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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-
in 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 Highway 
Planning and Research funds from participating member 
states of the Association and it receives the full cooperation 
tion and support of the Bureau of Public Roads, United 
States Department of Commerce. 

The Highway Research Board of the National Academy 
of Sciences-National Research Council was requested by 
the Association to administer the research program because 
of the Board's recognized objectivity and understanding of 
modern 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, non-profit 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 trans
portation problems of mutual concern to many responsible 
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 issuing from a continuing 
research program conducted under a three-way agreement entered 
into in June 1962 by and among the National Academy of Sciences-
National Research Council, the American Association of State High
way Officials, and the U. S. Bureau of Public Roads. Individual fiscal 
agreements are executed annually by the Academy-Research Council, 
the Bureau of Public Roads, and participating state highway depart
ments, members of the American Association of State Highway 
Officials. 

This report was prepared by the contracting research agency. It has 
been reviewed by the appropriate Advisory Panel for clarity, docu
mentation, and fulfillment of the contract. It has been accepted by 
the Highway Research Board and published in the interest of an 
effectual dissemination of findings and their application in the for
mulation of policies, procedures, and practices in the subject 
problem area. 

The opinions and conclusions expressed or implied in these reports 
are those of the research agencies that performed the research. They 
are not necessarily those of the Highway Research Board, the Na
tional Academy of Sciences, the Bureau of Public Roads, the Ameri
can Association of State Highway Officials, nor of the individual 
states participating in the Program. 
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FOREWORD 
By Staff 

Highway Research Board 

Highway and materials engineers wi l l find that the research efforts in this study are 
directed toward the solution of age-old problems pertaining to stockpiling and 
handling aggregates for highway construction. Engineers have for many years 
recognized the difficulties associated with producing aggregates and providing them 
at the job site within desired specification limits. These difficulties relate primarily 
to segregation and degradation of the aggregates as they undergo the many different 
handling operations accompanying their production. The importance of controlling 
the amount of segregation or degradation is discussed, as the characteristics of 
pavement components are influenced by aggregate gradation. It is believed that a 
more thorough understanding of the handling operations in aggregate production 
and the storing of aggregates for concrete and asphalt concrete mixtures will lead 
to the development of techniques for reducing or eliminating segregation. 

In view of the dependency of asphalt and concrete mixtures, base course 
materials, and other pavements units on gradation for characteristics and perform
ance, a need has been recognized for assurance that materials are properly graded 
at the moment they are incorporated into the work. Past experiences have shown 
that aggregate gradations may be established in the processing phase of the produc
tion, but that frequently the materials do not arrive at the job site within the desired 
specification limits. Segregation has been attributed to many factors, but none have 
been fully investigated and identified. The research initiated in this study, along 
with that being conducted under projects entitled "Development of Guidelines for 
Practical and Realistic Construction Specifications" and "Evaluation of Construc
tion Control Procedures," wil l lead to a more thorough understanding of the 
problem and the development of necessary control procedures. 

This report by Miller-Warden Associates contains information on stockpiling 
techniques and reclaiming of stockpiles for further use, and it will be of particular 
value to the materials engineer, contractor, and aggregate producer. Although 
varying opinions have been expressed in the past concerning difi'erent methods of 
stockpiling and handling aggregates, not until recent years, and in particular, until 
the present study was undertaken, has an attempt been made to appraise quantita
tively the influence of these methods. It was believed that such an appraisal was 
especially needed in view of the large quantities of aggregates being incorporated 
during the construction of the interstate highway program. A numerical rating 
system has been developed whereby one stockpiling method can be compared with 
another. This system utilizes a "segregation index" which is a ratio between within-
batch variance and overall variance. 

This research study involved field operations under laboratory control condi
tions. I t was statistically controlled and carried out under actual conditions at a 
quarry site located near the research agency. Full-scale stockpiles were formed with 
typical construction equipment and then reclaimed under conditions simulating the 
effects of handling under normal construction operations. 

