to show the ±2a-0 range envelope. 

4. Line graph showing a plot of the individual test 
re ult of. percent pa sing ome convenient sized sieve at 
each sampling point within each serie . These data are 
plotted in the order in which the samples were taken and 
there[ore reflect changes in gradation with time and as a 
function of the processing or handling method. The ± 2a-0 

limit are also shown on these line graph . About S percent 
of the individual lest results hould fall out ide of the ± Za-0 

limit . In the overall aggregate stockpiling and construction 
control tudie this 5 percent has been observed with rather 
remarkable con i Lency, indicating close approximation to 
the aussian normal distribution. 

5. A summary table of the gradation and statistical pa­
rameters, including pertinent tandard deviations at the SO 
percent pa sing level and for Hud on A; cgregation index 
based on b th the 50 percent pa ing level :,o and the .if 
varian es, S_:j; degree of overall variabilit} DOY; and de­
gree of segregation, D of S. 

There i als a limited discussion of ihe results from the 
individual eries as they apply to the primary objectives and 
scope of this project ; namely, 'Evaluation of onstruction 

ontrol Procedures." Interrelations among the series and 



findings, or trends which are not directly related to the 
construction control aspects, are taken up in Chapter Five. 

SUMMARY OF DATA FOR INDIVIDUAL SERIES 

Series No. I-Crushed Limestone (J in .-No. 4) Aggregate 
for PC Concrete 

PLANT DESCRIPTION AND PROCESS FLOW 

This sampling was from the process stream (crusher, stock­
pile, bin feeder belt, weigh hopper*) of the aggregate sup­
plied to a large central-mix concrete plant in Nebraska. 
The nominal ¾-in. crushed limestone comprised about 30 
percent of the total aggregate in concrete used for struc­
tural, municipal paving, and State highway paving purposes, 
as well as for the production of prestressed structural mem­
bers. 

The material from the crusher screens fed a small surge 
pile by belt conveyor. Aggregate was then drawn through a 
gate opening beneath this pile onto a belt (sampling point 
No. 1), which transferred the material to railroad cars. The 
aggregate was shipped by rail to the concrete plant, where 
it was bottom dumped into a small surge pile beneath the 
tracks and over an opening through which the material 
could be drawn onto a belt which filled the plant bins. Due 
to the limited capacity of the surge pile, coupled with the 

• In most cases, weigh hopper samples were taken from the discharge 
stream of the bin feeding the weigh hopper, 

TABLE 13 
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limited capacity of the belt delivery-hopper storage system, 
it was necessary for aggregate in the surge pile to be re­
handled by front-end loader into trucks which dumped 
into a large plant stockpile (sampling point No. 2). Sub­
sequently, this stockpile was reloaded on trucks by a clam­
shell bucket and dumped back on the original surge pile 
beneath the tracks. From an opening at the bottom of this 
pile, the aggregate was drawn onto a tunnel belt beneath 
the surge pile. The belt (sampling point No. 3) discharged 
the aggregate into the plant bins. From the coarse aggre­
gate bin, the aggregate was drawn through a gate (sam­
pling point No. 4), into the weigh hopper. 

VARIATION IN GRADATION AT POINT OF USE 

Sample increments of aggregate were taken by sliding a 
sample container into the gravity feed from the overhead 
storage bins into the weigh hopper. Two increments having 
an average weight of 26 lb each were taken from each 5-cu 
yd batch selected by the use of a table of random numbers. 
The entire increment was used as a test portion, and was 
sieved to refusal on a Gilson shaker. 

The specification requirements for the gradation of the 
crushed limestone are compared with the overall variation 
and batch-to-batch variation in Table 14. The overall varia­
tion shows the limits within which 95 percent of results of 
tests on single increments, selected at random, could be 
expected to fall. The batch-to-batch variation shows the 

MAIN FIELD INVESTIGATION, AGGREGATES AND SAMPLING LOCATIONS 

AGGREGATE NO . OF 
SERIES SAMPLING TEST 
NO. LOCATION TYPE SIZE POINT PORTIONS, n 

Nebraska Crushed limestone 1 in.-No. 4 Crusher 100 
Stockpile JOO 
Belt charging plant bins 100 
Bin discharge to weigh hopper 100 

2 Colorado Crushed gravel ¾ in.-No. 4 Crusher 100 
Truck 100 
Stockpile 100 
Belt to weigh hopper 100 

3 N. Carolina Crushed stone I½ in .-¾ in. Crusher 100 
Stockpile 50 
Cold feed bin discharge 100 

4 Wyoming Uncrushed gravel 1 in.-No. 4 Screening plant, bin discharge 100 
Screening plant, stockpile 100 
Concrete plant, bin discharge 100 

5 N. Carolina Cr. aggreg. base course 1 in.-No. 200 Plant, belt feeding pugmill mixer 60 
Trucks, after disch. from pugmill mixer 60 
Roadway, after spreading 60 

6 Maryland Crushed slag 1 in.-No. 8 Stockpile" 100 
Chute, belt disch. to storage bin 82 
Bin discharge to weigh hopper 88 

7 Pennsylvania Uncrushed gravel 1 in.-No. 4 Barge 100 
(Plant 1) Transfer belt 100 

Bin discharge to weigh hopper 100 
8 Pennsylvania Uncrushed gravel 1 in.-No. 4 Barge 100 

(Plant 2) Transfer belt 100 
Bin discharge to weigh hopper 100 

" Front-end loader samplings from stockpile. 
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TABLE 14 

GRADATION OF SERIES 1 AGGREGATE AT 
POINT OF USE 

PERCENT PASSING SIEVE 

BATCH-TO-

OVERALL BATCH 

SIEVE SPEC. VARIATION, VARIATION, 

SIZE LIMITS ±20-. LIMITS ±2u, LIMITS 

l½ in. 100 100 100 
¾ in . 70-100 70-99 70-99 
3/s m. 20-50 13-6 l 14-60 
No. 4 0-10 0-20 0-20 
No. 8 0-12 0-11 

TABLE 15 

GRADATION OF SERIES I AGGREGATE AT 
0TH R SAMPLING POINTS 

PERCENT PASSING SIEVE, ±20-. LIMITS 

SIEVE SPEC. PLANT 

SIZE LIMITS CRUSHER STOCKPILE 

I½ in . 100 100 100 
¾ in. 70-100 74-88 76-100 
1/e in. 20-50 23-40 14-66 
No. 4 0-10 3-9 0-16 
Na. 8 2-4 0-7 

BELT 

100 
72-93 
17-47 
0-10 
0-5 

probable limits within which the gradation of the coarse 
aggregate in 95 percent of the batches would fall, if the 
entire batch was put through the sieves, and is obtained by 
applying ±2a-1 limits to the average percentage, X, passing 
the sieves. 

VARIATION IN GRADATION AT OTHER SAMPLING POINTS 

To compare the specified gradalion with the gradation at 
the ource and at intermediate sampling point ·, random 
sample increments were taken, in duplicate at the crusher, 
at the plant stockpile, and from the belt leading to the bins. 
The overall variation found al these points is compared 
with the pecificatlon limits in Table 15. 

SERIES 1 SUMMARY CHARTS 

The relative variances and standard deviations of the per­
centage passing the different sieves are summarized in 
Table 16. In general, it may be noted that within-batch 
variance is relatively small and, as shown in Table 14, cor­
recting for this component of variance does not greatly 
affect the observed variations in gradation. At the point of 
use the variations in gradation extend beyond both the upper 
and lower specification limits for the percentage passing the 
:Ya-in. and the No. 4 sieves. Nevertheless, the concrete from 
this plant has a satisfactory performance record; therefore, 
a more realistic specification, with wider limits, is indicated. 

From Table 15 it may be noted that at the time it left 
the crusher the aggregate was well within the specification 
limits on all sieves. As the aggregate was handled and 
stored, there was a tendency for the variabilily to become 
greater, so that the variation at the point of use was greater 
than at any previous point. Thi trend toward nonuniform­
ity is shown in Figure 24, which shows the variance of the 

coarseness factor, A, at the point of use and at the various 
sampling points. 

An aggregate gradation chart for each sampling point, 
showing the ± 2a- envelope, is presented in Figure 25. The 
individual values for percent passing Lhe ¾-in. sieve at each 
of the sampling points are shown in Figure 26. 

There is a strong indication that considerable segregation 
occurs in the plant storage bin . If i.t shou ld be considered 
economically expedient to do so, reducing the magnitude 
of the variation in gradation would require some type of 
remixing operation immediately before the material was 
placed in the bins, plus an improved bin design to minimize 
segregation. 

Table 17 summarizes the variou stali tical parameters 
for each of the four sampling points. In general these pa­
rameters support the observations previously made; namely, 
that this aggregate was reasonably uniform as produced at 
the cru her, became segregated in the tockpile, howed 
improved uniformity again after rehandling into the tunnel 
belt, and, finally, the variability markedly increased due to 
segregation occurring in the plant storage bins. Attention is 
invited to the unusually low within-batch variability (uboo = 
1.6, and a-,.,, 0 = 0.030) obtained on the bell samples taken 
at sampling point No. 3. It is probable that these paired 
test increments were taken a bit too close together. In any 
case this low within-batch variability re ult in a high segre­
gation index value (S;- and S;i0 ). A better representation of 
the lo s in uniformity as this aggregate wa processed from 
the cru her, to the stockpi le, to the belt, to the weigh hop­
per, is reflected by the degree of overall variability, DOV, 
values, which are 9.6. 27.2, 16.6, and 26.0, re pectively. 

Further interpretation and discussion of these data is 
presented in Chapter Five. 

Series No. 2-Crus/u:d Gravel (¾ in.-No. 4) 
Aggregate for PC Concrete 

PLANT DESCRIPTION AND PROCESS FLOW 

This nominal ¾ -in. crushed gravel aggregate was part of the 
supply to a Colorado batch plant for transit-mix trucks 
producing concrete for use in local municipal paving and 
for building construction. 

At this plant the process stream stemmed from the 
crusher discharge. The material was delivered from the 
crusher by bell conveyor (sampling poinL No. I). It was 
then loaded by belt conveyor into trucks ( arnpling point 
No. 2), and moved to a large storage pile near the crusher 
site (sampling point No. 3). From this storage pile the 
aggregate was again loaded into trucks by front-end loader 
and tran ported to the concrete plant. At Lhe plant the 
material was dumped through a grizzly into a surge hopper, 
which discharged onto a belt (sampling point No. 4) that 
di charged directly into a weigh hopper without passing 
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Figure 24. Relative variance of A at different points in process stream, Series No. I, crushed limesto11e (] in.-No. 4), Nebraska. 

TABLE 18 

GRADATION OF SERIES 2 AGGREGATE AT 
POINT OF USE 

PERCENT PASSING SIEVE 

BATCH-TO-

OVERALL BATCH 

SIEVE SPEC. VARIATION, VARIATION, 

SIZE LIMITS ±2uo LIMITS ±2u, LIMITS 

IY2 in. JOO JOO JOO 
1 in. 95-100 
¾ in. 96-99 96-98 
Y2 in. 25-60 47-64 47-64 
:Ys in. 25-41 25-41 
No. 4 0-10 4-8 4-8 
No. 8 2-5 2-4 

TABLE 19 

GRADATION OF SERIES 2 AGGREGATE AT 
OTHER SAMPLING POINTS 

PERCENT PASSING SIEVE, ±2u, LIMITS 

SIEVE SPEC. STOCK-

SIZE LIMITS CRUSHER TRUCKS PILE 

I½ in. 100 100 100 JOO 
1 in. 95-100 
¾ in. 94-98 96-100 96-100 
V2 in. 25-60 43-60 47-85 42-71 
¾ in. 22-36 20-62 19-47 
No. 4 0-10 1-6 1-7 1-8 
No. 8 0-4 1-3 1-4 

through an intermediate bin. For this reason the weigh 
hopper sampling wa taken from the aggregate discharge 
!ream from this belt in tead of from the aggregate stream 

from the bin gates, a was the case at several other locations. 

VARIATION IN GRADATION AT POINT OF USE 

Sample increment of aggregate were taken by removing 
a mea ured porlion of the aggregate from the belt (sam­
pling point o. 4), which discharged directly into the weigh 
hopper. Two increments having an average weight of 24 
lb each were takea at random locations from the belt. The 
entire increment was used as a test portion and was sieved 
to refusal on a Gilson shaker. 

The specification requirements for the gradation of the 
crushed gravel are compared with the overall variation and 
batch-to-batch variation in Table 18. The overall variation 
shows the limits within which 95 percent of results of tests 
on single increments, selected at random, could be expected 
to fall. be batch-to-batch variation ·show the probable 
limit · within which the gradation of the coarse aggregate 
in 95 percent of the batches would fall if the entire batch 
was put through the sieves. 

VARIATION IN GRADATION AT OTHER SAMPLING POINTS 

To compare the specified gradation with the gradation at 
the source and at intermediate sampling points, increments 
were taken by probability ampling, in duplicate, at the 
crusher (sampling point No. I), from the trucks (sampling 
point No. 2), and from the stockpile (sampling point No. 
3). 

The overall variation found at these points is compared 
with the specification limits in Table 19. 
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SERIES 2 SUMMARY CHARTS 

The relative variances and standard deviations of the per­
centages passing the different sieves are summarized in 
Table 20. Even though the ½ -in. sieve is not one of the 
standard sieves used in calculating A and normally recom­
mended for these studies, it has been included in this case 
because of the relatively large amount of material passing 
the ¾-in. and retained on the 3/s-in. sieves. 

Variability was not large, .relative to the other aggregates 
studied, at any of the four sampling points. Although a 
full explanation of the reasons for this greater uniformity is 
not known at this time, contributing factors are probably 
associated with smaller size ( ¾ in. versus 1 in. or 1 ½ in.) 
and the fact that it was crushed, largely one-sized, aggregate. 
Also, the processing steps and handling methods used at 
this location were not particularly conducive to severe segre­
gation. 

This good behavior is also reflected in Figure 27, showing 
the relative variance of A at different points in the process 
stream. The same pattern is reflected also by the aggregate 
grading charts ( Figure 28). The plots of the individual 
values passing the ½ -in. sieve at each sampling point are 
shown in Figure 29. 

Attention is invited to the fact that the truck sample 
results are significantly finer (higher percent passing) than 
those taken at the other sampling points. This same tend­
ency was noted in the truck samples taken in Series No. 5,

and it is the data from these two series that are presented 
and discussed in Chapter Three, under "Experiments with 
Different Sampling Tools, Truck Sampling Results." 

Attention is also invited to the pattern of the individual 
test results obtained at sampling point No. 4 (Fig. 29). 
This sampling is from a belt fed from a surge hopper and 

' 

CRUSHER, 

TRUCK 

I 

BELT TO WEIGH HOPPE� 

discharging directly into the weigh hopper at the concrete 
plant. An occasional surge of coarse aggregate may be 
noted. Taken alone, this slight surging would probably not 
be significant, or would be overlooked entirely. However, 
combined with all of the other data on samples taken from 
aggregate streams emitting from surge or storage hoppers, 
there is ample evidence that this surging is a very real thing. 
Although admittedly minor in. thi instance, attention is 
invited to the fact because it does appear to be an important 
factor in construction controls in some of the subsequent 
cries. 

The gradation and statistical summary parameters for this 
series are presented in Table 21. In general, these param­
eters are consistent within themselves and reflect the rela­
tively good uniformity previously observed. One exception 
is that with the segregation index both Si and S50 

are high 
at sampling point No. 4 (Si= 17.1, and S

50 = 10.9). This 
is entirely due to an abnormally low within-batch variance, 
however2... because the overall variability as reflected by both 
<ro and A for <r

050 is low-in fact, essentially equal to the 
standard deviations measured at the crusher, sampling point 
No. 1. No explanation is apparent as to why the within­
batch variability was so low at ampling point No. 4. Taken 
at their face value, these data would indicate that the re­
handling from the relatively unsegregated stockpile with 
the front-end loader and truck dumping through a grizzly 
and a properly designed surge hopper had not only slightly 
reduced the degree of batch-to-batch segregation, but some­
how had remixed the aggregate so as to materially reduce 
the within-batch variability. 

In any case, this situation illustrates the danger of relying 
on trends indicated by any one of these parameters, without 
a careful look at the overall data. 

Within Bales 
Variance 

15 30 45 60 75 90 105 120 135 
(All Values to be Multiplied by 10-3) 

Figure 27. Relati11e l'(lfiance of AM different points i11 process stream, Series No. 2, crushed gro,·el ( ¾ in.-No. 4), Colorado. 
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Figure 28. Aggregate gradation charts for Series No. 2 samples tnke11 at (a) crusher, (h) truck, (c) stockpile, and (d) belt to 
weigh hopper. 
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Series !yo. 3-Crushed Stone (] ½ in.-¾ in.) Aggregate 
for Black Base Asphaltic Concrete 

PLANT DESCRIPTOIN AND PROCESS FLOW 

This nominal 11/2 -in. coarse aggregate is crushed granite 
used in the production of hot-mix black base (HB mix) 
for use in State highway work in North Carolina. 

Crusher discharge was fed into a screening unit, which 
removed virtually all of the minus No. 4 material. The 
coarse aggregate was washed and discharged from the 
screening unit onto a conveyor belt (sampling point No. 1), 
which fed a second conveyor belt, which dumped the aggre­
gate directly onto a surge stockpile. As sufficient material 
built up beneath the belt discharge, a clamshell bucket 
picked up the aggregate and deposited it on a large storage 
stockpile (sampling point No. 2). It was then loaded into 
trucks (as required) by front-end loader and transported to 
an asphalt plant stockpile approximately ¼ to ½ mile 
away, where it was dumped at the base of a relatively large 
working pile. At the plant site, a clambucket was used to 
keep this pile built up and also to charge the raw aggregate 
bins from which the material dropped onto a belt feeding 
the drier. Sampling point No. 3 was the coarse aggregate 
cold feed bin discharge. 

VARIATION IN GRADATION AT POINT OF USE 

Sample increments were taken by passing a large scoop 
shovel through the stream of aggregate at the point where 
the coarse aggregate was discharged from the cold bin onto 
the belt carrying the total aggregate to the dryer. Two 
increments having an average weight of 42 lb each were 
taken at intervals selected by the use of a table of random 
numbers. The entire increment was used as a test portion 
and was sieved to refusal on a Gilson shaker. 

The specification requirements for the gradation of the 
crushed stone are compared with the overall variation and 
batch-to-batch variation in Table 22. The overall variation 
shows. the limits within which 95 percent of the results of 
tests on single increments, selected at random, could be 
expected to fall. The batch-to-batch variation shows the 
probable limits within which the coarse aggregate in 95 

TABLE 22 

GRADATION OF SERIES 3 AGGREGATE AT 
COLD FEED 

PERCENT PASSING SIEVE 

BATCH-TO-

OVERALL BATCH 

SIEVE SPEC. VARIATION, VARIATION, 
SIZE LIMITS ::+:2u., LIMITS ±2u, LIMITS 

2 In. 100 
l½ in. 80-100 80-100 81-99 
¾ in. 15-30 8-58 9-57 
3/s rn. 0-16 0-16 
No. 4 0-5 0-9 0-9 
No. 8 0-7 0-7 

55 

percent of the batches would fall, if the aggregate went di­
rectly into the batch, and the entire batch was put through 
the sieves. In this case, the uniformity of gradation of the 
coarse aggregate in the asphaltic concrete was undoubtedly 
better than indicated by the estimated variation, because 
the aggregate was rescreened and binned after passing the 
sampling point. 

VARIATION IN GRADATION AT OTHER SAMPLING POINTS 

To compare the specified gradation with the gradation at 
the source and at an intermediate point, random sample 
increments were taken in duplicate from the belt carrying 
the crusher discharge and from the quarry stockpile. The 
overall variation found at all points is compared with the 
specification limits in Table 23. 

SERIES 3 SUMMARY CHARTS 

The relative variances and standard deviations of the per­
centages passing the different sieves are summarized in 
Table 24. In this case, it is evident that the crusher was 
not properly set to produce the specified gradation, because 
all sampling showed an average of 29 to 38 percent passing 
the ¾ -in. sieve, as compared with the specification limits 
of 15 to 30 percent. Also, the specification limits were not 
sufficiently wide to allow for variations measured in the 
percent passing the ¾-in. sieve at the crusher. 

The relative variability at the three sampling points­
crusher, stockpile, and plant cold feed bin-is shown 
graphically in Figure 30, and the aggregate gradation 2cr 

band envelopes are presented in Figure 31. It is apparent 
that this aggregate is reasonably uniform as produced, but 
that stockpiling with a clamshell resulted in a very high 
degree of segregation. This segregation in the stockpile was 
reflected in both relatively high localized or within-batch 
segregation, er,,, and in relatively high batch-to-batch segre­
gation, er1, at different locations in the pile. Localized segre­
gation (high cr1,) means, of course, that there are sampling 
difficulties which greatly increase both the buyer's and 
seller's risks in making an acceptance or rejection decision 
based on samples taken from such a stockpile. 

The condition at the three sampling points for this series 
is further shown in Figure 32, a plot of the percent passing 

TABLE 23 

GRADATION OF SERIES 3 AGGREGATE AT 
OTHER SAMPLING POINTS 

PERCENT PASSING SIEVE, ±2u. LIMITS 

SIEVE SPEC. PLANT 

SIZE LIMITS CRUSHER STOCKPILE 

2 in. 100 JOO 100 
I½ in. 80-100 86-97 75-100 
¾ m. 15-30 24-51 0-69 
3/a m. 1-6 0-12 
No. 4 0-5 1-2 0-5 
No. 8 0-1 0-4 

COLD 

FEED 

100 
80-100 

8-58 
0-16 
0-9 
0-7 
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Within Ba;tch3 
Variance 

I 
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(Al I Values to be Multiplied by 10-3) 

Figure 30. Relative variance of Ant different poi11ts in process stream, Series No. 3, crushed s1011e ( I !1 in.-¾ in . ), North Carolina. 