Essentially, the study consisted of constructing eleven full-scale stockpiles 
using five construction techniques and reclaiming these stockpiles by two methods. 
The efi'ect of stockpiling techniques on segregation was the primary interest in this 
phase of the study since the type of aggregate used was not susceptible to degrada-



tion. Therefore, sampling the stockpiles was critical because sampling techniques 
can give the impression of aggregate segregation. Statistical procedures were used 
to determine the number of samples to be taken and to develop a suggested segre
gation index for use in measuring or evaluating stockpiling methods. A new con
stant (A) was devised to express the relative coarseness of the aggregate as a single 
number. This constant was used in developing an index of segregation. 

I n general, i t is reported that segregation was minimized when the stockpiles 
were formed by spreading aggregates in thin layers and reclaiming them with a 
front-end loader. Intermediate results were obtained by using layered stockpiles 
built with a crane bucket, and by closely joined stockpiles built by dump trucks. 
Unsatisfactory results were obtained from the coned or tent shaped stockpiles of the 
type built with a portable conveyor or a crane bucket. Throughout the study 
attention was given to hand-sampling and belt-sampling, and to the number of 
samples required to provide a degree of assurance in sampling techniques. In 
addition, within-lot and within-batch variance was evaluated, as was the testing 
error and effect of sample spacing. Although trends were indicated, further work 
is in order to substantiate these findings. 

This study constitutes an interim report on the first year's investigation of the 
overall problem pertaining to the effects of different methods of stockpiling and 
handling aggregates. I t has been focused on the effects of different methods of 
stockpiling on the properties of one aggregate. A continuation of this research has 
been authorized to determine the effects of stockpiling and handling on the proper
ties of a soft crushed stone and a gravel aggregate. Finally, it is expected that the 
results of this work wil l suggest procedures for stockpiling and handling different 
aggregates for use throughout the industry. This information wil l also be useful 
in the sampling of materials, not only in highway construction, but in the general 
construction field. The literature review indicated a need for extensive research in 
this particular area, since the bulk of prior investigative work has been concerned 
with the sampling of coal and ores. I t is believed that as the findings of this study 
are substantiated, they wil l have universal application to the handling and stock
piling of aggregates. 
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EFFECTS OF DIFFERENT METHODS OF STOCK PILING 
AGGREGATES-INTERIM REPORT 

SUMMARY purpose of this investigation was to measure the effects of different methods of 
constructing and reclaiming aggregate stockpiles. As a result of these studies, the 
following major items were accomplished. 

Eleven full-scale stockpiles (1,500 tons each) were constructed and reclaimed 
by methods commonly used by the industry. The overall variance of the gradation 
of the aggregate in the output of these stockpiles was measured in terms of A and 
the percentages passing the standard sieves. Segregation was minimized when 
stockpiles were formed by spreading aggregate in thin layers and when aggregate 
was reclaimed with a front-end loader. Coned or tent-shaped piles produced such 
extensive segregation that the quality of the product could be adversely affected 
and an excessive number of test increments would be required to find mean values 
of gradation measurements with an acceptable degree of accuracy. Layered piles 
built with a crane bucket and piles formed by closely joined truck loads produced 
acceptable results. 

A system was developed whereby these effects are expressed in terms of a 
single number, ^ . This value is related to the surface area and voidage of the 
aggregate and expresses the relative coarseness of an aggregate gradation. The 
± 2<r limits of this value provide a more consistent measure of relative segregation 
than the limits of the percentages passing the individual sieves (see Table 2). 

A segregation index was obtained by dividing the overall variance by the 
within-batch variance. This index can be applied to A or the percentages passing 
individual sieves and tested for statistical significance by use of the "F" Test. (For 
comparative values, see Table 7.) 

The components of gradation variance were determined. These variance com
ponents include within-batch, between-batch, testing error, sampling error, inherent, 
and long term segregation effects. 

Results of hand-sampling were compared with the results of belt-sampling. 
Results were not conclusive but indicate that additional variance is introduced by 
sampling error. 

A simplified method was devised, and expressed in nomograph form (see 
Fig. 3), to estimate the number of samples required to determine mean values to 
any desired accuracy, with 95 percent assurance, when the standard deviation of 
the measurement is known. This method indicates that a larger number of tests 
are required than are usually made, if the degree of accuracy is to be comparable to 
that conmionly assumed. 

An equation was adapted for the purpose of estimating the total sample weight 
required. This method takes into account the percentages passing a given sieve 
size, the degree of precision required, and the average particle weight. Trial appli
cations to typical gradations indicate that total sample weight of the larger maximum 
size coarse aggregate for gradation tests should be greater than those specified by 
AASHO if acceptable accuracy is to be obtained. 

The degree of degradation of the aggregate was checked; but with the aggre
gate used in the experiments, it was found to be too small to be significant. 

The relative ratings of the various stockpiling methods investigated are sum
marized (see Table 2). The number of samples that would be required from differ
ent types of stockpiles (based on segregation effects) in order to maintain a desired 
level of accuracy is also given. 



C H A P T E R O N E 

INTRODUCTION AND PLAN OF ACTION 
INTRODUCTION 

The deleterious effects of S E G R E G A T I O N * in the handling, 
transporting, and S T O C K P I L I N G of A G G R E G A T E S are well-
known, although no generally accepted engineering basis 
for comparing one method with another has been developed. 
These segregation effects have resulted in much wasted 
time, effort, and money in attempting to design different 
types of paving mixtures, or in building various construc
tion units with aggregates that were nonhomogeneous in 
size distribution. A recent field report concerning condi
tions on a state highway project typifies the type of prob
lems encountered in actual on-the-job operations. This 
report describes the unloading of aggregate from a barge 
with a portable belt conveyor and the observed segregation 
which took place as the material was built into a cone-
shaped pile. Frequent warnings to the contractor that this 
method was not satisfactory went unheeded; and after un
loading was finished, the segregation was so extensive that 
the entire stockpile of material was rejected until it could 
be remixed. Needless to say, such double handling greatly 
increases the cost of the material and must be reflected in 
the cost of the finished product. 

This problem is not new. Engineers for many years have 
been concerned with the establishment of guidelines for 
handling aggregates and for the construction of stockpiles, 
but only in recent months has an organized effort been 
made to develop proper solutions. In the summer of 1963, 
the National Cooperative Highway Research Program of 
the Highway Research Board issued an invitation for pros
pectuses on the effects of stockpiling and handling aggre
gates, with an ultimate objective of establishing some type 
of numerical rating system for comparing the results of 
one procedure with those of another. An appropriation of 
up to $25,000 had been established for this purpose. The 
background experience plus the personal interest of staff 
engineers of Miller-Warden Associates prompted a proposed 
plan of action. This plan was accepted by NCHRP, and 
authorization for the project to proceed was given on Octo
ber 22. 1963. 

Most highway and materials engineers can recall specific 
instances where aggregate segregation has presented design 
and construction problems that could have been avoided 
had proper care been used in handling the material. It is 
an established fact that bitumen demand or cement effi
ciency is influenced by the coarseness or flneness of any 
aggregate material. A constantly fluctuating gradation 
makes accurate control virtually impossible, and will result 
in widely varying properties of the finished product. En
gineers have long recognized these difficulties and have 
formulated strong opinions about the deficiencies of certain 
stockpiling procedures, but not until this project was under

taken had a definite rating scale been assigned to the vari
ous methods commonly used. The numbers in the scale 
rate one stockpiling procedure against another, with the 
lower number being best, whereas the least desirable or 
more variable procedures result in a larger segregation 
index. 

Many specifications are rather ambiguous in defining 
the specific procedures to be used in handling and stock
piling aggregates and simply state that procedures to be 
used should minimize segregation. Although other speci
fications are more definitive, some of the required pro
cedures have not been properly evaluated from an engineer
ing standpoint and are based largely on the experience or 
opinions of those responsible for preparing the specifica
tions. This does not necessarily provide the optimum pro
cedure in all cases. 

Closely allied with the segregation problem is the manner 
of obtaining S A M P L E S representing the true gradation of 
the material. As the S E G R E G A T I O N I N D E X or V A R I A B I L I T Y 

increases, the required number of sample increments in
creases accordingly if a constant D E C R E E O F A S S U R A N C E is 
to be maintained. Likewise, as the maximum size of the 
aggregate increases, the required size of the total sample 
increases accordingly. In a mixture of sized material, the 
large particles have a tendency to run down the outside of 
the pile and collect around the periphery of the base, 
whereas the small particles form a core inside the pile. The 
type and amount of segregation appears to depend not only 
upon the maximum aggregate size and size distribution, but 
also upon the shape of the individual aggregate particles 
and the surface properties of the individual particles. 