Lhe ¾-in. sieve for each , uccessive test portion. ln this 
instance, only 50, rather than 100, sample were taken of 
the stockpile; however, the pattern is very evident. Test 
portion taken from this stockpile range from as low as 2 
percent to as high as 74 percent pa sing the ¾-in. sieve, 
with an average of 28.8 percent. Thi average is about 9 
points l.ower (coar er) than the average of the same ma­
terial measured at the cru her (37.6 at the crusher versus 
28.8 percent pa sing the ¾-in. sieve at the stockpile). 

The condition at the cold feed bin is of particular interest. 
The highly segregated stockpile was taken down with a 
front-end loader and the pattern of successive samples taken 
al the cold feed bin discharge reflect the carry-over of both 
egregation and the method of handling. For instance, the 

first 20 sample have an average of 17.3 percent passing the 
¾ -in. sieve and a range from I 0.3 to 28.9 percent. These 
represent the coar e aggregate picked up by the front-end 
loader at the ba e of the pile. Then, as the l.oader continued 
to eat into the side, the pile sljpped or slid at about sample 
21 carrying the finer material from higher up on the pile, 
down into the loading area. The next 10 samples average 
about 40 percent passing the ¾-in. ieve. The front-end 
loader worked through this fine material and again bit into 
the coarse aggregate at the base of the pile from about 
sample 33 to 44, during wruch time the passing ¾ -in. 
material gradually dropped from the 40 percent level to 12 
percent passing. Then, the pile again slipped bringing down 
fine material , and the pattern is repeated, but with decreased 
amplitude, a the stockpile become depleted. The last 35 
samples do not reflect a definite a trend, although there 
is a tendency for the curve to peak around sample 70 with 
a high value of 62.3 percent passing. The last I 3 results 
are finer than the average gradation, averaging 47.7 percent 

passing the ¾ -in. sieve. Thus, l'he aggregate fed to the 
coarse cold feed bin at this asphalt plant varied from about 
17 percent to 48 percent pas ing the ¾ -in. sieve over a 
9-hr period, with repeated surges reflecting segregation in 
the stockpile. 

At an asphalt plant this lack of uniformity is largely 
corrected by rescreening prior to proportioning into the mix. 
Even so, it i fair to ask, "how much does this variability 
cost the producer in either overrun or waiting for materia.l 
in his No. 3 or No. 4 hot bin?'' If this is a manual plant 
how many times doe the operator make up the shortage 
from his No. 2 bin'! Lastly, "What cold feed sample does 
the in pector or the contractor' technjcian take to send to 
the laboratory for a mix design or as a basis for a change 
in job-mix formula?" 

The gradation and statistical summary parameters for 
this serie arc presented in Table 25. The degree of overall 
variability (DOV) , 45 .0, is the highest of any of Che stock­
piles constructed and stati tically analyzed by this Research 
Agency in the combined HR 10-2, HR 10-3 and HR 
I 0-3 (.I) studies. The only other one that comes close DOV 
= 42.0 is the coned pile built with 1 in. to No. 4 rounded 
gravel at Baltimore for HR I 0-3 (I). This means that the 
standard deviation at the 50 percent passing level, o-0 ~0 is 
45 percent of the standard deviation theoretically as oci~ted 
with complete segregation, cr,,111~. 

The corresponding degree of egregation, D of S, values 
for both tbe tockpile and the cold feed bin ampling points 
are also large indicating a relatively high degree of batch­
to-batch segregation. IL is intere ting tp note, however, that 
the corre ponding cgregalion index values, S.1 and S0 0 , for 
the tock pile samples do not reflect this high degree of either 
overa.11 variability or segregation, becau e of the influence 
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of the high within-batch variance, er\, on this ratio. Again, 
the point is illustrated that no one parameter thus far de­
veloped is capable of reflecting a complete picture of the 
factors involved in the control of construction aggregates. 
On the other hand, consideration of these parameters as a 
whole, and their relation one to the other, does provide some 
insight into the mechanisms involved and a better under­
standing of the construction control procedures needed. 

Series No. 4-Uncrushed Gravel (1 in.-No. 4) Aggregate 
for PC Concrete 

PLANT DESCRIPTION AND PROCESS FLOW 

This sampi.ing was from the process stream (screens, storage 
pile, plant stockpile, weigh hopper) of the aggregate sup­
ply to a batch plant for transit-mix trucks in Wyoming. The 
resulting concrete is used for municipal paving and for 
structures. 

Raw aggregate at this production set-up was fed 
through a screening and washing unit, from which it was 
discharged into a bin (sampling point No. 1). The aggre­
gate was then stockpiled into a large pile at the production 
plant (sampling point No. 2). It was then transported to 
the concrete plant, where it was again built into a large 
stockpile (sampling point No. 3). From the plant stockpile, 
it was conveyed to the concrete plant bins (sampling point 
No. 4), from which it was drawn into the weigh hopper. 

59 

VARIATION IN GRADATION AT POINT OF USE 

Sample increments of aggregate were taken by sliding a 
sample container into the gravity feed (sampling point No. 
4) from the overhead storage bin into the weigh hopper. 
Two increments, having an average weight of 27 lb each, 
were taken from each 1 ½-cu yd batch selected by the use 
of a table of random numbers. The entire increment was 
used as a test portion and was sieved to refusal on a Gilson 
shaker. 

The specification requirements for the gradation of the 
gravel are compared with the overall variation and batch-to­
batch variations in Table 26. The overall variation shows 
the limits within which 95 percent of the results of tests on 
single increments, selected at random, could be expected 
to fall. The batch-to-batch variation shows the probable 
limits within which the gradation of the coarse aggregate 
in 95 percent of the batches would fall , if the entire batch 
was put through the sieves. 

VARIATION IN GRADATION AT OTHER SAMPLING POINTS 

To compare the specified gradation with the gradation at the 
source and at intermediate sampling points, random sam­
ple increments were taken , in duplicate, from the screen 
discharge (sampling point No. 1), from the storage stock­
pile at the screening plant (sampling point No. 2), and 
from the stockpile at the batching plant (sampling point 
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TABLE 26 

GRADATION OF SERIES 4 GRAVEL AT 
POINT OF USE 

PERCENT PASSING SIEVE 

BATCH-TO-
OVERALL BATCH 

SIEVE SPEC. VARIATION, VARIATION, 

SIZE LIMITS ±2cr., LIMITS ±2cr, LIMITS 

l in. 100 
¾ in. 79-95 80-94 
1/J in. l 5-35 23-46 24-45 
No. 4 0-10 2-10 2-9 
No. 8 0-7 0-6 

No. 3). The overall variations found at these points are 
compared with the specification limits in Table 27. 

SERIES 4 SUMMARY CHARTS 

The relative variances and standard deviations of the per­
centages passing the different sieves are summarized in 
Table 28. 

As might be anticipated, rounded gravels have a greater 
tendency toward segregation than do crushed aggregates. 
In general, the variability associated with this Series 4 oper­
ation is considered to be about normal for rounded gravel 
processing. The amount of segregation increases moder­
ately due to stockpiling at the screening plant, but the sub­
sequent transportation and handling again reduce the vari-

SCREENING PLANT 
BIN OISCHARGE 

I 
I 

/./I1r,,Iu~scREENING PLANT 

I 
I 

CONCRETE PLANT 
STOCKPILE 

. 
CONCRETE PLANT 

BIN DISCHARGE 
' I 
I 
I 

s;rocKPILt 
I 

61 

TABLE 27 

GRADATION OF SERIES 4 GRAVEL AT 
OTHER SAMPLING POINTS 

PERCENT PASSING SIEVE, ±2cr, LIMITS 

PLANT 

SIEVE SPEC. SCREEN STORAGE STOCK-

SIZE LIMITS DISCHARGE PILE PILE 

1 in. 100 
¾ in. 72-91 72-100 73-95 
¾ in. 15-35 14-37 8-52 12-40 
No. 4 0-10 1-3 0-3 0-2 
No. 8 0-1 0-J 0-1 

ability to about the level of the screening plant bin dis­
charge. Both at the source and at the point of use, the over­
all variability is sufficient to cause the percent passing the 
¾-in. sieve to exceed the specification limits at the ±2u 
level. Because the performance of the concrete produced 
from this aggregate is presumably satisfactory, wider speci­
fication limits for the 1/s-in. sieve are indicated. 

The relative variance of A at the different sampling points 
is shown in Figure 33. The aggregate grading charts show­
ing the ± 2u envelopes at each of the four sampling points 
are presented in Figure 34. These charts reflect the mod­
erately high, but reasonably consistent, segregation previ­
ously noted. 

Figure 35 is a plot of the individual values for percent 
passing the :Ys-in. sieve at each of the four sampling points. 

Ove ra 11 

. 
Within Ba~ch_T 

Variance 

15 30 45 60 75 9D 105 120 135 

(Al I Values to be Multiplied by lo- 3) 

Figure 33 . Relntive variance of A al different points in process stream, Series No. 4, rounded gravel ( / i11 .-No. 4), Wyomin g. 
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Again, the pattern at the bin discharge sampling points is 
of interest. At the screening plant, the bin discharge sam­
ples do not reflect a systematic surging or periodic change 
in gradation. Something happened between samples 40 and 
60 which resulted in a greater variability, but, in general, 
the pattern is reasonably consistent. However, at the con­
crete plant bin discharge feeding the weigh hopper (sam­
pling point No. 4), the situation is quite different. Here, 
there is a clear indication of a surge or interval during 
which appreciably coarser material is discharged. Although 
the pattern in this case is not regular in the sense of recur­
ring after a specific time or number of samples, it does ap­
pear that the percent passing the %-in. sieve will ride along 
at a 30 to 40 level, and then, suddenly, there will be two or 
three samples down around the 20 to 25 percent passing 
level. 

Again, from a construction control viewpoint, it is fair 
to ask what effect this difference might have on the quality 
of the concrete produced at this plant; and the related 
question of which sample the inspector should use for pur­
poses of specification compliance; and which sample should 
be used to judge the need for and the extent of any adjust­
ment in mix proportions that might be contemplated. 

The gradation and statistical summary parameters for 
this series are presented in Table 29. There is nothing 
worthy of further comment at this point, but these data are 
used for comparisons with other series in Chapter Five. 

Series No. 5-Crushed Aggregate (I in.-No. 200) 
Base Course 

PLANT DESCRIPTION AND PROCESS FLOW 

This sampling was from the process stream (feed to mixer, 
truckloads of mixed material, and material in place on the 
roadway) of a continuous pugmill producing aggregate 
base course for State highway construction in North Caro­
lina. 

This base course aggregate was produced from a crusher­
run material, which was stockpiled by belt conveyor into 
a very large pile located over a tunnel belt. By opening 
one or more of several gates located beneath the pile, the 
quantity of material deposited on the belt could be varied. 
The aggregate was moved by this belt to the mixer unit, 
where water was added. This belt was intersected at right 
angles by a second belt at about its midpoint between the 
stockpile and the mixer unit. The second belt fed a con­
tinuous stream of fine material (stone screenings) onto the 
main belt. The fine material was deposited on top of the 
crusher-run material in proportions of approximately 15 
percent fines and 85 percent crusher run. Sampling point 
No. 1 was located on the belt immediately after the fines 
had been added. After pugmill mixing at optimum moisture 
(2-ton batches), the base course aggregate was dropped 
into trucks for transport to the roadway. Sampling point 
No. 2 was from the trucks using a sample thief. The trucks 
deposited the aggregate into a mechanical spreader, which 
put down a shoulder adjacent to concrete pavement in a 
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single course having an uncompacted thickness of about 
8 in. After spreading, the aggregate was sampled by forcing 
a 10-in. diameter hoop into the course, and removing all 
material within the hoop for the full depth of the course 
(sampling point No. 3). 

VARIATION IN GRADATION AT POINT OF USE 

As mentioned, sample increments were taken by use of a 
hoop sampling device from the spread, but uncompacted, 
base material in place on the roadway (sampling point No. 
3). Two increments having an average weight of 23 lb 
each were taken at each sampling point. The clear distance 
between the two test portions was approximately 1 ft, and 
the sampling points were chosen by the use of a table of 
random numbers. The entire increment, or quantity of 
material removed from the hoop, was used as a test portion 
for testing the gradation of the coarse aggregate. The 
gradation of the minus No. 8 material was determined by 
taking a test portion of about 200 g from the part of each 
increment that passed the No. 8 sieve. The coarse aggre­
gate was tested on a Gilson, and the fine aggregate on a 
Newark, sieve shaker. 

Inasmuch as the specifications contain requirements 
based on nonstandard sieves, the results cannot be com­
pared directly with the specifications. However, the speci­
fied gradation range and the tabulated values for overall 
and actual variation are shown in Table 30. The overall 
variation shows the limits within which 95 percent of the 
results of tests on single test portions taken from the road­
way could be expected to fall. The batch-to-batch variation 
shows the probable limits within which the gradation of the 
material in 95 percent of the base would fall if an entire 
square yard of material was put through the sieves. 

VARIATION IN GRADATION AT OTHER SAMPLING POINTS 

To compare the variation in gradations of the unmixed 
material with that found when sampling the truckloads of 
mixed material and the material in place on the roadway, 
increments were taken in duplicate, by probability sampling 
from the belt feeding the pugmill (sampling point No. 1) 
and from the trucks immediately after loading (sampling 
point No. 2). 

The overall variations found at the three process points 
are compared in Table 31. 

SERIES 5 SUMMARY CHARTS 

The relative variances and standard deviations of the per­
centage passing the different sieves are summarized in 
Table 32. In this case there was a relatively small amount 
of segregation of the mixed material, probably due to the 
moist fine aggregate in the mixture. However, as shown 
in Figure 36, there was considerable variation in the rela­
tive coarseness of the mixture in the trucks and in the actual 
base as constructed. In general, the material was much 
coarser than required by the specifications. Inasmuch as the 
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material is presumably g1vmg satisfactory service, wider 
specification limits are indicated. 

As shown in Figure 36, a large part of the overall varia­
tion of the truck sample was due to within-batch variance. 
It should also be noted that there are statistically significant 
differences in gradation between the truck samples and the 
samples taken from the plant and the roadway. These 

,; differences are discussed, together with similar data from 
• Series 2, in Chapter Three, under "Experiments with Dif­

ferent Sampling Tools, Truck Sampling Results." 
The aggregate grading charts, showing the ±2,r envelopes 

at each of the three sampling points, are presented in 
Figure 37. The individual test results for percent passing 
the No. 4 sieve are plotted in Figure 38. 

The gradation and statistical summary parameters for 
this series are presented in Table 33. The relatively high 
within-batch variability results in a correspondingly low 
segregation index for both s ;- and S,, 0 . The degree of overall 
variability, DOV, is essentially the same (12.8 and 13.2) 
for the truck and the roadway samples, indicating that the 
spreading and manipulating on the roadway has not re­
sulted in increased overall variability. The degree of segre­
gation has about doubled (roadway versus truck samples), 
but it is probable that, in this case, the difference in segre­
gation pattern-,rb versus ,r1-is influenced by the sampling 
method and sampling tools used, rather than reflecting a 
really significant difference in aggregate behavior. In any 
case, it is apparent that well-graded aggregates have less 
tendency to segregate than those having a deficiency of 
fines. 

There is another difference in the pattern of variability 

67 

TABLE 30 
GRADATION OF SERIES 5 AGGREGATE BASE ON 
ROADWAY 

PERC ENT PASSING SIEVE 

BATCH-TO-

OVERALL BATCH 

SIEVE SPEC. VARIATION, VARIATION, 

SIZE LIMITS ±2a,, LIMITS ±2a, LIMITS 

I½ in. 100 
I in. 80-95 
¾ m. 72-90 74-88 
½ m. 60-75 
3/s in. 42-68 44-66 
No. 4 40-55 25-48 27-46 
No. 8 17-34 18-33 
No. 10 28-43 
No. 200 5-8 5-8 

TABLE 31 

GRADATION OF SERIES 5 AGGREGRATE AT 
OTHER SAMPLING POINTS 

SIEVE 

SIZ E 

¾ in. 
1/s in. 
No . 4 
No. 8 

PERCENT PASSING SIEVE, ±2a,, LIMITS 

FEEDER 

BELT 

78-89 
50-66 
32-46 
22-33 

ROADWAY 

LOADED IN-PLA CE 

TRUCKS llASE 

82-95 72-90 
56-80 42-68 
38-61 25-48 
27-43 17-34 

Within BitcJ 
Variance 

15 30 45 60 75 90 05 120 135 

(All Values to be Multiplied by lo-3) 

Figure 36. Relative voriance of A at difjcrenl poinr.1· in process strea111, Series No. 5, crushed aggregate base course (1 in.-No. 200), 
North Carolina. 
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Figure 37. Aggregate gradatio11 charts for Series No. 5 samples taken at (a) feeder belt, (b) loaded trucks, and (c) in-place base. 
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of the well-graded aggregate that should be noted at this 
time. All of the other series gave reasonably straight lines 

when log a-0 was plotted against log v'P(l00 - P). These 
are the lines that are projected to the 50 percent passing 
level, at which point the a-050, a-bao, and a-150 parameters are 
read (see Chapter Two, under "Gradation Parameters.") 
However, this was not the case for the well-graded aggre­
gate, Series 5, where the plots resulted in smooth curves 
instead of straight lines for points below 50 percent passing, 
and then the points for over 50 percent passing did not fol­
low the same curve back down; i.e., the standard deviation 
for the coarser sieve sizes was higher than would be ex­
pected from the relationship fitting the data from all other 
series. In Table 33 the slope value of 3.1 is given in paren­
thesis, as this is a very rough estimate of what the slope 
might be if a straight line was used to approximate the 
curve actually obtained for this series. 

The significance of this observed difference between well­
graded and the other coarse aggregates is unknown at this 
time. Some theories have been discussed, and there is 
basis for hypothesizing a different behavior pattern for the 
well-graded aggregate. These considerations are beyond 
the scope of this report; however, it is hoped they might 
be made part of continuation studies. The fact that there 
was a distinct difference in behavior patterns observed in 
the current studies is reported herein for the record. 

Series No. 6-Slag Coarse (1 in.-No. 8) Aggregate 
for PC Concrete 

PLANT DESCRIPTION AND PROCESS FLOW 

The slag sampling program was set up to investigate three 
points in the production of these aggregates at the steel 
mill and their handling to the point of use in a transit-mix 
concrete batch plant in Maryland. 

The crushed slag aggregate is obtained as a by-product 
from a local steel mill. It is produced to meet Maryland 
No. 6 gradation specifications, which are equivalent to 
Simplified Practice Recommendation Grading No. 57. The 
molten slag is deposited in large pits and allowed to cool 
and solidify for about one month. After cooling and solidi­
fication, it is excavated by electric shovel, loaded in rail 
cars, and delivered to the crusher. It is crushed in the con­
ventional manner, screened, and sized. When processing is 
complete, it is stored in bins at the crusher site and dis­
charged for shipment into either rail cars or 15-ton 
Euclid trucks. 

In addition, large storage stockpiles of concrete aggregate 
are built either by clamshell or by dump trucks and front­
end loader, depending on the time of year and the relative 
consumption versus production rates. At the time of 
sampling for this study ( October 1964) a spread-out pile, 
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about 15 ft high and containing about 30,000 tons, was 
being transferred a, needed with a 3-cu yd front-end loader 
to 15-ton Euclid trucks for transport to the concrete plant. 
In this case, it was deeme-d more desirable to measure the 
characteristics of the aggregate actually being loaded to the 
trucks, rather than the variability or egregation that might 
have been built into the large ·pread-oul tockpile. Ac­
cordi ngl y, sampling point No. I i at the I oint of tran fer 
from the stockpile lo the trucks with a 3-cu yd front-end 
loader. Randomly selected batches . (about 3 cu yd) were 
dumped on the ground, rather than into the truck, and two 
te t portions were taken, with Lhe high-sided shovel, about 
5 to 6 ft apart. This spacing and the sample location within 
the 3-cu yd batch wa also varied at random, but no two 
test portion were taken immediately adjacent to each other. 

At the concrete plant, the J 5-ton Euclids disclrnrged 
through an aggregate feed hopper onto a belt which con­
veyed the aggregate fo overhead storage bins of about 50-
ton capacity. It wa not fea ·ible lo ·top lhis belt for sam­
pling purposes, o sampling point No. 2 was from a vertical 
discharge chute between the end of the belt and the over­
head storage bins. Belt flow was determined to be 2 tons 
per 11,inule; lherefore, belt time for one 3-ton batch was 
l V2 min. A sampling scheme based on bell running time 
was devised, and 50 random batches were selected for 
sampling. Two test portions were removed from each 
batch selected; the first at 5 sec from the beginning of the 
batch, and the econd at 30 sec from the first test portion. 
Sample, were obtained by pulling a. pan through the 
stream of aggregate, completely culling the cross- ection of 
~ow (see Fig. 18). Maintenance of a uniform sample 
size with this procedure was difficult, as the sample size 
was influenced by the speed with whi.ch the pan was pulled 
through the stream. Altogether, 41 duplicate samples were 
obtained in one day's production. A check with the pro­
duction personnel revealed that this number of samples 
agreed well with the yardage for that day's production. 