With the limited funds available, it was not possible to 
investigate a variety of aggregate types and sizes. The 
entire project was conducted with a concrete aggregate 
identified as North Carolina No. 3, with specification grad
ing as follows: 

S I E V E S I Z E P E R C E N T PASSING 

V/2 in. 100 
1 in. 85-97 
VS in. 25-45 
No. 4 0-10 
No. 8 0-5 

Because of the method used for data analysis, the North 
Carolina specification sieve could not be used. Instead those 
sieves in the fineness modulus series which provided an 
opening one-fourth the area of the successively smaller 
sizes were used: I ' / i in., % in., % in.. No. 4, and No. 8. 

Data acquired in these studies have been evaluated and 
interpreted by the most advanced statistical techniques. 

PLAN OF ACTION 

Critical Path Network Diagram 
* In each section key words are printed in small capital letters 

at their first appearance. An explanation of these words is 
given in Appendix A. 

Before starting field work on this project, a critical path 
method diagram (Fig. 1) was developed so that the proper 



relationship between various activities could be clearly 
shown, and also so that a more accurate time estimate for 
completion of the project could be developed. 

Although the field work adhered very closely to the 
original plan, there was some delay in preparation of the 
final report. This delay was due to a combination of fac
tors, but mainly to the fact that analysis of field data re
quired longer than anticipated. The assignment of the 
proper values to the C O M P O N E N T S O F V A R I A N C E in each 
case has proved to be an extremely complex problem re
quiring a great number of time-consuming theoretical sta
tistical calculations. Several theoretical approaches were 
explored before agreement was reached on the one most 
applicable to the problem. However, the project was com
pleted five months ahead of the final date specified in the 
contract. 

Literature Consulted 

Before and during field operations, literature was consulted 
to determine approaches and findings of other research 
agencies in studying problems associated with handling and 
sampling bulk materials. A thorough literature search was 
made using the NBCA mechanized information storage and 
retrieval system. More than 3,600 documents contained in 
this system were screened for pertinent information in 
addition to an extensive library search. Bibliographies con
tained in these documents were then screened for further 
references. These bibliographies proved to be a most valua
ble source of research data. The complete list of literature 
reviewed appears in Appendix B. The first thirteen docu
ments provided most of the information used as a starting 
point for subsequent analysis. 

A great proportion of previous research investigations 
related to bulk sampling have been conducted with coal 
rather than with aggregates. The two materials, however, 
present basically the same problems as far as handling, 
gradation control, bulk sampling, and data analysis are 
concerned. 

Arrangements for Site of Operations 
A preliminary visit was made to the Nello L. Teer Company 
of Durham, N . C. Several locations were considered, and 
it was decided that the quarry located at Princeton, N . C , 
would offer the most advantages for this type of study. Be
cause routine production operations were to be curtailed 
during the winter months, the study could be conducted 
without interfering with normal quarry operations. A de
tailed working plan was developed with the company, and 
field operations were begun on November 4, 1963. 

The field laboratory at the quarry site provided a suitable 
work area for sample analysis. The laboratory was equipped 
with a Gilson testing screen which was used for separation 
of aggregate into various sizes. A Toledo scale, Model 
4020, graduated in 0.01-lb. units, was used for determina
tion of all aggregate weights. The field technicians engaged 
for this work were employees of the North Carolina State 
Highway Department who were taking annual leave to 
assist in the project. These men were thoroughly experi
enced and were performing a type of activity somewhat 
similar to their normal work assignments. These experi
enced technicians increased the assurance that the results 
of this investigation are comparable to those obtained by 
the usual field testing procedures. 