When needed to make a batch of concrete, the slag aggre­
gate was gravity fed from the overhead storage bin to the 
aggregate weigh hopper ( sampling point No. 3). Test por­
tions were taken by inserting a sampling pan in the flow 
from overhead storage to the weigh hopper. It took 16 sec 
to discharge 3 cu yd. As usual, to measure within-batch 
variability, crh, two test portions, average weight of 20 lb 
each, were taken for each 3-cu yd batch. The first test por­
tion was taken immediately when the gate was opened, 
and the second portion IO sec later. The second portion 
was taken by shutting the flow off, inserting the sampling 
pan , and opening the discharge gale again. In all, 44 
duplicate sample were taken at this point for the day's 
production. Sampling point No. 3 is the point of inspection 
of the Maryland State Roads Commission for this plant. 

VARIATION AT THE POINT OF USE 

The specification requirements for the gradation of the 
slag, as well as the overall variation and batch-to-batch 
variation at sampling point No. 3, are given in Table 34. 
Because some of the specification limits are based on non-

TABLE 34 

GRADATION OF SERIES 6 SLAG AT POINT OF USE 

PERCENT PASSING SIEVE 

BATCH-TO-

OVERALL BATCH 

SIEVE SPEC. VARIATION, VARIATION, 

SIZE LIMITS ±2u., LIMITS ±2u, LIMITS 

I½ in. 100 100 100 
I in. 90-100 
¾ in. 63-100 63-100 
½ in. 25-60 25-92 26-92 
¥s in. 8-70 8-70 
No. 4 0-10 0-22 0-22 
No. 8 0-5 0-8 0-8 

TABLE 35 

GRADATION OF SERIES 6 SLAG AT 
OTHER SAMPLING POINTS 

P ERCENT PASSING SIEVE, ±2u, LIMITS 

3-cu YD BELT 

BATCHES CHARGING FEED TO 

SIEVE SPEC. FROM STORAGE WEIGH 

SIZE LIMITS STOCKPILE BINS HOPPER 

--- --
I½ in. JOO 
1 in. 90-100 
¾ in. 70-93 76-91 63-100 
½ in. 25-60 34-74 47-70 25-92 
3/a in. 14-53 28-49 8-70 
No. 4 0-10 1-14 6-14 0-22 
No. 8 0-5 0-6 2-5 0-8 

standard sieves, a direct comparison of the results with 
specifications cannot be made, although the results, in this 
case, indicated that the aggregate gradation varied over a 
greater range than allowed by the specifications, and a 
widening of tolerances is indicated if specifications are to 
be met. 

The overall variation shows the limits within which 95 
percent of results of tests on single increments, elected at 
random, could be expected to fall. The batch-lo-batch 
variation shows the probable limits within which the gra­
dation of the coarse aggregate in 95 percent of the batches 
would fall, if the entire batch was put through the sieves. 

VARIATION IN GRADATION AT OTHER SAMPLING POINTS 

To measure the variations in gradation at other sampling 
points in the process stream, random sample increments 
were taken of 3-cu yd batches from the stockpile (sam­
pling point o. I) from the belt discharge into the plant 
st rage bin. (sampling point o. 2), as well as the feed 
lo lhe weigh hopper. The overall variai,ce at all of these 
points is given in Table 35. 



SERIES 6 SUMMARY CHARTS 

The relative variances and standard deviations of the per­
centages passing the different sieves are summarized in 
Table 36. The relative variance of the Hudson A values 
is shown in Figure 39. The aggregate grading charts show­
ing the ±2<T envelopes at each of the three sampling points 
are presented in Figure 40. Figure 41 is a plot of the 
individual test results of percent passing the ½-in. sieve, 
in the order of sampling from the stockpile batches, the 
belt discharge, and the gravity feed from the overhead 
storage bin to the weigh hopper of the transit-mix concrete 
plant. The gradation and statistical summary parameters 
for this series are presented in Table 37. 

These various figures and tables are discussed collectively. 
The within-batch variance and standard deviation values 
obtained on duplicate test portions taken at the stockpile are 
nearly the same as the overall variance. For instance, <To = 
0.203 and <Tb = 0.197 for Hudson A; the corresponding 
numbers for the percent passing the ½-in. sieve are <To = 
10.3 and <Tb = 9.8. These values are abnormally close 
together and indicate that the gradation of adjacent por­
tions of the slag aggregate taken from the same 3-cu yd 
front-end loader batch were greatly different. On the other 
hand, the batch-to-batch variability was relatively low. 
This is understandable and, in fact, expected, because the 
front-end loader was working the same face of the stock­
pile. This means , of course, that the parameters for batch­
to-batch segregation will all be relatively low; i.e., segrega­
t~on index, S,1 = 1.1 and Sun= 1.1, <Ti= 0.050 for Hudson 
A, and <T1 = 3.2 for percent passing the ½-in. sieve. These 
values are not comparable to those normally obtained for 
stockpiled aggregate, because the test portions were not 

15 

I 
I 

( CHUTE) 

30 45 60 

73 

taken from different parts of the stockpile; i.e., they do 
not reflect normal stockpile segregation, but they do reflect 
the batch-to-batch variation of slag taken from the same 
face of the pile during one working day. 

Referring now to the belt end samples (sampling point 
No. 2) , it will be noted that the within-batch variance and 
standard deviations are more normal relative to the other 
values. Reference to Table 37, for instance, shows <Toso = 
5.9, <T 0:; 0 = 3.6, <T150 = 4.6, resulting in corresponding ratio 
parameters of segregation index, Sx = 2.6 and S5 0 = 2.7; 
degree of overall variability, DOV, = 11.8; and degree of 
segregation, D of S, = 9.2. These values are quite similar 
to the comparable parameters for crushed stone and gravel 
aggregate. 

Referring now to sampling point No. 3, the storage bin 
discharge into the weigh hopper, anomolous behavior is 
again apparent. This time, the within-batch variability is 
small relative to the overall variability (i.e., <To = 17.4, 
<Th = 2.6, <Tz = 17 .2 for percent passing the ½ -in. sieve); 

corresponding A values for <T0 = 0.354, <Tu = 0.062, and 
<T1 = 0.350. These measurements result in very high values 
for segregation index, SA = 33.1 and S50 = 44.5 ; for degree 
of overall variability, DOV, = 34.8 ; and for degree of 
segregation, D of S, = 34.4 Here, also; there seems to 
be a logical explanation for the observed behavior. 

Attention is invited first to the pattern of the plot of 
individual test results obtained on percent passing the ½-in. 
sieve ( Fig. 41). Here, the surging previously noted on 
samples from bins or hoppers is very definite and very 
severe. The first 16 samples taken of this bin discharge 
were all quite uniform and showed an average of about 68 
percent passing the ½-in. sieve, with one pair of results 
down as low as 25 percent minus ½-in. slag particles . Then, 

75 90 105 

Wit hin B~tch~ 
Variance 

120 135 

(All Values t o be Multipli ed by 10-3) 

Figure 39. R elative varia11 ce of A at different po i11ts i11 process ,f/rea111, Seri es No. 6, cmshed slag(/ i11.-No. 8 ) , Mary/a 11 d. 
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for the next 16 samples, the gradation reverted to the 60 to 
75 percent minus 1/2 -in. level and was again reasonably 
unif rm until there was a minor surge of 40 percent pa ·ing 
½-in. material. Note that, again, this was a pair of samples. 
The level then returned to about 68 percent passing and 
the pattern was carried down to the average of four suc­
cessive test portions showing les than 20 percent minu 
½ -in. lag. It i beyond the cope of this initi al part of the 
project to explore the reasons for this ·urging bul it is 
apparent that the la rge overall variability mea ured i • a 
direct result of segregation within the storage bin. For 
extended periods the flow of aggregate from this bin was 
finer than average, but reasonably uniform, then the segre­
gated coarser particles were released periodically as slugs 
or surges. 

This whole situation leads to some rather interesting ob­
servations and questions from the construction control 
viewpoint. The situation, in brief, is as follows: 

1. The specifica tions call for 25 to 60 percent passing the 
½-in. sieve. T hese are the broad band limit , and it is 
normally anticipated that the construction controls on any 
one plant using aggregate from a ·ingle source on a steady 
production flow basis would result in much narrower oper­
ating limits within this broad band. 

2. The material fed to the overhead storage bins averaged 
58.1 percent passing the ½-in. sieve, which is too close to 

the upper pecification limit. The important point, however, 
i. that thi aggregate, as fed to the storage bin, wa rea on­
ably uniform and the individual te t re ults seemed to be 
randomly di.stributed around the average. he overall 
standard deviation, u., = 5.7, and the ± 2u limits are 46.7 
to 69.5. This is the feed to the overhead storage bins. 

3. Due to segregation on the way into or within these 
50-ton storage bins, however, the aggregate that drops into 
the weigh h pper to make up the individual batches of con­
crete is omething else again. Of the 44 batches sampled 
during this day's production, 3J about 70 percent) were 
made with aggregate lhat was too fine, ranging from about 
58 percent to nearly 80 percent pa ·sing the ½ -in. sieve 
with rno l of the point di ·tributed quite uniformly in the 
66 to 74 percent range. The other 13 batches, representing 
about 30 percent of the day's production, were made with 
aggregate having less than 50 percent passing the ½ -in. 
sieve· with four batches, or about 9 percent of the produc­
tion, falling right at or below the lower limit (25 percent) 
of the broad band of the specifications. 

The random test results obtained and the analysis of these 
data lead to some pertinent observations and questions of 
obvious concern from the construction control viewpoint. 
Some of these are as follows: 

1. Inasmuch as the concrete from this plant has ap-
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parenlly been giving sali factory ervice, what is the im­
portance of coarse aggregate gradation control in portland 
cement concrete? Can the road or str ucture tell the differ­
ence between the 70 percent of the output of this plant 
using fine lag, most of which was outside of the upper 
broad band specification limit, and the 30 percent of the 
output produced duru1g the same day with coarse slag with 
about 9 percent of the day' production at or below the 
tower limit of the broad specification band? I there a real 
difference between 70 percent passing the l/2 -in. sieve and 
25 percent passing, insofar as the quality of the finished 
product is concerned? 

2. What is there about this storage bin that would cause 
the high degree of segregation noted? Why should the feed 
to the bin be reasonably uniform, but the discharge come 
out 70 percent of the time on the fine side and 30 percent 
of the time with periodic surges of coarse aggregate? As 
stated, it is beyond the scope of this first part of the project 
to delve further into theories of hopper design. This work 
does, however, pinpoint a definite need for further study and 
a potentially fruitful area for additional research. 

3. There are many obvious questions from the construc­
tion control viewpoint, most of which are related to just 
where and when and how the aggregate feeding this plant 
should be sampled. An inspector can get totally misleading 
test results if he happens to sample the feed to the weigh 
hopper at the wrong time. 

4. These data rather dramatically emphasize the need to 
take a look at the whole picture. To be guided by any one 
of the parameters would lead to a poor and po sibly errone­
ous understanding of the construction control problems as­
sociated with this plant. For instance, the standard devia­
tion , crQ, cr1,. a-1, or the various other ratios or parameters, 
give no hint of the pattern of surging at the bin discharge 
hown in Figure 41. Thi i a fin e example of the advan­

tages of maintaining a proces • control chart that will de­
lineate these trend and how whal i actually going on at 
the plant. 

Series No. 7- Uncrushed Gravel (1 in .-No. 4) Aggregate 
for PC Concrete 

PLANT DESCRIPTION AND PROC ESS FLOW 

Thi ampling was from the process tream (barge, con­
veyor belt to torage bin, feed to weigh hopper) of the 
aggregate supply to a large central-mix concrete plant in 
Phil adelphia, Pa. The re ulting concrete is used for State 
highway municipal, and private work in the area. The con­
crete i • tested daily by a private laboratory, which certifies 
as to the quality with respect to specification strength re­
quirements. 

The uncrushed gravel aggregate is dredged from the 
Delaware River near Philadelphia. It is produced to meet 
Pennsylvania 2-B gradation specifications (Equivalent to 
i1nplified Practice Recommenda.tion Grading No. 57). As 

the aggregate is dredged it is ·crcened and loaded into a 
general purpose barge with a capacity of 900 to 1,000 tons 
(sampling point No. I). Upon arrival at a wharf adjacent 
to the concrete plant, the barges are unloaded with a clam­
bucket into a silo-type surge bin. From this bin, a belt 

conveyor (sampling point No. 2) elevates the aggregate to 
overhead storage bins (sampling point No. 3), from which 
it is gravity fed into the weigh hopper. 

VARIATION IN GRADATION AT POINT OF USE 

Sample increments of aggregate were taken at sampling 
point No. 3 by liding specially designed ampling tools 
( Fig. 17) into the stream of gravel flowing into the weigh 
hopper. Two increments, having an average weight of 25 
lb each, were taken from each 9-cu yd batch selected by ihe 
use of a table of random numbers. The entire increment 
was used as a test portion and was sieved to refusal on a 
Weston rotary sieve. 

The specification requirement for the gradation of the 
gravel , together with the overalJ variation and batch-to­
batch variations, are giveo in Table 38 . The overall varia­
tion shows the limits within which 95 percent of results of 
tests on single increments, selected at random, could be 
expected to fall. The batch-to-batch variation shows the 
probable limits within which the gradation of the coarse 
aggregate in 95 percent of the batches would fall, if the 
entire batch was put through the sieves. 

VARIATION IN GRADATION AT OTHER SAMPLING POINTS 

To compare the specified gradation with the gradation at 
the source and at intermediate sampling points, random 
sample increments were taken in duplicate from the barges 
(sampling point No. 1) and from the belt (sampling point 
No. 2) carrying the aggregate to the plant bins. Samplings 
were timed so that essentially the same LOT of aggregate 
was sampled at all points. The overall variations found at 
these points are compared with the specification limits in 
Table 39. 

SERIES 7 SUMMARY CHARTS 

The relative variances and standard deviations of the per­
centages passing the different sieves are summarized in 
Table 40. The relative variance of the Hudson A values is 
shown in Figure 42. The aggregate grading charts showing 
the ±2cr envelopes at each of the three sampling points are 
presented in Figure 43 . The individual test result values 
of percent pas ing the 3/s-in. sieve are plotted in the order 
of sampling from the barge, from the belt, and at the feed 
to the weigh hopper in Figure 44. The gradation and sta­
tistical summary parameters for this series are presented in 
Table 41. 

These various figures and tables, as they apply to con­
struction control for Series 7 alone, are discussed collec­
tively in the following. Series 8 covers a very similar opera­
tion, which was purposely selected in an attempt to deter­
mine if a definite degree of variation, using the same type 
of aggregate but in a different plant, could be associated 
with a given handling process. Thus, observations common 
to both Series 7 and Series 8 are reserved for comment un­
der Series 8. 

It is apparent that the handling of the Series 7 rounded 
gravel resulted in mixing that greatly decreased the varia­
bility measured between the barge (samP,ling point No. 1) 
and the belt (sampling point No. 2). Part of this increased 
uniformity was then nullified by moderate within-bin segre-



gation upon subsequent transfer to the overhead storage 
bins. The best picture of these effects is given in Figure 44 
and by the parameters presented in Table 41. At the barge, 
the degree of overall variability, DOV, = 32.0, and the 
corresponding degree of segregation, D of S, = 25.0. The 
segregation index, S,1 = 1.7 and S;,o = 2.5, is low because 
the within-batch variance on the barge is also relatively 
large. 

The corresponding values for samples taken from the 
belt are DOV= 8.2, D of S = 6.8, S1 = 2.1, and Sao= 3.2. 
Thus, the segregation index remains about the same, but 
the degree of overall variability and the degree of segrega­
tion are greatly reduced-decreased nearly four-fold. 

The corresponding values on samples taken from the 
overhead storage bin discharge are DOV = 17 .2, D of S = 
14.6, sA-= 4.9, and Sao= 3.6. Due to segregation in the 
overhead storage bin, the overall variability and the batch­
to-batch segregation has about doubled, thus negating about 
half of the improved uniformity obtained in handling be­
tween the barge and the belt. The segregation index has 
also increased moderately, indicating some change in the 
pattern of segregation-a relative decrease in within-batch 
and an increase in batch-to-batch variability as the gravel 
was transferred from the barge through the overhead stor­
age bins and discharged to the weigh hopper. 

Figure 44, a plot of the individual test values of the 
feed to the weigh hopper ( overhead storage bin discharge) , 
indicates some tendency toward surging, but it is nowhere 
near as pronounced as that illustrated in Series 6. Between 
samples 30 and 40, and again between about 77 and 87, the 
gradation gets coarser (15 to 22 percent passing the 3/s -in. 
sieve), whereas between about sample 42 to 76 the grada-

BARGE 

79 

TABLE 38 

GRADATION OF SERIES 7 GRAVEL AT 
POINT OF USE 

PERCENT PASSING SIEVE 

BATCH-TO-

OVERALL BATCH 

SIEVE SPEC. VARIATION, VARIATION, 
SIZE LIMITS ±20-,, LIMITS ±20-, LIMITS 

l½ Ill . 100 100 100 
I in. 90-100 
¾ m. 71-92 73-90 
½ Ill. 25-60 
:Ys in. 15-39 16-38 
No. 4 0-10 2-9 3-8 
No. 8 0-5 1-3 1-3 

TABLE 39 

GRADATION OF SERIES 7 GRAVEL AT 
OTHER SAMPLING POINTS 

SIEVE 

SIZE 

-- -
I½ in. 
I in. 
¾ Ill. 

½ m. 
3/s Ill. 

No. 4 
No. 8 

PERCENT PASSING SIEVE, ±20-,, LIMITS 

SPEC. 

LIM!l S BARGE 

100 100 
90-100 

61-93 
25-60 

0-40 
0-10 0-6 
0-5 0-2 

TRANSFER WEIGH 

BELT HOPPER 

100 100 

73-85 71-92 

18-27 15-39 
3-5 2-9 
1-2 1-3 

0ve ra I I 

' 

Within B!atcJ 
Vari a nee 

15 30 45 60 75 90 105 120 135 

(All Values to be Multiplied by 10-3) 

Figure 42. Relative varia11ce of A at differe11t poi11ts i11 procC'ss stream, SeriC's No. 7, 1111c1·11.1hed gravel(/ i11.-No . 4), Pe1111sylva11ia 
(Plant No.]). 
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Figure 43. A ggrega/e grndarion charts for Series No. 7 samples taken at (a) barge, (b) be// , and (c) bin discharge to weigh hopper, 
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tion of the aggregate feed to the weigh hopper is uniformly 
finer (at about the 32 percent minus %-in. level). 

Series No. 8-Uncrushed Gravel (1 in.-No. 4) Aggregate 
for PC Concrete 

The plant at which this sampling was made is essentially 
the same, in all respects, as that used in the Series No. 7 
sampling, although operated by a different company. 

Essentially the same aggregate, and the same aggregate 
source, is involved as in Series 7. In this case the aggregate 
is dredged from a small bay off the Delaware River ( called 
Van Scriver Lake) and screened at the production site. It 
is loaded directly into a barge (sampling point No. 1). The 
method of unloading and handling the aggregate is essen­
tially the same, with the exception that the aggregate is 
dropped by clambucket into a relatively small feeder hop­
per, instead of a surge bin as was the case for Series 7. 
A belt conveyor (sampling point No. 2) carries the aggre­
gate from the feeder hopper to the overhead storage bins 
(sampling point No. 3), from which it is dropped into 
the weigh hopper. 

VARIATIONS IN GRADATION AT POINT OF USE 

Due to the similarity of the plants, the same sampling pro­
cedure and sampling tools were used as for Series 7. Two 

increments, having an average weight of 25 lb each, were 
taken from each 9-cu yd batch selected by the use of a 
table of random numbers. 

The specification requirements for the gradation of the 
gravel, together with the overall variation and batch-to­
batch variations, are given in Table 42. The overall varia­
tion shows the limits within which 95 percent of results of 
tests on single increments, selected at random, could be 
expected to fall. The batch-to-batch variations shows the 
probable limits within which the gradation of the coarse 
aggregate in 95 percent of the batches would fall, if the 
entire batch was put through the sieves. 

VARIATION IN GRADATION AT OTHER SAMPLING POINTS 

The sampling points for this series were at the same rela­
tive locations as for Series 7. The overall variations found 
at these points are given in Table 43. 

SERIES 8 SUMMARY CHARTS 

The relative variances and standard deviations of the per­
centage passing the different sieves are summarized in 

Table 44. The relative variance of the Hudson A values is 
shown in Figure 45. The aggregate grading charts showing 
±2u envelopes at each of the three sampling points are 
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TABLE 42 

GRADATION OF SERIES 8 GRAVEL AT 
POINT OF USE 

PERCENT PASSING SIEVE 

OVERALL 
SIEVE SPEC. VARIATION, 
SIZE LIMITS ±211. LIMITS 

l½ in. 100 100 
l in. 90-100 
¾ in. 74-97 
½ in. 25-60 
¥s in. 15-54 
No. 4 0-10 1-15 
No. 8 0-5 0-8 

BATCH-TO-

BATCH 
VARIATION, 

±2111 LIMITS 

100 

78-93 

24-44 
3-12 
2-6 

presented in Figure 46. The individual Lest results of per­
cent passing the 1/s-in. ieve are plotted in the order of 
sampling from the barge, from the belt, and at feed to the 
weigh hopper in Figure 47 . The gradation and tatistical 
summary parameter for this series are presented in Table 
45. 