C H A P T E R T W O 

ANALYSIS OF PROBLEM 
PHILOSOPHY OF APPROACH 

In planning an approach to the project, it became evident 
that certain basic factors should be carefully considered, if 
meaningful and useful results were to be economically 
attained. Three of these factors were as follows: 

1. How were the findings to be related to road perform
ance? Segregation, for instance, would be measured as a 
change in gradation as reflected by the percentages passing 
and/or retained on a number of different sieves. But what 
does this mean to the road? A collection of gradation test 
results showing varying degrees of deviation is most difficult 
to analyze and interpret with respect to either cost or per
formance. Gradation is just too cumbersome to be readily 
used as such. The answers to two questions were needed: 
(a) How can a given change in gradation be expressed as a 
single P A R A M E T E R which can be handled S T A T I S T I C A L L Y , 

or which can be compared to other changes in gradation? 
(b) What degree of change in gradation is significant for PC 
concrete, for bituminous concrete, for base course? 

In other words, an essential part of this study would be 
the development of a method for expressing a given varia
tion in gradation as a single parameter which would reflect 
or would be related to a basic characteristic having a known 
correlation with performance. 

2. The second factor would be defining the magnitude of 
the segregation problem. Much has been written about the 
control of stockpiling, but just what maximum segregation 
may be anticipated under practical operating conditions 
using a typical aggregate which is a known bad actor? Con
versely, what is the minimum segregation that one might 
expect under the best of practical operating conditions using 
the same aggregate? In other words, what is a significant 
improvement in stockpiling or handling technique? 

Thus, for this study to be meaningful it must first deter
mine, under practical operating conditions, the maximum 
improvement in uniformity of aggregate gradation that 
could be expected. Knowing these extremes, m both what 
is attainable and what is significant, a much more logical 
approach could be taken in planning not only the first step. 
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but the future objectives of this very important problem. 
3. The third basic question was how does one go about 

testing a stockpile for segregation? The variability in sam
pling and testing of aggregates is unknown at this time. 
Whereas certain procedures for aggregate sampling have 
been more or less standardized through usage, there still 
remains the basic problem of being able to take significant 
samples from a stockpile because segregation due to sam
pling could possibly be as great as segregation due to 
stockpiling. Laboratory refinements in sampling technique 
may or may not be practical in the field. This is one of the 
reasons why former studies, even those of pilot plant size, 
have not been too significant when it comes to really defin
ing the practical problems in control of commercial han
dling and stockpiling of aggregates. 

It appeared that a suitable method would be to pass the 
aggregate over a sampling belt and take sufficient random 
and systematic samples of all the material within an area 
defined by tamplates. By taking a minimum of SO S A M P L E S 

(also see T E S T P O R T I O N and I N C R E M E N T , terms used syn-
onomously in this report) in this manner, the input and 
output of the stockpiles would provide a reliable measure 
of just what had occurred. The S A M P L I N G E R R O R and the 
T E S T I N G E R R O R could also be defined, together with the 
I N H E R E N T V A R I A B I L I T Y associated with the process. 

This procedure should also provide guidelines, basic pa
rameters, and information about aggregate handling in gen
eral that should simplify and increase the significance of 
future work on some of the other stated objectives of the 
project. In any case, the belt and template method seemed 
the simplest and best known to date for reliably sampling 
a stockpile. 

DISCUSSION OF EFFECTS 

For the purpose of this discussion, "effects" are defined as 
variations in gradation, variations in particle shape, and 
variations in quantity of fines (material passing No. 200 
sieve). 

Changes in Gradation 

Variance in gradation is defined as that between units but 
not within the unit. The unit is the smallest quantity that 
will affect performance. This may be a batch or mixer truck 
load of concrete, a batch of bituminous concrete, or 4 sq. f t . 
of a pavement course. 

Variations in gradation have two principal effects: (a) 
they result in changes of the surface area of the aggregate 
which are related to water requirements and cement effi
ciency in Portland cement concrete; this variance can be 
measured by mechanical analysis and expressed as a single 
number A; and (b) they result in changes in aggregate 
voids which are directly related to the permeability and 
optimum asphalt content of asphaltic concrete; this vari
ance can be determined by mechanical analysis, and rela
tive voidage computed or found by means of density tests, 
and expressed as a single number. 

Changes in Particle Shape 
Variations in particle shape affect aggregate interlock and 
aggregate voids which adversely affect some types of base 

construction. This variance can be measured by density 
tests on a single particle size, separated from the overall 
gradation, and expressed as a single number. 