The same general trend may be noted with respect to the 
decreased variability due to handling between the barge 
and the belt, part of which is again nullified due to ubse­
quenl segregation in the overhead storage bin. This time, 
however, tbe degree of improvement is not as great as that 

TABLE 43 

GRADATION OF SERIES 8 GRAVEL AT 
OTHER SAMPLING POINTS 

PERCENT PASSING SIEVE, ±2110 LIMITS 

SIEVE SPEC. TRANSFER WEIGH 
SIZE LIMITS BARGE BELT HOPPER 

IV2 in. 100 JOO 100 100 
I in. 90-100 
¾ in. 63-100 72-92 74-97 
V2 in. 25-60 
¥s in. 4-60 20-41 15-54 
No. 4 0-10 0-7 2-7 1-15 
No. 8 0-5 0-3 1-4 0-8 

obtained in Series 7. The degree of overall variability at 
the barge, DOV, = 36.0, and the degree of segregation, 
D of S, = 30.6. The corresponding values at the belt 
(sampling point No. 2) are DOV = 14.8 and D of S = 
11 .0, less than a three-fold improvement. At the overhead 
storage bin discharge, DOV= 22.4 and D of S = 15.0 

In this case, the segregation index at the barge, Si = 3.8 
and S50 = 3.6, was higher than that obtained later at either 
the belt, Sj = 2.5 and S50 = 2.2, or at the bin discharge, 
Si.= 2.1 and S00 = 1.8. These values are not greatly dif­
ferent and indicate that the within-batch variability was 
relatively large at all three sampling points. 

0veral 1 

BARGE I 

Within Bltch_T 
Variance 

I 

BIN 
DISCHARGE 

15 30 45 6D 75 90 120 135 

(All Values to be Multiplied by 10-3) 

Figure 45. Relative variance o(A at different points in process stream, Series No. 8, 1111<:mshed gravel (] in.-No. 4), Pe11nsylvania 
(Plant No. 2) . 
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An assignable cause for high within-batch variability was 
noted at the overhead storage bin discharge. In this case, 
gravel was fed through two gates to the weigh hopper and 
because the flow time was quite short it was decided to 
take a test portion from under each gate at the same time 
(Fig. 17) for purposes of measuring within-batch variance. 
Some difference in the gradation of the gravel flowing from 
these two gates was observed at the time of sampling; how­
ever, the significance of this difference did not really be­
come apparent until the data were analyzed. In Figure 47 
the individual test values for percent passing the %-in. 
sieve obtained on samples taken under the fine gate are 
shown as circles, whereas the corresponding values for the 
companion samples taken under the coarse gate are shown 
as solid squares. Average level, standard deviation, and 2o­
limits are summarized in Table 46. Because of the assign­
able cause of difference in gradation at these two gates, the 
within-batch variance, o-"b, was estimated by a different 
statistical method for this sampling point. 

It is apparent that there was significant segregation taking 
place in the overhead storage bin, and that the feed from 
one gate has different characteristics from the other, in 
both level, X, and variability, o-. From the construction 
control viewpoint, the same basic questions are again ger­
mane: "Where should the inspector take his sample?" and 
"Can the road tell the difference?" 

TABLE 46 

COMPARISON OF RESULTS FROM 
BIN DISCHARGE GATES, SERIES 8 

STD. 

AVG. % PASS. DEV., 

GATE ~/8-IN. SIEVE, X 11' 

Fine 27.8 8.7 
Coarse 40.9 10.0 
Combined 34.4 11.4 
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CHAPTER FIVE 

ANALYSIS AND INTERPRETATION OF DATA 

In the previous chapters the test data and findings are 
presented with discussion or interpretation largely limited 
to a particular experiment or series. In this chapter an 
attempt is made to analyze and interpret the overall data 
and findings as a whole. Various comparisons are made to 
explore relationships among results obtained at different 
locations using similar processes, sampling methods, etc., 
both with the same and with different types and gradation 
of aggregates. Some of these were planned, such as the 
comparison between Series 7 and 8, whereas other com­
parisons are possible because of similarities that just hap­
pened to occur among the eight locations selected for the 
main field investigation. 

This chapter is divided into two main sections. The first 
is devoted to the primary objectives of this study as outlined 
in the project statement. In general, comments in this 
section are limited to points or considerations germane to 
the project title, "Evaluation of Construction Control Pro­
cedures." 

As mentioned previously, however, there are some sec­
ondary benefits to be derived from this research in the way 
of supporting data on the relative degree of segregation as­
sociated with the stockpiling and handling procedures that 
happened to be in use in the eight commercial plants in­
vestigated. It should be emphasized again, however, that 
the primary objectives of this study were not to investigate 
the relative efficacy or merits of any particular transporta­
tion or aggregate handling technique, nor is any attempt 
made to completely analyze or "milk" the data made avail­
able in this study for objectives other than those related to 
construction control considerations. Nevertheless, where 
applicable, various comparisons are made among results 
obtained in this study and, in some cases, incorporating data 
from related projects 10-3 and 10-3 (1). The second sec­
tion, therefore, presents correlations and interpretations of 
some data which may, strictly speaking, be beyond the 
scope of the current project assignment, but which, never­
theless, are considered to be of enough importance in the 
overall aggregate handling problem to be included in this 
report. 

CONSTRUCTION CONTROL CONSIDERATIONS 

As stated in Chapter One, the basic problem in construction 
control of aggregate gradations is to estimate the average 
percent of an aggregate that will pass a given sieve, and 
the variations from that average, on the basis of measure­
ments made on a sample taken from the LOT of aggregate. 
The engineers responsible for the design and control of ag­
gregate mixtures must estimate the average percent passing 
the critical sieves so that the proportions of fine and coarse 
aggregate in the designed mixture will result in optimum 
workability and serviceability. They also must make sure 

that variations from this average are not so great as to 
require frequent adjustments in the mix proportions, or, if 
adjustments are not made, to result in batches or units of 
product that will have unacceptable workability or service­
ability. In addition to meeting the engineering requirements, 
the engineer must not only satisfy himself, but also must be 
able to document, that the aggregate actually used in the 
construction was in substantial compliance with the speci­
fication requirements. 

Obviously, the specification limits should be compatible 
with the engineering requirements and, insofar as possible, 
reflect that optimum balance between serviceability and 
construction cost that will result in maximum use value; 
i.e., minimum overall construction and maintenance costs 
over the service life of the facility. Both the average level 
and the variations from that average are needed to properly 
design and establish optimum construction control pro­
cedures to first define and then to arrive at the best prac­
tical compromise between engineering requirements and 
specification limits. Once established, the average and the 
variability are again the important parameters needed to 
put a procedure to work for control of a given material 
or element of construction and then to document the results. 

There are three basic questions to be considered, as 
follows: 

1. What are the engineering requirements? 
2. What are realistic specification tolerances under nor­

mal, practical operating conditions? 
3. What construction control procedures should be used 

to measure and document substantial compliance with the 
specification requirements? 

Although a complete discussion is not required for this 
interim report, it is important to the interpretation of the 
findings of this study that certain factors common to these 
three questions qe briefly reviewed. The reader is referred 
to a more complete analysis and discussion of these consid­
erations contained in NCHRP Report 17, "Development of 
Guidelines for Practical and Realistic Construction Speci­
fications." 

There are two approaches to question No. 1, "What are 
the engineering requirements?" One is to base the average 
level and acceptable variability strictly on known or as­
sumed technical considerations. In some cases enough is 
known, or is thought to be known, about engineering re­
quirements to theorize or demonstrate in the laboratory 
that a change in aggregate gradation beyond a certain point 
will become intolerable from the quality or serviceability 
viewpoint. A limited discussion of some of these factors 
for portland cement concrete and for asphaltic concrete 
mixes is given in the following. The other approach is to 
measure the average level and the variability of known 
acceptable construction and to use these results for defining 
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engineering requirements on the basi that they represent 
sati factory serviceability experience. Requirements so de­
fined may not reflect the ultimate in good engineering, but 
they are upposedly sound because they are ba ed on cri­
teria known by past experience to represent acceptable 
performance. 

The pertinent factors in answering the second question, 
with relation to realistic specification limits and tolerances, 
can be derived from the same measurements of known 
acceptable construction just mentioned. The normal varia­
bility in gradation encountered with a number of different 
coar e aggregates in different plants and in different geo­
graphic locations provides a sound basis for establishing 
realistic limits because they were made under practical 
operating conditions using typical and cu tomary construc­
tion control procedures. Tbe acceptance limits for any 
specification must be practical and realistic, otherwise diffi­
culties in enforcement or increased costs are inevitable. 
Realistic limits should be wide enough to accommodate 
normal variations in gradation, unless there are definite 
engineering requirements that justify the added expense of 
more rigid controls and measurement techniques. 

Answers to the third question, regarding the appropriate 
construction control procedures to measure and document 
substantial compliance, involve a number of considerations. 
Some of these are discussed in greater detail in Chapter Six, 
which presents a recommended means for incorporating the 
results of this study into a complete aggregate specification. 
The point of sampling is an obvious consideration, as is the 
relative degree of variability associated with the sampling 
and testing; i.e., the within-batch variance as distinguished 
from batch-to-batch variability. Less obvious are the factors 
having to do with the degree of assurance that the engineer 
(or the State, or the Bureau of Public Roads) may believe 
to be warranted in documenting substantial compliance 
for specific pecification requirements. Some requirements 
are more important than others and also some items of con­
struction are more critical than others, even though gov­
erned by the same pecification. o the number of test por­
tions required in a given aggregate control ituation depends 
not only on the magnitude of the variations, but also on the 
importance of the product under control and the degree 
of accuracy desired or deemed to be warranted by the 
people who are actually running the job or who are in­
terpreting the findings for a particular control problem. 

Regardless of the construction control procedure or other 
basis of engineering judgment, there is always a risk of 
accepting poor material and of rejecting good material. As 
shown by the variations noted in the eight commercial 
plants studied under this project, these risks are extremely 
large when the decision to accept or reject is based on a 
test result from a single test portion. Inasmuch as these 
were typical plants under normal control, it may be assumed 
that the magnitudes of the variations measured are also 
typical and normal. Further, it is suspected, but not known, 
that the actual construction control in many State highway 
departments, as practiced by "typical" inspectors, consists 
of taking single test portions, or at best "selecting" rela­
tively few portions, rather than following a random sam­
pling plan with a sufficient number of tests to materially 

reduce the sampling and testing errors. Therefore, the 
risks associated with coarse aggregate construction control 
are probably larger than most of the industry might have 
supposed. 

It is apparent that all three of the basic questions out­
lined are interrelated and depend on a number of factors 
that cannot be independently and simply defined as engi­
neering requirements, or realistic tolerances, or documenta­
tion requirements. One influences the other and they must 
be considered together. What constitutes a good construc­
tion control procedure for one product may incur unwar­
ranted inspection and testing costs for another, or involve 
unacceptable risk for still a third. 

There is another important factor, however, in connec­
tion with these construction control considerations that must 
not be overlooked; namely, that these studies revealed a 
number of assignable causes for variability, some of which 
obviously warrant corrective action quite independent of 
the basic quality versus cost question. The surging result­
ing from within-bin segregation is a good example. Some 
corrective action, in the form of improved hopper design 
or in the method of feeding bins or controlling the discharge 
from them, is obviously in order. Figure 41 graphically 
illustrates the extreme surging obtained in the feed to the 
weigh hopper in Series 6. There are other assignable causes 
for variability that should be corrected as a matter of good 
construction control procedure quite independent of spe­
cification considerations. The important point is that this 
study provides the engineer with techniques and tools 
whereby these assignable causes can be separated and quan­
tified. 

Conformance With Specification Limits 

A rather startling result from analysis of the data derived 
from the main field investigation is the lack of general con­
formity to the specification limits governing the production 
of these eight commercial plants. This is a very touchy 
subject, however, because assurances were given that this 
was a research study and not an investigation, and that the 
owners would not be placed in any jeopardy due to lack of 
specification conformance. This is why the several series 
are identified merely by number and State. Although the 2u 
comparisons are made against the specifications as a means 
of presenting the findings for the individual series, it so 
happens that conformance implications are not readily ap­
parent because of differences in sieve sizes. The policy of 
obscuring identification with any individual plant is con­
tinued in the following by discussing the conformance re­
sults as they apply to all eight of the series as a whole, or to 
groups of similar-type aggregates. 

The method of analysis has been to select one sieve size 
for each series that is reasonably close to the central range 
(i.e. , 30 percent or more passing range) , then to calculate 
the number of tests that would be outside of the specifica­
tions for that particular sieve size based on the overall 
standard deviation, u 0 , at the sampling point closest to incor­
poration of the aggregate into the finished product (usually 
feed to weigh hopper) . For the six portland cement con­
crete aggregates conformance comparisons were made on 
percent passing the ¾ -ir. . or ½ -in. sieves ; for the asphaltic 



concrete aggregate, series 3, on the ¾-in. size; and for the 
well-graded base course aggregate, series 5, on the No. 4 
sieve. The results reported are based on calculations of the 
percentage of single test results that would be outside of 
the specification limits assuming normal distribution. It 
should be noted that this analysis does not take cognizance 
of the influence of the assignable causes discussed. 

On this basis, an average of 35 .8 percent of all test re­
sults for al] eight series may be expected to fall outside of 
the specification limits. The corresponding average for the 
group of six portland cement concrete aggregates is 25.5 
percent. In other words, using normal construction con­
trols and sampling and testing procedures, from one-fourth 
to more than one-third of the test results obtained at these 
commercial plants would be outside of the specification 
limits on the one sieve size used for this conformance 
analysis. This was a rather surprising finding and the im­
plications are of obvious importance from the construction 
control viewpoint. 

Only one of the plants was operating in what might be 
considered a reasonably satisfactory manner with respect to 
specification conformance. This single low result was 4.4 
percent out. Next was a group of three series ranging from 
13.0 to 21.9 percent out. Then three series in the range of 
48 .9 to 59 .1 percent out, and the high value was 7 4.2 
percent out. By "percent out" in each case is meant the 
percentage of the test results that would be outside of the 
specification limits for that particular sieve size, using the 

X and <r0 values actually measured under the conditions 
cited. The reason for non-conformance is about equally 
split between displaced average level and high variability. 
In five out of the eight series, the average percent passing, 

X, was either close to or, in one case, actually outside of the 
broad band limits specified. For two of these five series the 

variability was also high. In two cases X was reasonably 
close to the center of the band but <r0 was high. In summary, 

one series was good for both X and <r0 ; two series were out 
because of high <r0 ; three series were out because of dis­

placed level; and two series were out because both :x-was 
displaced and <r0 was high. 

A further analysis was made on the assumption that the 

average percent passing, X, was at the midpoint of the 
specifications. In other words, if the plant was operating so 
that the average gradation was right in the middle of the 
band, then how many test results would fall outside of the 
specification limits if the distribution were normal and the 
standard deviation was that measured at the final sampling 
point for that series? Under these conditions the average 
percent out for all eight series is 18.4, with a range of O to 
55.5 percent out. The average percent out for the six port­
land cement aggregates is 12.2, with a range of O to 29 .4 
percent out. Even under these very favorable conditions 

of X being right in the center of the band, only two of the 
plants were operating in what would normally be thought 
of as being under really good control. The percent out for 
these two series was essentially O and 2.9 (the 2.9 is the 

series that was 4.4 percent out when using the actual X). 
Two series were at the 8.5 to 11.2 level; three in the 18.7 
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to 29.4 range; and then the one high value of 55.5 percent 
out. 

Still a third analysis was made to calculate the percentage 
of individual test results that would be out of a broad band 

range of 30 to 70 percent passing if X were exactly 50 
percent passing and the variability was the hypothetical 
standard deviation at the 50 percent passing level, <r0 ,, 0 . 

Under these conditions an average of 9.3 percent of the 
test results for all eight series (8.0 percent for the six port­
land- cement aggregates) would be outside of even these 

very broad limits of ± 20 percent with X exactly at the 50 
percent passing level. In this case, however, only three of 
the series were high (12.4, 16.8, and 25.0) and all are 
probably subject to assignable cause influences. There was 
one plant at the 7 .3 percent out level; the remaining four 
series are 2.0 or less (0, 0.2, 1.2, 2.0). It is interesting to 

note that at the 50 percent passing level, and with X 
exactly in the middle of the band, at only one of the eight 
plants could all of the test results be expected to fall within 
the limits of 30 to 70 percent passing. 

Regardless of how the data are analyzed, one positive 
conclusion is that these studies have demonstrated without 
question that actual variations in gradation of eight com­
mercial coarse aggregates exceed the limits of current spe­
cifications. The variations measured are considerably greater 
than was anticipated. There are a number of obvious inter­
pretations that could be placed on these findings. There 
also are a number of implications that could be highly sig­
nificant, not only from the viewpoint of construction control 
per se, but also that these findings create doubts as to the 
validity or importance of some engineering concepts of 
gradation criteria that have become generally accepted over 
the years. In a number of cases engineering judgment would 
seem to place many of the variations measured in a clearly 
unreasonable category for acceptable construction. Still, 
how is one to know? 

The question has been raised repeatedly throughout this 
study as to whether the specification limits can be justified 
in light of the historical implication that the finished prod­
ucts produced at these plants have been performing satis­
factorily . Although eight plants admittedly comprise only 
a small sample, there is no reason to believe that the six 
portland cement concrete plants are not more or less typical. 
Series 3 and series 5 are probably exceptional in that the 
specification limits are quite narrow and the average gra­
dation level at the time of sampling was just not where it 
should have been. Discounting these two series entirely, 
however, still leaves the six portland cement concrete plants 
representing operations in five States with three uncrushed 
gravels (series 4, 7, and 8) one crushed gravel (series 2) , 
one slag (series 6), and one crushed limestone (series 1). 
The gradation of these six aggregates is similar enough so 
that the results lend themselves to consideration as a group 
and so far as is known there was nothing atypical or unusual 
about any of these plants, or in the specifications under 
which they were operating. Still , on the average, 25.5 
percent of the test results of the coarse aggregate feed to 
the weigh hoppers in these plants can be expected to be 
outside of the specification limits, assuming normal distribu­
tion at the X and <r0 levels actually measured. 
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This finding is disturbing from the viewpoint of all three 
of the basic questions posed earlier in this section. If one 
accepts the general finding that large variations in the 
coarse aggregate for portland cement concrete do occur 
without apparent serious consequences, there is need to 
re-examine the following: 

1. How much variation from the gradation used in de­
sign can occur without requiring adjustments in mix pro­
portions, which, if not made, would detrimentally effect the 
placeability and/ or serviceability of the mixture? Can more 
positive control be justified? . 

2. What are realistic specification tolerances under nor­
mal practical operating conditions? Should the specifica­
tion limits be widened? 

3. What constitutes substantial compliance and how 
many test portions are needed to attain the desired degree 
of confidence in the acceptance/rejection decision? 

Construction Control of PCC Aggregates 

This portion of the discussion is limited to the six portland 
cement concrete plants ( series l, 2, 4, 6, 7, 8) . This is an 
appropriate group for special consideration inasmuch as 
the problem of construction control of coarse aggregates 
for portland cement concrete is of particular concern be­
cause these aggregates are generally not re-screened before 
proportioning into the concrete mixture. The most impor­
tant coarse aggregate size with respect to both workability 
and mixing water is probably the ¾-in. to No. 4 fraction. 
Accordingly, the following discussion is confined to the 
percentages passing the %-in. sieve at the six concrete 
proportioning plants investigated under this project. 

. Table 47 presents a summary of the pertinent parameters, 
all based on the percent passing the %-in. sieve. In each 
case these parameters apply to test portions taken at the 
point where the aggregate was being fed to the weigh hop­
per. 

The average level, X., for the six series was 33 percent 
passing the %-in. sieve, with a low of 27 (series 7) and a 
high of 39 ( series 6). When one considers that these are 
widely scattered plants geographically and that four dif­
ferent types of aggregate are represented, the average gra-

TABLE 47 

SUMMARY OF PARAMETERS FOR PCC AGGREGATES 

dation is quite consistent. On the surface this would seem 
to indicate that 33 ± 6 percent passing the %-in. sieve is 
about right, if customary practice is taken as a reflection of 
optimum experience. This may or may not be the case and 
it is known, of course, that satisfactory concrete mixtures 
can be designed using other gradations of coarse aggregate. 
The average level is more likely to be a reflection of opti­
mum gradation from the viewpoint of minimum waste; i.e., 
that 33 percent minus % in. is about the level at which 
most nominal 1 ½-in. maximum size aggregate normally 
runs, whether from a crusher or as naturally occurring un­
crushed gravel. 

Although the average level at these six PCC plants was 
reasonably constant, the gradation of individual test portions 
as the coarse aggregate was being fed to the weigh hopper 
varied widely, as shown by both the range, R, and the stan­
dard deviations. Individual batches of concrete were pro­
duced using coarse aggregate from a low of about 10 per­
cent passing the %-in. sieve to a high of about 70 percent. 
The extreme deviation from the average, X., was - 26 for 
one test portion in series 1, and + 36 for one test portion in 
series 8. These are extreme values and include the full 
within-batch measurement errors and variations. It is 
probable that the actual outer limit variability was more in 
the order of ± 20 percent, or from about 15 to 55 percent 
passing the 1/s -in. sieve. 

As shown, the actual batch-to-batch standard deviation 
of the percent passing the 1/s -in. sieve at the point of use 
ranged from a low of 3.9 (series 2) to a high of 15.5 
(series 6). Excluding series 6, where the high batch-to­
batch variation can be assumed to be due to an assignable 
cause which could be corrected, the normal batch-to-batch 
standard deviation appears to be about 6.0. This indicates 
that, if a sufficient number of increments are taken from 
each batch to average out most of the within-batch varia­
tion, a practical specification range would be ± 2u1, or 
about ± 12 percent from the desired average passing the 
1/s -in. sieve. In most cases of normal operation this range 
should include about 95 percent of the batches, and the 
statistical acceptance plan should be designed accordingly. 

Whether one considers the · extreme limits of 15 to 55 
percent passing as estimated from the range values or the 

STANDARD DEVIATION 
NO. OF o/o PASS. 1/s-JN. SIEVE" 
TEST WITHIN· BATCH-TO-

PORTIONS, AVERAGE, RANGE, OVERALL, BATCH, BATCH, 
SERIES n x R "" ,,. rr, 

1 100 37 11-61 12.0 2.7 11.6 
2 100 33 21-41 4.0 0.7 3.9 
4 100 35 18-43 5.8 2.5 5.3 
6 88 39 9-61 15 .7 2.4 15.5 
7 100 27 11-36 6.1 2.9 5.4 
8 100 34 11-70 9.4 8.0 5.9 

• At feed to weigh hopper. 



adjusted batch-to-batch standard deviation, u-1 = 6, the 
question arises as to the effect of such large variations on 
the workability and serviceability of the concrete in which 
these batches of aggregate were used. One line of investi­
gation is to estimate the change in voidage of the plus No. 4 
aggregate, inasmuch as this is one of the considerations in 
some methods of design of concrete mixtures. In theory, 
the minimum voids would be obtained by grading the coarse 
aggregate in accordance with the maximum density curve. 
According to this theory, the ideal gradation would be 100 
percent passing the 1 ½-in. sieve, 74 percent passing the 
¾-in. and 55 percent passing the 3/s-in. Assuming 45 per­
cent voids in 100 percent 3/s-in. to No. 4 aggregate, the 
foregoing gradation would theoretically reduce the voidage 
of the mixture to 38 percent, or a maximum range in voids 
between the best possible and worst possible conditions of 
about 7 percent. Because most practical concrete mixtures 
are usually slightly oversanded, it is doubtful if variations in 
voidage within this range would seriously effect the work­
ability of the concrete. 

Another line of investigation is to estimate the effect of 
the variations in gradation on the gallons of water per cubic 
yard required for a certain slump, say 2 to 4 in. If the 
gradation of the total solids, including the cement, is such 

that the A value is about 4.5, the estimated water require­
ment would be about 34 gal per cubic yard of mixture for 

a 2- to 4-in. slump concrete. The variation in A correspond­
ing to a variation in percent passing the 3/s-in. sieve of from 
15 to 55 percent is about 0.9, and this variation is estimated 
to change the water requirements for a 2- to 4-in. slump by 
about 4 gal per cubic yard. This is enough to require ad­
justment. It is further estimated that with the plant set 
for a 3-in. slump, the variation from 15 to 55 percent pass­
ing the 3/s -in . sieve could cause the slump to go as low as 
1 in. or as high as 6 in., if the water content was not ad­
justed. Insofar as the effects on water requirements are con­
cerned, the variations observed in percent passing the 3/s-in. 
sieve are probably significant from the viewpoint of both 
consistency and compressive strength. 

The foregoing estimates are admittedly approximate and 
cannot be substantiated without further experimental work. 
However, they do indicate that although the extreme varia­
tions in gradation of coarse aggregate indicated by sampling 
actual batches may not affect workability, they probably 
would require adjustment in the quantity of mixing water in 
order to maintain a constant slump which, in turn, would 
result in significant variations in compressive strength. 
Further research is needed to quantitatively evaluate these 
effects and determine what engineering limits should be 
applied for coarse aggregate gradation. In general, it ap­
pears that a realistic specification for coarse aggregate could 
have wider limits for actual variation than some current 
specifications, but that these limits would not necessarily be 
wide enough to include the variations resulting from some 
current methods of handling and storing aggregates . 

The accuracy obtained in estimating the average percent 
of a LOT passing a given sieve will depend on the number 
of increments in a sample and on the total weight of the 
sample. The required number of increments can be deter-
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mined from Eq. 9 or from the nomograph (Fig. 8). Use 
of either requires that an advance estimate of the standard 
deviation be avai lable and that the desired degree of ac­
curacy be stated. The total sample size can be found by use 
of Eq. 2. 

If the desired degree of accuracy is ± 3 percent passing 
the ¾-in. sieve and a 95 percent confidence level is ac­
ceptable, the data indicate that sampling the feed to the 
weigh hopper would require 10 to 80 increments, depend­
ing on the series and the uniformity of the aggregate _at 
that sampling point. This is based on the overall standard 
deviation , making no allowance for surging or other assign­
able causes of variation. In other words, if one wants to 
know the average level of the percent passing the ¾-in. 
sieve at the point of use within ± 3 percent and is willing 
to accept a wrong answer 5 percent of the time ( 1 out of 
20), the average must include from 10 to as many as 80 
test increments taken from the feed to the weigh hopper 
at the six concrete plants studied in this investigation. 

The number of increments taken from each batch should 
be sufficient to average out within-batch variation, which 
will disappear when the concrete is mixed. This study indi­
cated that within-batch variation was a significant part of 
the overall variation, and that in most cases a number of 
increments should be taken from each sampled batch. El'.­
cept for one very low value (series 2) and one high value 
(series 8), both due to unusual circumstances, the within­
batch standard deviation had a range of from 2.4 to 2.9. 
This indicates that when a LOT is to be accepted or rejected 
on the basis of a small number of sampled batches at the 
point of use, the test portion of coarse aggregate from 
each batch should be made up of about 5 or 6 increments if 
the batch average of the percent passing the 3/s-in. sieve is 
to be determined with an accuracy of about ± 3 percent. 

Study of the data shows that the main component of 
within-batch variation, in most cases, is local segregation of 
aggregate sizes in different parts of the batch, and that 
inherent variance is significant only in the case of grada­
tions containing large (plus % in.) particles . The least 
significant component of either within-batch or overall 
variance appears to be testing error, even when gradation 
tests are made in a routine manner. This indicates that the 
risks associated with acceptance sampling and testing can­
not be significantly reduced by efforts to increase the ac­
curacy of the test method. The reliability of results of 
gradation tests on a sample of aggregate depends primarily 
on the number of random increments in the sample, and 
on the total weight of the sample. 

The total sample size required to attain a given degree of 
accuracy of average percent passing a given sieve size will 
depend on the gradation and the average particle size weight 
of the material retained on that sieve. Assuming 100 per­
cent passing the I ½ -in ., 85 percent passing the ¾-in. , and 
30 percent passing the 3/s-in. sieve, the total sample weight 
should be about 20 lb for an accuracy of ± 3 percent. If 
an accuracy of ± l percent is desired, a total sample weight 
of about 200 lb would be required. The manner in which 
this total sample weight is divided among different batches 
or the number of increments taken per batch will depend on 
the relative magnitude of the within-batch variance, the 
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batch-to-batch variance, and the objectives of the particular 
construction control or sampling plan. 

In cases where a large number of increments must be 
taken, the total sample weight could exceed the minimum 
requirement, but could be reduced by coneing and quarter­
ing or with a sample splitter. In cases where only few 
increments are needed to average out the effects of segre­
gation, either the size or the number of increments may be 
increased so that the required total sample weight can be 
obtained. In theory, the size of the increments depends only 
on the number of increments and the required total sample 
weight, but obviously the size must be sufficient to minimize 
the risk of excluding any of the larger particles. This mini­
mum size is not definitely known, but a weight of 25 times 
the weight of the largest particles in the gradation is sug­
gested, resulting in a minimum increment weight of about 
2 lb for 1 ½-in. maximum size aggregate . The size of the 
test portion is a function of the particular equipment (sieves 
and shaker) to be used. The test portion may consist of a 
number of increments. 

For any given construction control situation, the relation­
ship between the desired accuracy and the balance of the 
number of batches to be sampled, the size and number of 
increments per batch, the average particle weight, and the 
total sample weight is presented and discussed in Chapter 
Two (Eq. 8). 

Construction Control of AC Aggregates 

For asphaltic concrete or, in fact, for any of the bituminous 
paving mixtures, aggregate gradation requirements for both 
average level and variability are quite critical, inasmuch as 
aggregate gradation, aggregate voids, and optimum asphalt 
content are closely related. It is common practice to design 
a specific mix for a given job and to apply job-mix toler­
ances to both the aggregate gradation and the asphalt con­
tent. In addition, some States and agencies specify stability, 
flow, voids filled, etc., for various classes of paving mixtures. 
Because the asphalt content is usually held constant once the 
job-mix formula is set, it is necessary to control the aggre­
gate gradation within reasonably close limits if the proper 
asphalt/ void ratio is to be maintained. This necessity for 
close control of the gradation justifies the added expense of 
the control exercised by the screens over the contents of the 
hot bins for most high-type paving mixtures . Unfortunately, 
it is not practical to separate and recombine the finer aggre­
gate (minus No. 10). Therefore, the gradation of the im­
portant No. 1 bin must be controlled at the cold feed. Al­
though this initial study is concerned almost entirely w.ith 
coarse aggregate, the construction control of the fine aggre­
gate for bituminous mixtures is an important consideration 
that might profitably be made a part of the follow-up work 
under this project. 

Although rescreening of the coarse aggregates into two 
or three hot-bin sizes removes some of the potential conse­
quences of large variability at the cold feed, it does not 
remove all of them by any means. There are two possi­
bilities. If there are surges of the finer sizes of coarse aggre­
gate there is a tendency for this material to carry over into 
the bins intended to contain only larger sizes. This "over-

run" results in a change in the actual gradation of the ag­
gregate in the mixture and variations in the voidage and 
texture of the compacted pavement. On the other hand, 
long-term variations from coarse to fine, as shown in Figure 
32, result in unbalanced bins. Unless these variations are 
compensated for by adjustment of the cold feed, one of 
the bins is certain to either run empty or overflow. In the 
case of a manually operated plant this presents a great 
temptation to the man on the scales to "pull heavy" or "pull 
light" on a bin; again, the result is a variation in the char­
acteristics of the pavement. In the case of a fully auto­
mated plant, a low bin would cause a delay in production. 
For these reasons, elimination of assignable causes of varia­
tions in coarse aggregate gradation is of importance for 
hot-plant operators as well as concrete producers. 

Construction Control of Coarse Aggregate Base Courses 

Recent studies (HR 10-3 ( 1)) indicate that the gradation of 
the coarse aggregate in a mechanically stabilized base can 
have an influence on degradation. If the gradation is such 
as to approximate the maximum density curve the weaker 
aggregate particles are protected from crushing by the sup­
port of the finer particles that fill the voids. An extreme 
variation in coarse aggregate gradation from coarse to fine 
could increase the voids to the extent that this support 
would be decreased and there would be point contact be­
tween the coarse aggregate particles. Under these conditions 
the pressures developed by vibratory or steel-wheeled roll­
ing could result in crushing or splitting of the particles. 
Because base mixtures are usually blended by combining 
aggregates direct from stockpiles, without rescreening, 
methods of control of handling and stockpiling that will 
result in reasonable uniformity of gradation appear worthy 
of further study. 

A preliminary inference from the limited measurements 
made to date is that there is a lesser tendency for well­
graded aggregates to segregate. As indicated in Table 33, 
the overall standard deviation at the 50 percent passing 
level, <T000 , increased only a moderate amount as the ma­
terial was handled from the plant to the truck to the road­
way (corresponding CT0 50 values were 4.1, 6.4, 6.6). The 
same general finding was obtained in the HR 10-3 ( 1) 
study, in which two well-graded aggregates, one hard and 
one soft, were sampled at the belt feeding the pugmill, after 
pugmill mixing, and after transporting and placing on the 
roadway using different methods of spreading and com­
pacting. The change in standard deviation, <T0 , of the per­
cent passing the ¾-in. sieve was from about 3.5 to a high 
of about 6.2 for both the hard and soft aggregate. In gen­
eral, these limited findings indicate that the variability likely 
to occur in the normal handling of well-graded base course 
aggregates that have been premixed and brought to opti• 
mum moisture content is not great. 

Effect of Sampling Point on Construction Controls 

One objective of the main field investigation was to mea­
sure just how important the point of sampling might be for 
coarse aggreg~te in typical commercial plants under normal 
construction control. It is apparent from these studies that 



the point of sampling can have a great deal to do with both 
the average level and the variability of the test results ob­
tained. Some such effects were, of course, known to exist, 
but the relative magnitude of the differences under prac­
tical operating conditions needed to be defined. As might be 
expected, the effects differ widely, depending on the aggre­
gate, the process, and the sampling procedure. 

Taking an overall look first, the number of test incre­
ments necessary to attain a ± 3 percent degree of accuracy 
at the 95 percent confidence level may be used to show 
relative differences. It has already been noted that sam­
pling the feed to the weigh hopper for the six PCC aggre­
gates would require taking 10 to 80 increments under these 
conditions; i.e., to measure the average level of the percent 
passing the %-in. sieve within ± 3 percent and be right 19 
out of 20 times. On the same basis, sampling from a truck, 
stockpile, or barge would require 25 to 120 increments , de­
pending on the series and on how badly the aggregate was 
segregated. As noted in Chapter Three, truck sampling 
gave test results which were about 10 percentage points on 
the fine side of the average in each of two cases (series 2 
and series 5). Sampling at the source ( crusher or screening 
plant) would require· only 10 to 15 increments, whereas 
sampling from the belt (generally the belt feeding the over­
head storage bins) would require from 5 to 27 increments 
to determine the average percent passing the % -in. sieve 
with an accuarcy of ± 3 percent. 

In general, these findings show that the more a coarse ag­
gregate is handled the greater is the chance of inducing 
variability of significance from the construction control 
viewpoint. There is more to be learned on this subject, 
however, when one gets away from the overall generaliza­
tions to a closer look at the individual series or to groups 
of related operations. 

Series 2 and series 4 illustrate that coarse aggregate can 
be satisfactorily taken from the crusher or from the screen­
ing plant, transported, stockpiled, and then transferred to a 
belt feeding the weigh hopper or plant bins. In each of 
these series the variability at point of use in the plant is 
slightly less than it was at the crusher or the screening plant. 
In both series some segregation occurred at intermediate 
points and an inspector would likely obtain a false reading, 
using customary sampling techniques at these intermediate 
points. Series 5 is quite similar in that the variability of 
the aggregate at the point of use on the roadway is reason­
ably close to that at the plant. In series 7 there is both 
within-batch and batch-to-batch segregation evident in sam­
pling river gravel from the barge. However, this segregation 
is materially reduced in handling across a transfer belt to 
the overhead storage bins feeding the weigh hopper. The 
degree of overall variability, DOV, for series 2, 4, 5, and 7 
is 8.6, 16.0, 13.2, and 17.2, respectively. Inasmuch as DOV 
is the same as the 20-0 limits at the 50 percent passing level, 
these values represent a maximum range (widest part of 
the broad gradation band) within which 95 percent of the 
individual test results should fall. The corresponding de­
gree of segregation, D of S, values (2cr150 ) are 8.2, 14.6, 
10.8, and 14.6, respectively, indicating that batch-to-batch 
variability, the more important from a quality viewpoint, is 
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reasonable. Thus, these four series illustrate that it can be 
done. 

In the other four series there are assignable causes for 
decreased uniformity as the aggregate is handled through 
the process stream. In series 3 the assignable cause was 
severe segregation in the stockpile which carried through to 
the cold feed bin. In series 6, 1, and 8 the assignable cause 
is associated with segregation in the storage bin feeding the 
weigh hopper. Correction of these assignable causes by 
improved hopper design or method of charging the bin 
could well result in acceptable uniformity at each of these 
points. At the final sampling point for series 1, 3, 6, and 
8 the degree of overall variability, DOV, values are 26.0, 
29.0, 34.8, and 22.4, respectively. The corresponding de­
gree of segregation, D of S, values are 24.6, 27 .2, 34.4, and 
15.0, respectively. This significantly greater level of varia­
bility is sufficient to cause difficulties in construction con­
trol and probably to affect the quality of the finished prod­
uct. 

In summary, four of the series (Nos. 2, 4, 5, 7) end up 
operating in a reasonably satisfactory manner insofar as 
variability at the point of use is concerned. Of the remain­
ing four series (Nos. 1, 3, 6, 8), there were assignable 
causes in each case for the lack of uniformity measured­
assignable causes which supposedly could 'be alleviated. 

There is no way, however, in which an inspector can 
appraise the construction control situation in a strange plant 
or make a meaningful and valid decision regarding con­
formance to the specifications by taking the customary too 
few test portions from any one of the normal sampling 
points. The findings of this study make it apparent that 
some rather drastic changes in customary practice are in 
order if effective construction controls are to be exercised 
and the results documented for State and BPR records. 
Three main steps are indicated, as follows: 

1. To ferret out assignable causes, such as the surging 
noted in the overhead storage bins feeding the weigh hop­
pers, process control charts plotting successive test results 
obtained over an extended operating period should be pre­
pared. Whether these charts should be the responsibility of 
the plant operator or of the inspector is another question, 
but the usefulness of the simple line charts shown for each 
eries in Chapter Four is obvious. The condition shown in 

F igure 41, or iii Figure 32, could lead to totally erroneous 
construction control decisions or, at best, be very con­
fusing to the average inspector unless the situation is 
clarified by plotting at least a day's run, and preferably a 
week or more. Actually, all concerned, but particularly the 
producer or plant operator, have much to gain by keeping 
these or similar process control charts on one or more key 
gradation points on a continuing basis. They help the 
operator predict trends or real changes requiring corrective 
action; conversely, they provide a valuable deterent to un­
warranted action or rejection based on one or two test 
results. There are other charting techniques which incor­
porate additional advantages from the viewpoint of both 
operation and documentation. Regardless of the degree of 
sophistication ultimately selected, however, some method 
of process control charting is a strongly recommended 
first step. 
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2. Once the significant assignable causes have been de­
fined and minimized or eliminated where practical, selec­
tion of the sampling point for routine quality control be­
comes a matter of judgment and convenience balance. Hard 
and fast rules are not applicable because the situation will 
obviously vary from plant to plant. For series 1, 6, and 8 
in particular, sampling from the belt, or from any prior 
point for that matter, would yield test results bearing no 
resemblance to those on the aggregate actually fed to the 
weigh hopper. On the other hand, there is no reason why 
a more convenient earlier sampling point should not be 
used for the routine checking of construction control if 
there is an established relationship with the level and 
batch-to-batch variability of the aggregate that actually 
goes into the finished mix. Such a relationship must be con­
stant as shown by periodic spot-checking. In other words, 
the inspector does not necessarily have to sample from an 
inconvenient point merely because it is closer to the finished 
product if he can prove to himself, and periodically check, 
that the test results obtained at another point in the process 
stream do, in fact, reflect the gradation of the aggregate that 
is incorporated into the finished product. 

This can be made a bit more specific for typical PC con­
crete coarse aggregate process flow on the basis of the six 
plants investigated in this study. Sampling from the belt 
feeding the overhead storage bins could have considerable 
advantages from the viewpoint of both convenience and 
eas11 of randomization, depending on the plant setup. Once 
any intolerable variability occurring in the transfer to, or 
within the bin has been corrected, sampling from the belt 
could be a satisfactory construction control procedure and 
might well be preferred from the viewpoint of safety and 
ability to avoid local segregation or sampling error. As 
discussed in Chapter Three, the belt sampling procedure 
shown in Figure 13 is a preferred , method where practical. 

3. Lastly, the required number of test portions must be 
taken in strict conformance with the assigned random sam­
pling p\an. Deviations in either the number or the size of 
the increments taken or the introduction of bias in sample 
selection may completely upset the validity of the statistical 
approach to construction control by changing both the 
buyer's and the seller's risk and the confidence levels de­
signed into the plan and supposedly warranted by the engi­
neering requirements. The importance of avoiding bias and 
of sticking to the specified random sampling plan may take 
some special training or indoctrination, and possibly a new 
look at administrative controls, because a somewhat differ­
ent view of the inspector's role and his responsibility is 
involved. 

All of the foregoing is predicated on the design of a 
,random sampling plan which will give the purchaser (the 
State) reasonable assurance of obtaining a satisfactory 
product and which is also realistic from the viewpoint of 
both execution by the inspector and ability to conform for 
an acceptable cost on the part of the contractor or producer. 
This sounds like a big order, requiring a knowledge of sta­
tistics and other skills beyond the capacity of many ma­
terials engineers. Such is the case only for the basic 
analyses, development of guidelines, etc.-work which has 
been done i+nd is reported partly herein, but in detail in 

MW Technical Report 201, entitled "A Plan for Expediting 
the Use of Statistical Concepts in Highway Acceptance 
Specifications," prepared for the Bureau of Public Roads in 
1963; and NCHRP Report 17 (HR 10-1) , entitled "De­
velopment of Guidelines for Practical and Realistic Con­
struction Specifications." Some of the principles as they 
apply to coarse aggregates are presented herein in Chapter 
Two and discussed earlier in this chapter. These principles 
are illustrated and incorporated into the design of a com­
plete specification in Chapter Six. Practical application of 
these principles in the field becomes a matter of applying 
routine disciplines requiring only a high school knowledge 
of simple mathematics and the ability to follow instructions. 

ADDITIONAL CORRELATIONS AND RELATED FINDINGS 

Although complete coverage is beyond the scope of this 
interim report, the 50 percent passing level parameters pro­
vide a means of comparing related groups of data on ag­
gregates of different gradations. These parameters, based on 
the variability projected for the 50 percent passing level 
( the widest part of the gradation band), are discussed in 
Chapter Two and summarized in the following for the con­
venience of the reader. 

The standard deviation at the 50 percent passing level is 
estimated by plotting the standard deviation, er, versus 
\IP( 100 - P) on log-log paper, then reading off the er 

which corresponds to the P = 50 percent passing level. The 
values thus determined corresponding to cr050 , crb 5o, and <rz50, 

together with the slope of the line and the corresponding 
parameters for each sampling point, are presented in tabular 
form for each individual series in Chapter Four. 