Increase in Fines 
Increase in the amount of material passing the No. 200 
sieve is usually undesirable and can cause instability in some 
types of base courses, or inferior concrete pavement surface. 
This variance can be measured by mechanical analysis (plus 
washing) and expressed as a single number. 

CAUSES OF INHERENT VARIATION 

Inherent Factors 
The V A R I A N C E S , which have important effects, change every-
time an aggregate is moved, stored or processed. Changes 
in gradation are mostly due to segregation, and their magni
tude depends on the range of particle sizes because it is 
obvious that aggregate of a single particle size could not 
segregate. On the other hand, changes in particle shape and 
increase in fines, caused by degradation, are greater with 
single-sized aggregate and are also affected by initial particle 
shape. In view of the influence of pressure and impact on 
variations in aggregate characteristics, it was believed that 
significant results can only be obtained by essentially ful l -
scale experiments. This meant that stockpiles should ap
proach the size of actual stockpiles commonly constructed 
in field operations. 

Process Steps 
An aggregate passes through many process steps from the 
time it is removed from the pit or quarry and is incorpo
rated in the finished work. To measure effects of V A R L ^ T I O N 

accurately, it is necessary to define precisely between what 
points in the process the changes in the aggregate due to 
handling, storing, or processing are to be measured. 

A convenient process range is from the point that the 
aggregate enters a producer's yard until it enters some 
definite process step, such as the cold bins of a hot-mix 
plant or the batch bins of a concrete proportioning opera
tion. This range should include variables due to (a) 
method of forming stockpiles; (b) type of stockpile; (c) 
stockpile manipulation; (d) method of taking from stock
pile. 

VARIABLES 

Forming Stockpiles 
Three methods are frequently used for forming stockpiles: 
(a) continuous, (b) batch, and (c) spreading (bulldozer). 
The continuous method may be one point, distributed, or 
sequential; and the batch method may be random, controlled 
or sequential. 

Types of Stockpiles 
The three types of stockpiles are (a) coned, (b) layered, 
and (c) confined. The coned and layered types may be 
either single or multiple; whereas the confined type may be 
in the form of a silo, bin, or bulkhead. 



Depleting Stockpiles 

Depletion of stockpiles may be by either the continuous or 
batch method. The continuous method may be from a 
central point, from multiple points or peripheral (sequen
tial). The batch method may be random, controlled, or 
peripheral (sequential). (There are many possible permu
tations; for example, forming and depletion may be con
current.) 

Types of Aggregates 

Types of aggregates include granite, limestone, siliceous 
gravel, and slag. 

Types of Gradations 

The gradations may be either continuous or sized. 

Coarse Aggregate Sizes 

Three categories of coarse aggregates may be used: (a) 
coarse, 2-in. maxmium size; (b) intermediate, 1-in. maxi
mum size; and (c) fine, %-in . maximum size. 

It was realized that the scope of the work must be con
fined to that which could be accomplished within the limits 
of the funds initially available, so it was decided to test 
one gradation of one aggregate and to construct as many 
stockpiles of this aggregate as funds permitted. 

C H A P T E R T H R E E 

THEORETICAL AND PRACTICAL CONSIDERATIONS 
INFLUENCE OF STOCKPILING METHODS ON 
AGGREGATE CHARACTERISTICS 

The characteristic of an A G G R E G A T E most affected by the 
method of S T O C K P I L I N G is a variation in its G R A D A T I O N . 

When an aggregate consisting of more than one size of 
rock particles is stored in a S T O C K P I L E , the material in 
different parts of the pile will not have the same gradation. 
This means that the ratio of small particles to large particles 
in T E S T P O R T I O N S taken from different parts of the pile will 
not be the same. This tendency of large particles to collect 
in certain parts of the pile is called S E G R E G A T I O N . In gen
eral, the amount of segregation depends on the degree of 
freedom the aggregate has to flow from one place to an
other. 