Segregation index, S50 , is the ratio of the overall variance 
to the corresponding within-batch variance at the 50 per­
cent passing level; that is 

Degree of overall variability, 

DOV= __ u_ ,,_.,o __ X 100 
v' P( I00 - P) 

(12) 

(13a) 

Because P, by definition, equals 50 percent in this case, the 
equation reduces to 

DOV= 2cr00 0 (13b) 

Degree of segregation, D of S, is a companion parameter 
based on the batch-to-batch standard deviation, cr150 , at the 
50 percent passing level. 

Inasmuch as P(lOO - P) is the variance hypothetically 
associated with maximum variability on the basis of the 
binomial theorem, v' P( 100 - P) becomes the standard 
deviation theoretically associated with complete segregation. 
The parameters DOV and D of S may therefore be thought 
of as a percentage of total or complete separation of a test 
portion of aggregate into two equal weights, one with all 
particles smaller, and the other with all particles larger, than 
the openings in a hypothetical sieve, sized to yield exactly 
this 50 percent passing level. 

The first comparison is presented in Table 4~, which gives 
the relative difference in these parameters as a function of 
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the point of sampling. There are four principle sampling 
points involved. First is the point closest to the crusher or 
screening unit, average DOV= 11.6. Next is the stockpile 
or barge, average DOV = 29.1. Third is the transfer to 
overhead storage bins, or, in one case, directly to the feed 
hopper, average DOV = 12.0. The final sampling point is 

the bin discharge to the weigh hopper or cold feed, average 
DOV = 24.2. Four of the 27 sampling points included in 
this main field investigation do not lend themselves to the 
foregoing groupings, but are presented separately in Table 
48 for completeness. 

Another comparison is shown in Table 49, which gives 

TABLE 48 

COMPARISONS BASED ON SAMPLING POINT 

SERIES 
NO . 

1 
2 
3 
4 
5 

Avg. 

1 
2 
3 
4 
4 
7 
8 

Avg. 

1 
2 
6 
7 
8 

Avg. 

I 
3 
4 
6 
7 
8 

Avg. 

2 
5 

Avg. 

5 

6 

AGGREGATE 

SAMPLING DOV, 
POINT TYPE 

SIZE 

RANGE 

SEG. 
INDEX, 

S r.11 2a uao 

2 
3 
2 
2 
3 
1 
1 

3 
4 
2 
2 
2 

4 
3 
4 
3 
3 
3 

2 
2 

3 

(a) CRUSHER, ScREENING UNIT OR BLENDING PLANT 

Crushed stone 
Crushed gravel 
Crushed stone 
Rounded gravel 
Crushed stone 

Crushed stone 
Crushed gravel 
Crushed stone 
Rounded gravel 
Rounded gravel 
Rounded gravel 
Rounded gravel 

in .-No. 4 
¾ in.-No. 4 

I Y2 in.-1/s in. 
I in.-No. 4 
I in. No. 200 

4.3 
3.5 
1.4 
2.9 
4.6 

3.3 

( b) STOCKPILE OR BARGE 

in.-No. 4 
¾ in.-No. 4 

I ½ in.-1/s in. 
I in .-No. 4 
1 in .-No. 4 
1 in.-No. 4 
1 in.-No. 4 

9.5 
1.8 
2.1 
5.8 
3.5 
2.5 
3.6 

4.1 

9.6 
9.0 

14.1 
17.0 
8.2 

11.6 

27.2 
15.6 
45.0 
29.0 
18.8 
32.0 
36.0 

29.1 

(c) TRANSFER BELT TO STORAGE BIN OR FEED HOPPER 

Crushed stone 
Crushed gravel 
Slag 
Rounded gravel 
Rounded gravel 

in.-No. 4 
¾ in.-No. 4 

1 in.-No. 8 
1 in .-No. 4 
1 in .-No. 4 

27.5 
10.9 
2.7 
3.2 
2.2 

9.3 

16.6 
8.6 

11.8 
8.2 

14.8 

12.0 

(d) BIN DISCHARGE TO WEIGH HOPPER OR COLD FEED 

Crushed stone 
Crushed stone 
Rounded gravel 
Slag 
Rounded gravel 
Rounded gravel 

Crushed gravel 
Crushed stone 

Crushed stone 

Slag 

in .-No. 4 
1 ½ in.-1/s in. 

I in.-No. 4 
I in.-No. 8 
I in.-No. 4 
I in.-No. 4 

(e) TRUCKS 

¾ in.-No. 4 
1 in.-No. 200 

(f) ROADWAY 

in .-No. 200 

20.1 
8.4 
6.4 

44.5 
3.6 
1.8 

14. l 

6.3 
2.0 

4.2 

3.2 

(g) FRONT-END LOADER BATCHES 

I in.-No. 8 l.1 

26.0 
29.0 
16.0 
34.8 
17.2 
22.4 

24.2 

20.0 
12.8 

16.4 

13.2 

20.6 

DoFS, 
2u,.--,., 

8.6 
7.6 
8.0 

13.8 
7.2 

9.0 

25.8 
10.2 
32.8 
26.4 
16.0 
25.0 
30.6 

23.8 

16.2 
8.2 
9.2 
6.8 

11.0 

10.3 

24.6 
27.2 
14.6 
34.4 
14.6 
15 .0 

21.7 

18 .6 
8.8 

13 .7 

10.8 

6.4 

SLOPE 

1.7 
1.7 
1.7 
2.1 
3.1 

1.7 
1.7 
2.1 
2.1 
2.1 
2.1 
2.1 

1.7 
1.7 
1.7 
2.1 
2.1 

1.7 
l.7 
2.1 
2.1 
2.1 
2.1 

l.7 
3. I 

3. I 

1.7 
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the relative magnitudes of the 50 percent passing level 
parameters at the point of minimum variability and at the 
point of maximum variability for each series, grouped 
according to aggregate type. Of the eight aggregates in the 
main field investigation, three are crushed stone, three 
rounded gravel, one crushed gravel, and one slag. Although 
there are obviously insufficient data to draw valid conclu­
sions, there is some inference that rounded gravel is slightly 
more prone to segregate than angular or rough-textured 
particles of the same size. A further inference is that 
crushed stone of 1 Y2 -in. maximum size has a greater tend­
ency to segregate than does 1-in. maximum size crushed 
aggregate. The final inference is that the base course ag­
gregate, having an extended gradation from 1 in. down 
through minus 200, has less tendency to segregate, but it 
should be noted that this material was premixed to optimum 
moisture content and was not stockpiled. All three of these 
inferences are substantiated by the findings of HR 10-3 ( 1); 
or, conversely, the indications that might be garnered from 
these limited data on eight widely scattered commercial 
plants lend some support to the HR 10-3 ( 1) general con­
clusions. 

The 50 percent passing level parameters for stockpiles 
built under projects 10-3 and 10-3 ( 1) are given in Table 50. 
At the time these projects were reported, the concept of 
these parameters based on the 50 percent passing level pro­
jections had not been developed. They are presented herein 
largely to get them "on the record" as a matter of general 
interest and for whatever value they might have as guide-

TABLE 49 

COMPARISONS BASED ON TYPE OF AGGREGATE 

AGGREGATE 
SAMPLING POINT 

SERIES 
NO. NO. LOCATION TYPE 

( a) AT POINT OF 
-----~ 
I I Crusher Crushed stone 
3 I Crusher Crushed stone 
5 I Plant Crushed stone 
2 1 Crusher Crushed gravel 
4 I Plant Rounded gravel 
7 2 Belt Rounded gravel 
8 2 Belt Rounded gravel 
6 2 Belt Slag 

(b) AT POINT OF 

I 2 Stockpile Crushed stone 
3 2 Stockpile Crushed stone 
5 3 Roadway Crushed stone 
2 2 Truck C rushed gravel 
4 2 Stockpile Rounded gravel 
7 l Barge Rounded gravel 
8 I Barge Rounded gravel 
6 I Front-end loader Slag 
6 3 Bin discha rge Slag 

a Abnormal distribution. 

lines for enhancing interpretation of the variations mea­
sured in this study. It should be noted, however, that the 
method of stockpile sampling was different, therefore direct 
comparisons should be approached with caution. In projects 
10-3 and 10-3 ( 1), the entire stockpile was taken down, 
usually with a front-end loader, and the aggregate put across 
a belt for the taking of test portions, as shown in Figure 13. 
Two of the stockpiles (series 1 and 2) and the two barges 
( series 7 and 8) were sampled, using both methods. As 
noted in Chapter Three, the variability, as measured by 
overall standard deviation, u-0 , using the hand shovel method, 
is about double that obtained using the belt method. Never­
theless, the parameters presented in Table 50 are of value 
because of association with known good and known ques­
tionable or poor construction practice, insofar as the build­
ing of stockpiles is concerned. 

The pattern shown by the values of the slope of the log u­
versus log percent passing line is also of interest. The 
crushed aggregates consistently plot to a slope of 1.7, ex­
cept when they are highly segregated. The rounded gravel 
plots to a slope of 2.1, independent of the degree of segre­
gation. The extended gradation, 1-in. to No. 200 aggregate, 
series 5, does not plot to the nice straight line normally ob­
tained with the coarse aggregates, but tends to curve in the 
direction of increased variability as the gradation ap­
proaches 50 percent from either direction. The value given 
of 3.1 is an approximation as a reasonable "eyeball" com­
promise of the curvature. This same curvature and the same 
approximation, 3.1, was also observed in corresponding 

SEO. 
SIZE INDEX, DOV, D OFS, 
RANGE s~, 2u11:-..1 20-100 SLOPE 

MINIMUM VARIABILITY 

in.-No 4 4.3 9.6 8.6 1.7 
l ½ in.-% in. 1.4 14.1 8.0 1.7 

I in.-No. 200 4.6 8.2 7.2 3. 1 
¾ in.-No. 4 3.5 9.0 7.6 1.7 

1 in.-No. 4 2.9 17.0 13 .8 2.1 
1 in.-No. 4 3.2 8.2 6.8 2.1 
1 in.-No. 4 2.2 14.8 11.0 2. 1 
1 in.-No. 8 2.7 11.8 9.2 1.7 

MAXIMUM VARIABILITY 

in.-No. 4 9.5 27 .2 25.8 1.7 
1½ in.-% in. 2.1 45 .0 32.8 2.1 

1 in.-No. 200 3.2 13.2 10.8 3.1 
¾ in.-No. 4 6.3 20.0 18.6 1.7 

I in.-No. 4 5.8 29.0 26.4 2. 1 
I in.-No. 4 2.5 32.0 25.0 2. 1 
I in.-No. 4 3.6 36.0 30.6 2.1 
I in.-No. 8 1.1 20 .6 6.4 1.7 
I in.-No. 8 44.5" 34.8 " 34.4 " 1.7 
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TABLE 50 

50 PERCENT PASSING LEVEL PARAMETERS FOR PROJECT 10-3 AND 10-3(1) 

SEG. 
TYPE OF INDEX, DOV, DoFS, 

NO. PILE s.,, 2<To50 20-100 SLOPE 

(a) PROJECT 10-3 

Parent pile 1.6 9.4 5.8 1.7 
II Flat-mixed 1.4 8.8 4.8 1.7 

I Cast and spread 1.7 9.6 6.2 1.7 
10 Ramped 1.8 10.0 6.8 1.7 
3 Flat-layered 2.6 12.0 9.4 1.7 
9 Truck-dumped 3.0 12.8 10.4 1.7 
6 Flat-layered 4.0 14.8 12.8 1.7 
8 Tiered (bermed) 7.4 20.0 18.6 1.7 
5 Coned, tent 9.9 23.2 22.0 2.1 
2 Double cone 15.0 28.6 27.6 1.7 
7 Single cone 18.8 32.0 31.2 2.1 
4 Single cone 24.3 36.4 35.6 2.1 

(b) PROJECT 10-3(1), lY2-IN. TO %-IN. CRUSHED STONE 

Starting pile 4.0 9.6 8.4 
Coned 18.9 21.0 19.4 
Cast and spread 10.0 10.8 10.2 
Truck-dumped 10.0 15.2 14.4; 

(c) PROJECT 10-3(1), 1-IN. rn No. 4 ROUNDED GRAVEL 

Starting pile 7.8 20.2 18.8 2.1 
Coned 16.3 42.0 40.6 2.1 
Cast and spread 3.8 24.0 19.2 2.1 
Truck-dumped 

plots of log v- ver u log P for the well-graded aggregates 
u eel for the degradation portion of the HR 10-3 (I) project. 
It will be noted that no value was shown for the slope of 
the line for the J 1/2- to ¾ -in. crushed stone aggregate in 
Project HR 10-3 ( 1). This aggregate was too clean, due to 
wa hing and scalping out of the fines. There ju t wa not 
enough material passing the No. 4 and No. 8 sieves to pro­
vide a rea onable measure of variability in this finer i7..ed 
part of the curve. 

CHAPTER SIX 

4.5 17.4 15.4 2.1 

The significance of this slope or why the values 1.7 and 
2.1 keep recurring has not been established as yet, or at 
least not well enough for presentation at this time. Some 
theorizing and some additional development of a mathe­
matical model suitable for relating the pertinent variables 
and predicting their influence has been accomplished. Fur­
ther work along these lines and development of a more 
sophisticated and statistically sound model is recommended 
as part of the continuation of this project. 

DESIGN OF A COMPLETE SPECIFICATION 

An es cntial part of "construction control" is the specifica­
tion. This was recognized in the Project Statement, which 
gives as one of the objective : 

Recommendation as to practical means for incor­
porating the re ults of this I udy into highway con-

• truction specifica tions and procedures to provide a 
basis for the acceptance or rejc lion of aggregates. 

Accordingly attention i now focu ed on this important 
subject. The pertinent statistical concepts and the analysi 
of variance re ults presented in Chapter Two, the findings 
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of the various experiments and field investigations reported 
in Chapters Three and Four, and the interpretation of the 
data discussed in Chapter Five, are incorporated where ap­
propriate. 

Presented first is a brief review of the factors influencing 
allowable gradation tolerances and consideration of the 
existing variations in gradation found. Next is a listing of 
the essential parts of a complete aggregate specification: 
An illustrative model specification for a coarse aggregate 
for portland cement concrete is then presented; following 
which the basis for each point in the model is explained and 
related back to the discussion of the essential parts of a 
complete aggregate specification necessary for adequate 
and practical construction control. 

APPLICATION OF FINDINGS TO SPECIFICATION 
CONSIDERATIONS 

The acceptance limits for any specification must be prac­
tical and realistic; otherwise, difficulties in enforcement or 
increased costs are inevitable. Realistic limits should be 
wide enough to accommodate normal variations in grada­
tion unless there are definite engineering requirements that 
justify the added expense of more rigid controls and mea­
surement techniques. In general, the engineering require­
ments for highway construction aggregates are related 
largely to a surface area or aggregate voidage. Although it 
is beyond the scope of the present project to attempt an­
swers to the basic question regarding the degree of uniform­
ity that can be justified, limited discussions of some of the 
engineering aspects have been presented in Chapter Five 
for- PCC aggregates, bituminous mixtures, and crushed ag­
gregate base course. 

Studies conducted over a wide geographical area during 
the work accomplished under this project indicate that ac­
tual variations in gradation exceed the limits of current 
specifications. Because there is no reason to suspect that 
the plants selected are abnormal, it is assumed that the 
results obtained are representative of typical commercial 
production, at least insofar as the six PCC aggregates are 
concerned. This leads to the question as to whether the 
limits specified can, in fact, be justified in light of the his­
torical implication that the concrete produced at these plants 
has been performing satisfactorily. 

Thus, the basic problem of defining realistic tolerances 
becomes a matter of judgment in choosing between tradi­
tional concepts of acceptable engineering criteria and the 
random variability found to be associated with typical plants 
operating under normal construction controls. The findings 
of this study help in three ways, as follows: 

1. Techniques have been developed and suitable param­
eters defined to measure the important batch-to-batch vari­
ability, as distinguished from the sampling and testing errors 
or localized within-batch segregation, which is normally 
negated by a subsequent mixing operation. 

2. The importance of the location of the sampling point 
and the need to distinguish and locate assignable causes of 
variability has been demonstrated. Obviously, variations 

due to assignable causes which are practical to correct 
should not be weighed in specification limit considerations, 
but it is highly desirable to have a method for pinpointing 
them, so that they can be minimized or eliminated when 
feasible. 

3. Finally, the engineer, as the result of this study, now 
has some typical measurements of both the batch-to-batch 
segregation important to quality and the normal measure­
ment errors typical to commercial plants using different 
types of coarse aggregates. 

The important point is that there are now available the 
tools and sufficient data on typical commercial plants to 
define the problem and provide a sound basis for the use 
of engineering judgment in preparing more realistic and 
practical specifications. The further definition of just what 
constitutes an acceptable variability for different aggregates 
and uses remains to be evaluated, as does the actual quality 
improvement related to the increased costs involved in 
reducing that variability. 

ESSENTIAL PARTS OF A COMPLETE 

AGGREGATE SPECIFICATION 

A review of current specifications indicates that, in many 
cases, they are incomplete, are subject to more than one 
interpretation, do not distinguish between characteristics of 
different levels of criticality, and fail to give definite criteria 
for acceptance or rejection. Some do not specify a sam­
pling plan, and others merely require a measurement on a 
single test portion, irrespective of tolerances or variability. 
In some cases, limits are set for some measurable property, 
but no method of test is specified. The net result is that 
many such specifications are not fully enforceable, and 
there is certain to be a lack of uniformity with respect 
to both interpretation and enforcement. To avoid these 
faults, a specification for construction aggregates should be 
clear with respect to the following details: 

1. Point of Sampling.-These research efforts have em­
phasized the fact that no highway specification can be com­
plete unless the point of sampling is clearly stated. As can 
be seen from the earlier presentations, significant fluctua­
tions are present in aggregate gradations at various loca­
tions between the point of production and the point of use. 
Each time the aggregate is handled, loaded, or transported 
to a different site, some change in variability occurs. Indi­
cated variations are of such magnitude and so closely re­
lated to point of sampling that the acceptance or rejection 
of a particular aggregate may depend entirely on the loca­
tion from which the sample was obtained. 

2. Acceptance P/an.-Another essential element of a 
complete specification is a definite, clearly stated acceptance 
plan. Such a plan will describe the basis for acceptance or 
rejection, the number and weight of test portions to be 
obtained, and the method of interpretation of test results. 
The absence of a detailed acceptance plan leaves these items 
to the discretion of the inspector or engineer, which can 
result in nonuniformity of enforcement. 



A proper plan will require that al] test portions be ob­
tained by a statistica11y random procedure, so that each 
increment will have an equal or known chance for inclu­
sion. It wi11 also state the method of determining com­
pliance with the specification requirement(s). 

3. Number of Test Portions.-Few, if any, present-day 
specifications mention the number of tests to be used as a 
basis for an acceptance decision. As a result, some organi­
zations use a single gradation test as a basis for acceptance 
of a stockpile of aggregate, or as a basis for design of a 
portland cement or bituminous paving mixture. This pro­
cedure often results in considerable difficulty in maintaining 
control once the project construction begins. The engineer 
will usually find it necessary to make adjustments in his 
materials proportions to compensate for the changes in 
gradation from that reported prior to the start of the opera­
tion. 

The number of required test portions is primarily af­
fected by ( 1) the desired confidence limits (i.e., the range 
that, with a given probability, will include the true average), 
and (2) the variability of the material. In addition to these 
factors, the number of tests specified must be within certain 
limits (based on cost per test), and must be capable of being 
completed within a reasonable time so that the results can 
be used effectively. For example, it would obviously be 
impracticable to require 50 gradation tests per day on a 
bituminous paving project, although a closer degree of as­
surance would result from this requirement. For this rea­
son, the required number of tests must often be a compro­
mise between practical and statistical considerations, and 
in some cases, wide confidence limits must be tolerated. 

If the standard deviation is known or can be estimated 
with a reasonable degree of accuracy, a minimum number 
of test increments may be used to obtain given confidence 
limits. If, however, the pattern and amount of variability is 
not known, more test increments are necessary to obtain an 
equivalent accuracy. 

4. Summary of Essential Parts of a Specification.-To 
provide firm ground for an acceptance decision, a complete 
aggregate gradation specification should include: 

(a) The total number of test portions to be taken from 
each LOT. 

(b) The requirement that the test portions shall be taken 
from units or batches located by means of a random 
sampling plan. 

(c) The minimum weight of the test portion to be taken 
from each batch, the minimum number of incre­
ments taken to make up each test portion, and the 
definition of the batch. 

( d) The point of sampling, and the sampling tool to be 
used. 

( e) The standard test method to be used. 
(f) The desired percentage passing each of stated sieve 

sizes. 
(g) Tolerances on the desired percentages for the values 

computed from a stated number of tests. 
(h) The method of determining compliance with the 

stated tolerance limits. 
(i) Action to be taken in case of nonconformance. 

ILLUSTRATIVE MODEL SPECIFICATION FOR 

CONCRETE COARSE AGGREGATE 
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The principles discussed in the foregoing are incorporated 
in the fo11owing model specification, and the basis for each 
point is explained in the ensuing paragraphs. 

Grading Requirements for Coarse Aggregate for 
Concrete 

Five(5) test portions shall be taken from each 
LOT as near as possible to the point of use in 
accordance with a definite random sampling plan. 
Each test portion shall weigh not less than 
16 pounds and shall be composed of not less than 
three (3) increments taken at random from each 
unit (batch or mixer-truck charge) of aggregate at 
the time of proportioning by means of an approved 
sampling tool. The five ( 5) test portions shall be 
individually tested in accordance with the pro­
visions of AASHO Method T 27. The percent 
passing each sieve size, as shown by the average 
of the five tests, shall be within the limits shown 
in the table below. The R value will be found by 
taking the difference between the smallest and 
largest percentage passing that sieve in the group 
of five acceptable ,:, test results. 

Percentage Passing Sieves, Limits for Computed 
Values from 5 Tests 

Coarse Desired Fine 
Sieve Limit Average Limit 
Size (%) (%) (%) 

l½ in. 100 100 100 
¾ in. 70 + 0.3R 84 98 - 0.3R 
1/e in. 11 + 0.3R 30 50 - 0.3R 
No. 4 0 7 15-0.3R 
No. 8 0 3 8 - 0.3R 

Aggregate or concrete containing aggregate not 
meeting these provisions will be paid for at a 
reduced price. This reduction will be based 
on the cost of specification aggregate and the 
estimated percentage of the aggregate meeting 
specification requirements on each sieve, as 
shown in the following table. 

X -70 
R 
or 

98-X 
R 

0.30 to 0.25 
0.24 to 0.22 
0.21 to 0.16 
0.15 to 0.10 
0.09 to 0.00 
Negative value 

Reduction in 
Contract Price of 
Coarse Aggregate 

(%) 

0.0 (Warning) 
5.0 

10.0 
25.0 
50.0 

100.0 (Reject) 

• Very large or very small individual test values will be tested in 
accordance with ASTM Method E 178, Recommended Practice for Dealing 
with Outlying Observations. If a test value is discarded in accordance with 
this procedure, the results of a test on a reserve test portion (if available) 
will be substituted. If a reserve portion is not available, the ncceptance 
decisjon will be based on the avernge and range o[ the remaining portions. 
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BASIS OF ILLUSTRATIVE SPECIFICATION 

The method of designing the illustrative specification is 
discussed in the following for each step in the foregoing 
"Summary of Essential Parts of a Specification," and the 
sampling plan shown in Figure 48. The general method is 
described in detail in Chapter Two of NCH RP Report No. 
17, HR Project 10-1, and references in the following dis­
cussion are to tables and figures in that report. 

Number of Test Portions 

The number of test portions to be taken from each LOT is 
necessarily a compromise between economic and statistical 
considerations. Time, manpower, and cost must be equated 
with such interrelated factors as the average test values for 
good (acceptable) material and the average test values for 
poor (nonacceptable) material, and the probability of re­
jecting poor material and the probability of rejecting good 

material. In the case of the example, this compromise 
resulted in using the average of five tests. This is the ap­
propriate number of test portions for a material having a 
minor criticality classification and the probability of reject­
ing good material is about 0.4 percent, while the probability 
of rejecting poor material is 90 percent (Table 6, NCHRP 
Report 17). 

If only the required number of test portions is taken at 
the time of sampling, there is always the possibility that a 
test result from one or two portions will be an extreme 
value, which should be discarded if classed as an outlier 
by ASTM Method E 178. If no reserve test portions are 
available, the acceptance decision must be based on the 
average and range of the remaining test results. This would 
upset the statistical basis on which the acceptance plan is 
based and would decrease the probability of rejecting poor 
material to about 85 percent if only four acceptable test 
results were available, and to about 76 percent if only three 
were available. 
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The frequency of test portions that obviously do not fol­
low the normal random pattern of variation can be predicted 
only on the basis of experience. Obviou ly, the reason for 
the occurrence of any extreme values of test results on 
samples should be inve ligated. A very large or very small 
test result does not necessarily mean that the aggregate 
actually going into lhe batch i n L ub tantially within spec­
ification limits becau e such a result may be due to sam­
pling error. In any case whether due to improper process 
control or improper ·ampling technique, all possible cor­
rective action should be taken to prevent future reoccur­
rence of bia ed samples. However, to insure that the planned 
probability of rejection of poor material can be applied 
equitably to all producers it is recommended that two 
reserve test portions be taken initially at the time of sam­
pling. This should not greatly increase the cost, and would 
largely eliminate the possibility of having to make an ac­
ceptance decision with increased risks of error. If con­
tinued use of the sampling plan shows that the reserve por­
tions are infrequently needed, they can be discontinued. 

Random Sampling Plan 

If decisions are to be made based on known probabilities of 
rejection, the test portions comprising the sample must be 
taken absolutely without bias. This means that the location 
of the sampling points, in time or space, must be selected 
entirely by the use of a table of random numbers. 

Minimum Weight of Test Portions 

The minimum weight of the test portions is found by di­
viding the required total sample weight by the number of 
tests on which acceptance is based, five. The total weight 
of the sample depends on the desired accuracy of the result 
( ·ec Fig. 7) . In the ca e of the illustrative specificati n, 
where acceptance is ba cd on five tests, the total sample 
weight of 80 lb wa cho en to give an accuracy of about 
± 1.5 percent for the percentage passing the ¾-in. sieve. 
Dividing 80 lb by 5 resulted in the minimum test portion 
weight of 16 lb for each of the five test portions to be taken. 

At least three increments should be taken from different 
points in each batch of aggregate so as to help average out 
within-batch variation. The batch is defined as the quantity 
of aggregate that will receive further mixing as a unit. For 
example, there may be considerable segregation of fine and 
coarse particles in the weigh hopper when batches of aggre­
gate are weighed into a mixer-truck, but this segregation 
will be removed during the mixing of the concrete. 

Point of Sampling 

The point of sampling was chosen at the weigh hopper so 
that tests on samples would represent the actual aggregate in 
the product, such as a mixer-truck load of concrete. Al­
though it may be advantageous to the producer to sample 
aggregate at the source, or more expedient for the inspector 
to sample aggregate at so1i1e intermediate point in the 
process stream, the results of this investigation clearly 
show that there is very little relationship between the varia­
tion in gradations found at these points and the variations 
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found at the point of use. For this reason, acceptance sam­
ples should preferably be taken close to the point of incor­
poration into the finished product, or item of construction. 
Routine process control samples may be taken at some 
earlier point if a definite relationship has been established 
with both level and variability at the point of use. 

Standard Test Method 

The standard test method to be used is stated in the specifi­
cation. If modifications of the standard test are to be made, 
they should be complete and clearly described. 

Desired Gradation 

The specification writer should state the appropriate or de­
sired gradation for the intended purpose. This gradation 
may be based on an engineering or theoretical basis, but 
preferably should be the average of gradations in actual use 
that have given satisfactory performance. In the case of the 
illustrative specification, the average gradation of two con­
crete plants (Series 7 and 8) was taken as the desired gra­
dation. In practice, the average of all similar plants that 
produced satisfactory concrete would be used. 

Tolerances 011 Desired Percentages 

As in the case of the desired average gradation, tolerances 
on this average may be based on an engineering or theoreti­
cal basis, but preferably should be based on the range of the 
percentages found in gradations in actual use that have 
given satisfactory performance. This range should be de­
termined by actual investigation on a statistical basis, such 
as described herein, instead of reference to historical data, 
which may have been subject to varying degrees of bias. 

In the case of the illustrative specification, the average 

gradation (X, and X8 ) and the standard deviations ( u , and 
u 8 ) for the percentages passing each sieve were calculated 
from the data obtained from tests on samples taken at the 
plants designated as Series 7 and Series 8 in this report. The 

average tandard deviation, ci- = v7-\ + o-28t was calculated 
for each sieve size and the specification limits were obtained 

by subtracting twice this value from X 7 and adding twice 

this value to X 8 . The appropriate acceptance limits for 
material of minor criticality were taken from Table 6, 

NCHRP R eport 17, and are Xp' ±0.295R. This was 
rounded to 0.3R. 

Percent Passing ex ±2a-) 
Sieve 
Size X, x, Avg. a' L u 
¾ in. 82 86 5.8 70 98 
:Ys in. 27 34 8.0 11 50 
No. 4 5 8 3.4 0 15 
No. 8 2 4 1.8 0 8 

In practice, the appropriate standard deviation might be 
that found by averaging the variances (by statistical 
methods) measured at all plants producing a satisfactory 
product. 
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Method of Determining Compliance 

The stated method of determining compliance with the 
tolerance limits for the average of the five tests is spelled 
out. Compliance is a function of both the average, X, and 
the range, R, of the five test portions. 

It should be noted that although the specification limits 
were derived by the use of a selected standard deviation this 
method does not require that the standard deviation of the 
sampled LOT of aggregate be known or that the sample 
standard deviation be computed. If the actual standard de­
viation is greater than that of the well-controlled process on 
which the specification was based, there will be increased 
probability of rejection; if the actual standard deviation is 
less, there will be increased probability of acceptance (see 
Fig. 3), thus providing a real incentive for improved uni­
formity. 

Action to Be Taken 

To insure uniformity of specification enforcement, the ac­
tion to be taken if the results of the tests indicate non­
compliance with the given limits should be clearly stated. 
Severe penalties, such as rejection of aggregate or product, 
are difficult to enforce under practical circumstances. In 
many cases, the LOT in question has been incorporated into 
the finished work before the test data become available and 
nonpayment for, or rejection of, a part of the finished work 
leads to contention and expensive after-examination. For 
these reasons, a graduated scale of penalties is included. 
These penalties can be based on the cost of the aggregate 
and the estimated percentage of the aggregate that was 
within the specification limits, as indicated by the value of 
the statistics computed from the sample, shown in the 
illustrative specifications. This type of penalty encourages 
the contractor or producer to exercise quality control and 
to resize, remix, or otherwise prepare the aggregate as neces­
sary to meet requirements, prior to acceptance sampling. 

CHAPTER SEVEN 

PRECISION STATEMENT 

OBJECTIVES 

An important objective of this project was to develop a 
precision statement, if needed, for the aggregate gradation 
test. To accomplish this work, current ASTM, AASHO, 
and Federal procedures pertaining to the determination of 
aggregate gradation were reviewed to determine the pres­
ence or absence of a satisfactory precision statement. This 
was followed by a study of the classification of test methods 
with respect to the experimental and theoretical work ac­
complished in this and related projects. Finally, prototype 
precision statements for the sieve analysis of coarse aggre-

The percent within tolerance (PWT) is found by the use 
of Table 5, NCHRP Report 17, and the adjusted contract 
price is determined accordingly for noncompliance on any 
sieve, as follows: 

X - 70 

R 

Percent• or 

Within 98 -X Reduction 
Tolerance R in Price(%) 

72 to 76 0.30 to 0.25 0.0 (Warning) 
69 to 71 0.24 to 0.22 5.0 
64 to 68 0.21 to 0.16 10.0 
58 to 63 0.15 to 0.10 25.0 
50 to 52 0.09 to 0.00 50.0 

Less than 50 Negative value 100.0 (Reject) 

• These are the single-limit values which apply to the lower or the upper 
tolerance limit (70 or 98). However, unless R is very large, they wlll 
closely approximate the percentage of individual test results falling within 
the 70 to 98 broad band limits. 

For example, if the average, X , of tests on five test por­
tions is 72 percent passing the ¾-in. sieve, and the differ­
ence between the smallest and largest test values, R, is 10 
percent, the lower limit is 70 + 0.3R = 70 + 3 = 73, and 
the aggregate is out of specifications on that sieve. The 

penalty is computed by (X - 70) / R = (72-70) / 10 = 0.20. 
This indicates that only 67 percent of the individual test 
results obtained by sieving 16-lb test portions as specified 
will fall within the broad band of 70 to 98 percent passing 
( 33 percent of the individual tests will show less than 70 
percent passing). The suggested penalty in this case is a 
10 percent reduction in unit price, or, in other words, that 
the producer should be paid ohly 90 percent of the contract 
price for that particular LOT. 

gates were developed and expressed in both the ASTM D-2 
and the ASTM D-4 (E-177) formats. 

CURRENT STATUS 

A review of aggregate test procedures conducted in accord­
ance with the preceding objectives indicated that the only 
gradation test procedures that contained some form of pre­
cision statement were three ASTM methods of test. These 
were: -

D 451-63 Test for Sieve Analysis of Granular Mineral 
Surfacing for Asphalt Roofing and Shingles; 



D 452-63 Test for Sieve Analysis of Nongranular Min­
eral Surfacing for Asphalt Roofing and 
Shingles; and 

D 546-55 Test for Sieve Analysis of Mineral Filler. 

Of these three gradation test procedures, only D 546 is 
directly applicable to the objectives of this project. There is 
no precision statement for ASTM Standard Method of Test 
for Sieve or Screen Analysis of Fine and Coarse Aggregates 
C 136-63, or the similar AASHO Designation T 27-60, and 
Corps of Engineers CRD-C 103-60, and a precision state­
ment is needed for this procedure. 

DEVELOPMENT OF PRECISION STATEMENT FOR 

AGGREGATE GRADATION TEST 

On January 25, 1965, the Task Force on Precision State­
ments, Subcommittee le, Committee D-4, ASTM, recom­
mended that the following action be taken: 

(I) Discard the present format for precision 
statements in D-4 methods and express the 
precision of the method in terms of the 
estimated standard deviation of the measur­
ing process, designated rr1, in E-177. Two 
"sigma's" shall be given. One shall be ap­
plicable when results within a single labora­
tory by a single operator are of concern. 
This shall be designated "within laboratory 
variability," and shall be single-laboratory­
operator-apparatus-multi-day precision as 
defined in E-177. The second term shall be 
designated "between laboratory variability," 
and shall be multi-laboratory-operator-ap­
paratus-day precision as defined in E-177. 

The general format of the precision statement 
shall be as follow : 

0. PRECISION. The estimated standard de­
viation (rr/) for within laboratory variability 
and between labora tory variability are as 
follows: 
0.1-Within laboratory variability (single­

Jaboratory-operator-apparatus-multi- day 
precision ... __________ _ 
(Express in units of test or percentage 
of mean value, whichever is applicable. 
Different values for different materials or 
levels of test values shall also be given 
when necessary; use tabular forms in such 
cases.) 

0.2-Between laboratory variability (multi­
laboratory-operator-apparatus-day preci-
sion ... ____________ _ 
(Express in a manner as "within labora­
tory variability.") 

For definition and use of terms relating to pre­
cision. see ASTM Method E-177. 

(2) Prepare an informational memorandum for 
circulation to all members of Committee 
D-4 explaining the changes in concept be­
tween the use of the rr,, as the precision 
statement and the use of "repeatability" and 
"reproducibility" (2 \12 rr/). The minimum 
tests required to determine an adequate 
estimate of rr/ and the method of its com­
putation shall be included. The memoran-

dum shall also discuss the various combina­
tions of "sigma" of interest under different 
situations. 

( 3) During an interim report to establish the 
relationship between the previous format 
and the present format, include in the preci­
sion statement a second footnote reading as 
follows: 
l2) For comparing results of different runs 

of the same material in the same 
laboratory or for comparing results ob­
tained by different laboratories on the 
same material, the parameter 2\12 rr/, 
defined in E-177 as the difference two 
sigma limits (D2S), is often used. For 
within laboratory variability this param­
eter is usually designated as "repeata­
bility" and for between laboratory 
variability, the term "reproducibility" 
has been used. The "difference two 
sigma limits" is the difference between 
two results that will be exceeded about 
5 percent of the time. When this dif­
ference is exceeded, the possibility 
exists that the deviation may be caused 
by other than normal variations in the 
method and , therefore, one or more of 
the values are "considered suspect." 
Under these circumstances the operator 
should look for possible causes of the 
deviation, and, when possible, retests 
should be made. The "difference two 
sigma limits" (D2S) should not be con­
fused with "two sigma limits" (2S). 
The latter defines the range in which 
9 S. percent of the test results will fall 
for tests on the same LOT of material 
(average ±2rr/). 

105 

As is indicated by the different approaches described, 
there is still some question as to the final format for ASTM 
precision statements. In the precision statement for grada­
tion test of aggregates in this report, two formats are in­
cluded for purpose of comparison. 

CLASSIFICATION OF TEST METHODS 

Not all standard tests are adaptable to precision statements. 
In a recent report of Subcommittee 1 la (Evaluation of 
Data) of ASTM Committee C-9, it was suggested that 
ASTM designations be divided into four classes or groups, 
as follows: 

Group I. Methods of tests for which it appears possible 
to obtain a meas,ure of repeatability and repro­
ducibility having little or no sample variance, 
either by repeating the test on the same sam­
ple or by making synthetic samples. 

Group II. Methods for which the measure of repeatabil­
ity and reproducibility will necessarily include 
a component of variability introduced by sam­
pling. That is, the method cannot be applied 
a number of times to the same sample and it 
does not appear that synthetic samples can be 
made. 

Group III. Methods of test in which multiple specimens 
are required. These methods might possibly 
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CHAPTER EIGHT 

CONCLUSIONS, RECOMMENDATIONS, AND SUGGESTED RESEARCH 

This chapter presents conclusions and recommendations 
based on laboratory investigations and the results of sam­
plings of five types of coarse aggregates at eight production 
plants. 

CONCLUSIONS 

The following conclusions are drawn from the results ob­
tained: 

1. With usual handling and bin storage procedures, gra­
dation of coarse aggregate varies over a wide range at the 
point of use. 

2. Variation of coarse aggregate gradation is usually at 
a minimum at the point of production ( crusher or screening 
plant). 

3. Variation of gradation of coarse aggregate at inter­
mediate points in the process stream does not follow a uni­
form pattern, but tends to increase with each handling in­
volved from point of production to point of use. 

4. Segregation is the largest cause of variation in coarse 
aggregate gradation, but no one handling procedure as in­
vestigated herein can be isolated as the principal cause of 
segregation. 

5. Due to different degrees of segregation of the coarse 
aggregate at various points in the process stream, com­
pliance with specifications depends largely on where the 
sample is taken and on the weight and number of increments 
in the sample. 

6. A large number of sample increments are required to 
estimate the true average gradation of a coarse aggregate 
with acceptable accuracy. The greater the batch-to-batch 
segregation, the more test portions are required, while the 
greater the within-batch segregation, the more increments 
must be taken for each test portion to reduce sampling 
error. Testing error appears to have a relatively insignifi­
cant effect on the accuracy of the estimate. 

7. The weight of coarse aggregate test portions recom­
mended in ASTM C 136-63 and AASHO T-27 does not 
appear to be sufficient to provide the desired precision or to 
accurately determine the true average gradation. 

8. Real compliance with many current specifications 
would require that coarse aggregates be rescreened or re­
mixed at the point of use. However, there was no ap­
parent indication of inferior quality as a result of the rela­
tively high levels of variability of the aggregates in the cases 
studied. 

9. An analysis of results at the 50 percent passing level 
can be used as the basis for developing basic mathematical 
equations important in preparing construction controls and 
specifications for coarse-aggregate gradations. 

10. Two new parameters, degree of overall variability 
(DOV), and degree of segregation (D of S), have been 
developed as further measures of the level of over-all and 

batch-to-batch segregation of an aggregate gradation. These 
two parameters are based on ratios comparing standard 
deviation values with complete (theoretical maximum) 
segregation at the 50 percent passing level. DOV values 
were found to range from 8.2 to 45.0, while D of S values 
ranged from 6.4 to 34.4. 

11. Development of a precision statement for the gra­
dation test of coarse aggregates which is applicable to all 
conditions must include consideration of the inherent vari­
ance, which is not constant for all gradations. 

RECOMMENDATIONS 

1. Evaluation of the effectiveness of control procedures 
and compliance of a coarse aggregate gradation with speci­
fications should be based on a sample taken as near as pos­
sible to the point of use. 

2. Recognition should be taken of the necessity of taking 
test portions and increments in a random pattern, the num­
ber of test portions required, and the weight of the sample 
required for the accuracy desired. 

3. Revised specifications for coarse aggregate should 
state the sampling point, the sampling procedure, the test 
method on which compliance with realistic limits will be 
judged, the method of determining compliance, and the 
action to be taken in case of noncompliance. 

4. When sampling of coarse aggregate at the point of use 
is impractical, test portions should preferably be taken from 
a belt or flowing stream of aggregate. Time or location of 
samplings should be based on the use of a table of random 
numbers to eliminate bias. 

5. Sampling coarse aggregate from stockpiles is not rec­
ommended. When there is no alternative, the following 
technique should provide the most nearly unbiased sample 
practical under the unfavorable conditions. 

(a) Calculate in advance the required number of test 
portions that are to be secured, and the minimum 
weight of each test portion. 

(b) Use a random sampling scheme to determine the 
location from which each test portion is to be 
secured. 

( c) Use an approved sampling tool to prevent loss of 
coarse aggregate particles. 

( d) Clear away several inches of surface aggregate be­
fore inserting the shovel to remove an increment of 
a test portion. Use a barrier or shield on the upper 
side of the sampling area to prevent aggregate at a 
higher level from tumbling into the work area. Take 
three or more increments (scoopful) for each test 
portion. 

( e) Pass all of each test portion of aggregate ,through the 
test sieves and sieve to refusal. 



PROPOSED PLAN FOR CONTINUING RESEARCH STUDIES 

The initial phase of this project established a pattern of 
variability of aggregate gradation at various points in the 
process stream of several operating plants. The magnitude 
of variation found at these locations was much greater than 
apparently has been normally assumed, as shown by a re­
view of current gradation pecifications (Chapter Five, 
NCHRP Report 17) . It was not within the scope of this 
initial study, however, to evaluate the effects of gradation 
variatjons, but rather to mea ure their relative magnitude. 