Another characteristic affected by the method of stock
piling is a reduction in size of some of the particles. This 
reduction in size is called D E G R A D A T I O N and may result 
from large particles being broken into smaller pieces or 
from the corners of angular particles being worn or chopped 
off. Breakage occurs when the particles are dropped from 
a considerable height or when they are subjected to large 
compressive forces such as those exerted by the steel treads 
of a heavy machine. Abrasion, or wear, is caused by aggre
gate particles rubbing against each other and results in a 
rounding of the particles and the production of fine dust. 
In general, degradation is severe only in the case of very 
brittle or very soft aggregates. 

The aggregate used in this investigation was both tough 
and hard, so no measurable or visible degradation occurred, 
although the same material was formed into several stock
piles and rehandled many times. 

CAUSES OF VARIANCE IN AGGREGATE GRADATION 

Inherent Variation 

Variations in the gradation of a stockpiled aggregate fall 
into three general classes: (1) those that are partly or 

wholly preventable; (2) those that are inherent; and (3) 
those that are unimportant. 

The I N H E R E N T V A R I A T I O N is due to the R A N D O M arrange
ment of different sized particles in a collection of particles. 
The particle arrangements chart (Fig. 2) represents the 
fine and coarse particles 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 con
dition which, if achieved, would disappear when the aggre
gate was moved or mixed. When particles of different sizes 
are thoroughly mixed, they are almost completely random
ized, as in B; and this is as nearly a uniform distribution of 
sizes as can be expected. It will be seen that if groups con
taining the same number of C O N T I G U O U S 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. 
The measure of this variance is the S T A N D A R D D E V I A T I O N or 
S I G M A (a); and since the arrangement of B is truly random, 
it is possible to calculate the value of sigma under various 
conditions. Also, if a large number of groups or I N C R E 

M E N T S are selected, it is possible to predict the percentage 
of times a certain number of black spots will occur in a 
group or increment from the N O R M A L D I S T R I B U T I O N C U R V E . 

One peculiarity of this random distribution is that the 
variance depends on the size of the group or increment, 
and a collection of large groups or increments will have 
less variance and a lower sigma value than a collection of 
small increments. 

The arrangement of B is analogous to the condition ex
isting when a L O T of particles of different sizes are mixed. 
No matter how thorough the mixing, S A M P L E S consisting 
of groups or increments of particles taken from the lot will 
have different ratios of fine-to-coarse particles and a differ
ent gradation. This variance, designated in this report as 
<7-,„ is inherent, and can only be reduced by taking larger 
samples. For samples of equal size, the value of (T-„ will 
vary with different gradations. 

The value of (T-„ can be computed as follows: 



, _ P(100 — P)w 
<ra- ^ (1) 

in which 
(7̂ 0 = the inherent variance in the percentage by 

weight of particles passing a sieve opening of 
stated size; 

P = the percentage by weight; 
w = the average weight of the particles retained on 

the stated sieve; and 
W = the weight of the sample. 

Testing Error 
Other sources of variation between reported gradations are 
differences in sieving efficiency and actual errors, such as 
the loss of aggregate particles from the sample during test
ing, inaccurate weighing of groups of separated particles, 
or incorrect observations or calculations. 

When different sets of sieves are used, the sizes of the 
openings in the sieves making up the sets may not be exactly 
the same, or the equipment used to shake the particles 
through the sieves may not be equally efficient. Even when 
the same sample is passed through the same sieves, results 
may differ. Aggregate particles are usually of irregular 
shape, and during one test may be favorably positioned for 
passing through a sieve opening, while during another test 
the same particles may not be so oriented. With some types 
of shaking equipment, particles that have passed through 
the openings of one sieve may return to that sieve after 
prolonged shaking. Probably the chief factor in testing 
error, in many cases, is the use of too large a test portion. 
If a thick bed of particles remains on a sieve at the end of 
the shaking period, it is probable that varying numbers of 
the smaller particles will not have the opportunity to pass 
through the sieve openings. 

The pooled value of these errors and variations is des
ignated in this report as a'^f The value of a'^t can be found 
by repeated tests on the same samples. 

Segregation 
By far the largest variance of gradation test results among 
different samples is caused by actual differences in the gra
dation of the aggregate contained in samples taken from 
different parts of a B A T C H or lot. These differences are 
caused by segregation, which is defined as the result of the 
tendency of larger particles to separate from a mass of par
ticles of different sizes, under certain conditions. This 
segregation may be the result of S A M P L I N G E R R O R resulting 
from carelessness or from the use of improper sampling 
equipment, or it may be brought about by the methods of 
mixing, transporting, handling, or storing the aggregate. 