The recommendation for continuation tudies suggests 
broadening the ·cope to include two possible courses of 
action- one involving a study of aggregat~ variation asso­
ciated with the production of bituminous mixes (Plan 1) , 
and the other involving a study of the effect of gradation 
variations in the slrength of PC concrete (Plan 2) . Plan 1 
would be divided into three major area of study: ( J) a 
measure of variation found in asphalt plant hot-bin grada­
tions, (2) determination. of optimum increment size with 
respect to the maximum particle size of aggregate, and ( 3) 
development of a mathematical model to describe the 
mechanism of egregation. The two latter areas of study 
would be equally applicable to any type of aggregate gra­
dation, regardless of the purpose for which the aggregate 
would be u ed. Plan 2 would provide for a study of tbe 
effect of variation in coarse aggregate gradation on the 
compressive strength of concrete, with the objective of 
better defining practical permissible variability. 

In either case, a comprehensive literature review would 
be made, from which an interim report on current status 
would be developed. This literature search would involve 
the screening of available technical articles for appropriate 
information pertaining to the specific problem, and would 
be culminated with the interim status report. 

It is believed that Plan I would provide the more sig­
nificant data with respect to construction control mean­
while making full use of previou research findings such 
that there would be no needless duplication of effort. 

Plan 1 

Although the initial studies under this project furnished 
some indication of variation among typical concrete plants, 
there are still several other areas requiring additional re­
search before a complete system of construction control 
can be developed. At this time, it is not known whether 
the same relative magnitude of variation should be expected 
in other types of paving mixture operations as was found 
at the ready-mix concrete plants. Control limits developed 
on the basis of completed research may have restricted ap­
plication until additional data are acquired. 

It is therefore proposed that the continuation studies in­
clude an investigation of variations in bituminous plant 
hot-bin gradations with respect lo significant factors of 
plant design and operation. A fundamental difference exists 
between the proportioning procedure for asphalt and PC 
concrete mixes in that aggregates for bituminous mixes are 
rescreened prior to introduction into the mixtures, whereas 
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aggregates for concrete mixes are usually introduced with­
out resizing. An investigation of the type proposed could 
furnish an answer as to whether the greater degree of con­
trol exercised in the production of bituminous mixes, at 
correspondingly higher costs, is fully justified. This study 
would include a variety of mixture types involving varying 
maximum size aggregates. It is, more or less, standard 
procedure to screen the aggregates into three or four size 
ranges when producing a bituminous mixture employing a 
maximum aggregate size in the order of 1 ½ in. Questions 
which might logically arise include: (a) Is such a degree of 
control really necessary? (b) What is the normal variation 
associated with current operational procedure? ( c) Could a 
smaller number of hot bins be used and achieve the same 
end result? 

An integral part of this study would include the determi­
nation of optimum increment size with respect to maximum 
particle size. In many cases, current guidelines appearing in 
AASHO and ASTM Standards do not provide sufficient test 
portion weight to furnish an acceptable degree of accuracy. 
There is considerable evidence of nonuniformity in the 
requirements for acceptance standards as related to incre­
ment size. It is suspected that these guidelines were arbi­
trarily established rather than being determined on the basis 
of a controlled experiment. The proposed research would 
provide the basis for the development of a reliable sampling 
guide. 

An adjunct to these studies would be a study of basic 
mathematical principles relating to segregation of graded 
aggregates with respect to specification requirements. This 
particular aspect was given a cursory review during prepa­
ration of this report, but neither time nor available funds 
would permit the intensive study necessary to provide basic 
mathematical formulations for describing the segregation 
mechanisms. Such mathematical models would be in­
valuable in most applications wherein segregation or varia­
tion considerations may be involved . 

The tying together of the three major items proposed in 
Plan l for additional study would insure a more absolute 
basis for the establishment of broad construction controls. 

P/an2 

A laboratory designed experiment would be conducted using 
a fractional factorial design to determine the limits within 
which variations in grading do or do not affect quality 
( compressive strength) of concrete. This study would in­
volve a large number of 6-in. X 12-in. concrete cylinder 
in which one brand of cement, two coarse aggregates 
(gravel and crushed stone), two cement contents or two 
water/cement ratios, one consistency (slump), and one fine 
aggregate would be used . Several gradations (from coarse 
to fine) of coarse aggregate with each of the foregoing 
variables would be tudied. These gradations would be 
adjusted to reflect the degree of variation found in the 
previous work of this project so that the effects of grada­
tion over a realistic range could be properly assessed. The 
initial design would be for 3,000-psi concrete, and three 
cylinders, representing each combination of variables, would 
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be prepared for testing at 7, 14, and 28 days. After all test 
data are assembled, appropriate statistical treatment would 
be applied to extract necessary parameters for a proper 
statistical and engineering evaluation. From these data, the 

APPENDIX A 

GLOSSARY 

This listing provides explanations of statistical, mathemat­
ical, and technical terms as used in this report. In individual 
items, significant associated terms explained elsewhere in 
the Glossary are capitalized. 

ACCEPTANCE DECISION -A determination of acceptability 
of a material, product, or process based on statistical 
or mathematical principles. 

ACCURACY - The agreement between a measured value 
and a true value. 

ACCURATE - Refers to agreement between the true value 
and a measured value. 

AGGREGATES (COARSE) - Certain specified gradations of 
mineral particles usually larger than ¼ in. in size. 

ASSIGNABLE CAUSE -A relatively large factor, usually due 
to error or process change, which contributes to v ARI­

ATION and whose effects are of such importance as to 
justify time and money required for its identification. 

AVE~AGE (X) -A measure of central value which usually 
refers to the arithmetic mean, obtained by dividing the 
sum of n values by n. 

BATCH - A unit or a subdivision of a LOT, such as a mixer­
truck load of concrete, or a square yard of subbase. 

BIAS - A constant error, in one direction, which causes the 
AVERAGE of a number of measurements to be offset 
from the true value of the true measure of central 
tendency. 

CONFIDENCE LIMITS - The maximum and minimum values 
which define the confidence interval. 

coNTIGuous - Having contact on most of one side. 
CORRELATION -A relationship which exists between two 

or more variables, and is ofte_n expressed as a ratio 
known as the correlation coefficient. 

CRITICALITY - The classification of various factors of speci­
fications as they affect safety, performance, or dura­
bility. 

DATA - Measurements collected for a planned purpose and 
suitable for the inference of conclusions. 

DEGREE OF ASSURANCE - The probability that a confidence 
interval has of including the true value. Also called 
confidence coefficient or confidence level. 

DEGREES OF FREEDOM ( d.f.) - The number of measure­
ments (n) less the number of constants derived from 
them. When only one AVERAGE has been taken, d.f. = 
(n - 1). When the VARIATION around the group aver­
ages is determined, the degrees of freedom are the 

significance of gradation control as related to portland 
cement concrete could be determined. A suggested accept­
ance specification for concrete aggregate would be prepared 
on the basis of this experimental work. 

total number of measurements in the groups less the 
number of groups. 

DEGREE OF SEGREGATION -A measure of the principal 
source of VARIATIONS in the gradation of aggregate. It 
is computed by dividing the OVERALL VARIANCE by the 
maximum or parent VARIANCE. 

EXPERIMENTAL ERROR - The difference between measure­
ments on two identically treated units. 

FINENESS MODULUS (FM) -An empirical factor obtained 
by adding the total percentages of a SAMPLE of the 
aggregate retained on each of the STANDARD SIEVES 

and dividing by 100. These sieves include the No. 100, 
No. 50, No. 30, No. 16, No. 8, No. 4, % in., ¾ in., 
1 ½ in., and larger, increasing in the ratio of 2 to 1. 

GROUP - Replicate test portions taken from a single batch. 
HUDSON A - The term for a factor which expresses the 

relative coarseness of an aggregate gradation in a 
single number. It is found by summing the percentages 
passing the 1½ in.,¾ in.,% in., No. 4, No. 8, No. 16, 
No. 30, No. 50, No. 100, and No. 200 sieves and 
dividing by 100. 

INCREMENT - The smallest unit removed from a LOT 

during sampling. 
INHERENT VARIATION -A VARIATION due to RANDOM or 

insignificant causes. 
INHERENT VARIANCE (<T2a) -A VARIANCE due to RANDOM 

or insignificant causes. 
ITERATION - A method of finding a required value by 

means of successive estimates. 
LOT - An isolated quantity of material from a single source. 

A measured amount of construction assumed to be 
produced by the same 'process. When several true 
LOTS are combined, the result is a "grand lot." 

NORMAL CURVE - A curve having a bell-shaped form which 

depends on values of X' and cl, and which shows the 
distribution of individual values of measured char­
acteristics about their AVERAGE. 

NORMAL DISTRIBUTION - A distribution represented by the 
NORMAL CURVE. 

NORMAL DISTRIBUTION CURVE - See NORMAL CURVE. 

OVERALL VARIANCE (<T2o) -The sum of all RANDOM ER­

RORS and ASSIGNABLE CAUSES, which may be expressed 
as the sum of several VARIANCES. 

PARAMETER - A constant or coefficient that describes some 



characteristic of the distribution of a series of measure­
ments. 

PORTION - Any small part of a larger quantity. 
PRECISION - The VARIANCE of repeated measurements of a 

characteristic. 
PRECISION STATEMENT - A statement defining the limits of 

VARIANCE of repeated measurements of a characteristic. 
P ROBABILITY SAMPLING - A method of sampling in which 

every part of the material or product to be sampled 
has a known chance of inclusion. 

PROCESS CONTROL - A method based on the application of 
STATISTICS used to regulate the uniformity of a ma­
terial, product, or process. 

RANDOM - Without aim or reason, depending entirely on 
chance. When a sampling process is said to be RAN ­

DOM, each item in the frame has an equal J:Jrobability 
of being chosen. 

RANDOM ERRORS - Differences from the true value, due to 
chance, which behave as though chosen at RANDOM 

from a probability distribution. 
RANDOM NUMBER - A number selected from a table of 

RANDOM sampling numbers . 
RANDOM SAMPLE - A SAMPLE is said to be RANDOM when 

each item in the frame has an equal probability of 
being chosen. 

RANGE - The difference between the highest and lowest 
values in a group of measurements. 

REP EATABILITY - The RANGE within which repeated mea­
surements are made by the same operator on the same 
apparatus. Essentially, the PRECISION of the test. 

REPRODUCIBILITY - The RANGE within which check mea­
surements by different operators on different apparatus 
should agree under definitely stated conditions. 

SAMPLE - A small part of a LOT which represents the 
whole. A sample may be made up of one or more 
INCREMENTS or TEST PORTIONS. 

SEGMENT - An arbitrary division of a LOT, which may be 
either real or imaginary. 

SIGMA (CT) -A term used in STATISTICS to indicate the 
value calculated from the differences between the in­
dividual measurements in a group and their AVERAGE. 

Also called STANDARD DEVIATION (SD). 
SIGNIFICANT DIFFERENCE - A spread between two values 

too great to be due to chance alone, usually proved by 
a statistical test, as distinguished from a technically or 
economically meaningful difference. 
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SIGNIFICANT NUMBER - The smallest digit of a number that 
would have an effect on the ACCURACY of an answer 
determined by using that number. 

STANDARD DEVIATION (CT) -A term, used in STATISTICS to 
indicate the value calculated from the difference be­
tween the individual measurements in a group and 
their AVERAGE. 

STANDARD SIEVES -Those screens used in aggregate grada­
tion analysis in which the size of the openings is suc­
cessively halved as the sizes decrease. These sieves are 
as follows: 1 ½ in., ¾ in., ¥s in. , No. 4, No. 8, 
No. 16, No. 30, No. 50, No. 100, and No. 200. 

STATISTIC - A summary value such as X, er, or R, com­
puted from a group of measurements. 

STATISTICS -The science which deals with the treatment 
and analysis of numerical DATA. Also, a collection of 
numerical DATA. 

STATISTICAL ANALYSIS - A mathematical method of ob­
taining meaningful information from DATA. 

TEST PORTION - The part of a SAMPLE actually tested. 
Usually obtained by reducing the SAMPLE or SAMPLE 

INCREMENTS by quartering, riffling, or taking an ali­
quot quantity. 

TESTING ER ROR (CT2,) -VARIATION caused by reducing a 
SAMPLE to a TEST PORTION and to the lack of REPEAT­

ABILITY of the test method. 
UN IFORM ITY COEFFICIENT (C,,) -The ratio of the diam­

eter of the 60 percent finer point to that at the 10 
percent finer point on the gradation curve. 

VARIABILITY - A tendency to be variable. 
VARIANCE - The square of the SIGMA of the SAMPLE (<T2 ) 

or of the true value ( CT') 2 . 

VARIANCE COMPONENT - Any one of the several sources of 
VARIANCE which is combined to produce the OVERALL 

VARIANCE. These components include CT2 1, CT2 8 , cr20 , CT2 1, 

and CT\. 

VARIATION - Differences, due to any cause, in measured 
values of a measurable characteristic. 

WITHIN-BATCH VARIANCE (cr2,,) - A VARIANCE having a 
value that depends on the amount of difference of the 
measurements on two INCREMENTS taken from the 
same BATCH. 

WITHIN-LOT VARIANCE (CT2,) - A VARIANCE having a value 
that depends on the amount of difference among IN­

CREMENTS taken from different parts of a LOT. 

LABORATORY TEST OF VALIDITY OF BASIC THEORY 
OF INHERENT VARIANCE OF AGGREGATE GRADATION 

As discussed sin _Chapter Two, the equation selected for the 
purpose of estimating the standard deviation, <T,,, of an ag­
gregate gradation due only to inherent va ri ance was 

(2) 
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in which 

P = the percent by weight of the aggregate passing a desig­
nated sieve; 

<Ta = the standard deviation of this percentage; 
g = the average particle weight, in grams, of all particles 

larger than the openings in the designated sieve; and 
W = the total weight, in pounds, of aggregate passed 

through the sieves. 

To check the validity of this equation, a designated ex­
periment was performed, using both crushed stone and un­
crushed gravel aggregates. 

The first aggregate selected for study was a crushed 
limestone produced from a quarry in Nebraska. This ma­
terial has a bulk specific gravity of 2.66, an apparent spe­
cific gravity of 2.73, a Los Angeles abrasion loss of 25 
percent, an absorption of 1 percent, and a gradation and 
particle weight as given in Table B-la. With this material, 
samples of 20, 10, and 5 lb were run concurrently so that 
the effect of the test portion (weight) could be studied at 
the same time. 

The second aggregate selected for this laboratory study 
was a rounded gravel from Wyoming, with a gradation and 
particle weight as given in Table B-1 b. 

To determine the actual inherent variance, er a 2 , it is 
necessary to determine the gradation of a large number of 
test portions taken from a perfectly-mixed LOT of aggregate 
without introducing segregation effects. 

Mixing such a material with conventional equipment so 
that the arrangement of the particles is completely ran­
domized, and maintaining complete control of segregation 
while removing and returning test portions, presents many 
difficulties. For this reason, the material was continuously 
mixed, and samples extracted, with a Gilson sample splitter. 

This device consists of a frame supporting a hopper of 
about 90-lb capacity, 24 in. long and 18 in. wide. The 
cross section is that of a right triangle with apex at the 
bottom, so that the depth at the center is 8 in. The sides 
of the hopper can be moved by a lever so that a slotted 
opening is formed in the center for the length of the 
hopper. The aggregate in the hopper drops through this 
opening onto the splitting bars, which are 2 in. wide and 
separated by 2-in. slots. These bars are set at a 45 ° angle 
with a slot opposite each bar so that the aggregate is sepa­
rated into two approximately equal parts, which are caught 
by two pans placed beneath the bars. There are six open­
ings over each pan so that, in effect, the aggregate is sepa­
rated into twelve parts with even-numbered parts going into 
one pan and odd-numbered parts into the other. The pan 
into which an aggregate particle falls is determined en­
tirely by chance. 

In the case of the limestone material, the aggregate was 
first separated into four size fractions by use of a Gilson 
sieve shaker. These fractions were then combined, by 
weight percentage, into five 40-lb batches, designated as 
A, B, C. D, and E. At this point, the particles could be 
considered to be in ordered arrangement, because each 
batch contained nearly identical percentages, or numbers, 

TABLE B-1 

GRADATION AND PARTICLE WEIGHT OF 
EXPERIMENTAL AGGREGATES 

SIEVE 
SIZE 

lY2 in. 
¾ in. 
% in. 
No. 4 
No. 8 

lY2 in. 
¾ in. 
1/s in. 
No. 4 
No. 8 
Pan 

PERCENT 
PASSING 

PERCENT 

RETAINED 
AVG. PARTICLE 
WEIGHT (GM) 

(a) NEBRASKA CRUSHED LIMESTONE 

100 0 
87 13 29.0 
35 52 4.3 

8 27 0.61 
0 8 0.09 

(b) WYOMING ROUNDED GRAVEL 

100 0 
84 16 16.2 
27 57 4.3 

3 24 0.81 
1 2 0.11 
0 1 

of each sized particle. To randomize the arrangement, the 
batches were mixed by adding batch A to batch B, splitting 
the mixture in half with the Gilson sample splitter, returning 
one-half of the mixture to batch B, and adding the other 
one-half to batch C, and so on, as outlined in Table B-2. 

At this point, the mixture was considered to be essentially 
randomized and one-half of mixture (10) was split into 
20-lb, 10-lb, and 5-lb test portions. These portions were 
tested for gradation using a Gilson sieve shaker, recombined 
with the untested part of the half, and returned to the batch. 
The other half was combined with the next mixture, and so 
on, the mixing being carried on continuously as test por­
tions were acquired, tested, and returned to the mixtures. 
This mixing cycle is shown in Figure B-1. 

The previously described mixing-testing cycle was used 
for the crushed limestone aggregate only. A similar pattern 
was followed for the rounded gravel, except that 50-lb 
units were mixed and then split into test portions of ap­
proximately 25 lb each. All test portions were sieved to 
refusal and the sieved fractions weighed with special care 
so that testing error would be negligible. The raw data ac­
quired by means of these experiments are available on 
special request to HRB or the Research Agency. 

A summary of computed versus the obtained experi­
mental inherent standard deviation is given in Table 2. As 
shown by the 95 percent confidence limits in this table, 
agreement between theoretical and experimental values was 
quite good, providing test portions of approximately 20 lb 
or more were used. Accordingly, Eq. 2 was considered to 
be appropriate for use in estimating this important and 
heretofore poorly defined factor of "inherent variance." 

The solution of Eq. 2 requires that the average particle 
weight, g, be known . This value can only be determined 
accurately by counting, then weighing, a very large num­
ber of particles. However, a method based ofl theory, but 
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TABLE B-2 

STEPS IN RANDOMIZING AGGREGATE PARTICLES IN EXPERIMENTAL BATCH MIXTURES 

MIXTURE 

(1) 

(2) 

(3) 
D 

(4) 
E 

(5) 
(~+}) B 

(6) 
(-?+}) C 

(7) 
( 1+t) D 

(8) (¾+4) E 

(9) 
( 1+{) B 

( 10) 
(-~+¥) C 

PROCEDURE 

A+B - 2- (One-half to B, one-half to C) 

A+B 
- 2- +c A+B + 2c 

2 4 

A + B + 2C 
4 + D A+ B + 2C + 4D 
2 = 8 

A + B + 2C + 4D 
8 . + E A + B + 2C + 4D + SE 

2 16 

A + B + 2C + 4D + SE A + B 
16 + - 2- 9A + 9B + 2C + 4D + SE 

2 = 32 

9A + 9B + 2C + 4D + SE+ A + B + 2C 
32 4 17 A + 17B + I SC + 4D + SE 

2 = M 

17 A + 17B + I SC + 4D + SE I A + B + 2C + 4D 
64 8 25A + 25B + 34C + 36D + SE 

2 JU 

25A + 25B + 34C + 36D + SE I· A + B + 2C f 4D + SE 
128 16 33A + 33B +SOC+ 68D + 72E 

2 256 

105A + 105B + 66C + 100D + 136E 
512 

241A + 241B + 210C + 1320 + 200E 
1024 

- slightly modified to conform to experimental results, was 
developed for estimating this value. 

If= o.oO3(d ) 2 •8 (B-2) 

To illustrate the use of Eqs. B- 1 b and B-2 by example, 
suppose a base material had 99 percent passing a 2½-in. 
ieve, and 50 percent pas ing a 1-in. sieve. The ieve open­

ings, in mm, are 2½-in. = 64.0, and 1-in. = 25.4. 

The first step was to estimate the average size, d, of the 
particles passing a sieve having openings of size d, and re­
tained on a ieve having openings of size d2. The equation 
used for this purpo e was 

d = 0.4343 (d1 - dt) 

log(!:) 

(B-la) 

When standard sieves are used, d1/d2 = 2, and Eq. B-la 
is simplified to 

(B-lb) 

The next step was to compute the average particle weight, 
g. The equation, based on counting-weighing many thou­
sands of particle. of different aggregates, is 

S b t.1 t· . E B lb . -d 0.4343(64.0- 25.4) u s 1 u mg m q. - gives = - ..,..10-g-.,...(6_4 __ 0_1_2_,5,_.4-)--'-

= 41.75 mm. 
Substituting in Eq. B-2 gives g = 0.003 X 41.75 2 •8 = 

103.5 gm. 
It is believed that this equation is sufficiently accurate for 

estimating the value of ·f of either rounded or angular par­
ticles in the range of 2.60-2.70 bulk specific gravity. For 
very heavy or very light particles, the value of g should be 
adjusted by the use of the factor, Bsg/2.65. 
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40 40 

40 40 

MIXING CYCLE 
40 40 

MIXING-TESTING CYCLE 

Figure B-1. Mixing-testing experiment lo determine inherent 
variance of aggregate gradations. 
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