When a bed of particles of different sizes is shaken or 
vibrated, as when aggregates are shipped by rail, there is a 
tendency for the larger particles to move to the top of the 
bed, so that arrangement C (Fig. 2) results. Except under 
extreme conditions, however, the degree of segregation from 
this cause is not great. 

The degree of segregation which occurs when a stream 
or mass of aggregate flows because of the action of gravity 
can be very large and may approach the arrangement shown 
in C (Fig. 2). When a stream of aggregate slides down a 

chute, the large particles can roll more easily than the small 
ones, and due to their faster motion, will be thrown further 
from the end of the chute. 

When a falling stream, or small mass of aggregate, is 
brought to rest, mutual collisions between small and large 
particles exert forces which, on the average, tend to dis
tribute the large particles around the lower outer portion 
of the resulting cone. I f more aggregate falls in the same 
place, so that the size of the cone is increased, the surface 
of the cone forms an inclined plane down which large par
ticles can roll and slide more easily than small ones. This 
results in a further migration of coarse particles toward the 
periphery of the base of the cone. As the cone is made still 
larger, portions of the outer layer may slide along slip 
planes parallel to the A N G L E O F R E P O S E ; this action further 
concentrates coarse particles near the base of the pile. 

The combined action of these mechanisms is such that 
whenever aggregate containing a range of particle sizes first 
flows freely under the action of gravity, and is then brought 
to rest, segregation occurs. 

When a cone is built up by a falling stream of such 
aggregate, material below the center of gravity of the cone 
win be coarser than the average, as will material near the 
outer surface of the sides of the cone. The same action oc
curs, to a lesser degree, when small masses of aggregate are 
dropped a considerable distance; but when large masses of 
aggregate move a short distance, as when a truck is dumped, 
there is little opportunity for segregation to occur. 

The observation that coarser aggregate particles have a 
tendency to tumble down the surface of a sloped pile and 
accumulate at the toe of the slope is not new. As far as is 
known, there has been no means established to measure 
the effect of this type of segregation. When representatives 
of the research agency continually observed this phenome
non taking place on several of the stockpiles, it was decided 
to separate a quantity of the aggregate into four fractions, 
color each size a different color with water soluable dye, 
recombine it into original proportions and drop the colored 
material at the tip of the cone on one of the piles. The 
objective was to trace the flow of individual aggregate sizes 
down the stockpile. Three thousand pounds of aggregate 
were prepared in this manner with the I Vi to % in. colored 
red, the % to Vi in. colored blue, the V2 to % in. colored 
yellow and the Vs to No. 4 colored green. 

The colored aggregate was dropped with a clam bucket 
on the top of a 17-ft high coned pile. It was observed that 
the smaller particles penetrated to a depth of about 8 to 10 
in. without additional agitation or vibration. This depth 
was considerably greater than had previously been believed. 
It was also noted that the major portion of the smaller 
particle sizes {'A in., % in., No. 4) had a tendency to 
fiher below the surface and into the pile. This phase of 
study was recorded on 16-mm color motion picture film. 

Segregation is undesirable since it destroys the uniformity 
of the gradation of the aggregate. This is important, since 
in batches of aggregate of equal weight, those containing a 
higher proportion of smaller particles, when combined with 
the same amount of other ingredients, will form a different 
product than those batches with the lesser proportion of 
smaller particles. In portland cement concrete, for example, 
where a fixed amount of cement and water is mixed with 



NON-RANDOM ARRANGEMENT WHICH CAN BE FORMED ONLY BY 
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Figure 2. Particle arrangements—the white and black spots represent particles, or groups of particles, having unlike characteristics 
in an infinite population of combinations of such particles; the different arrangements represent the degree of dispersal of like 
particles throughout the mixture. 



batches of aggregate of equal weight, variations in the 
gradation of the aggregate will affect the quality of the con
crete. If the batches contain too high a proportion of small 
particles, the concrete will have a stiff consistency and be 
overplastic. If they contain too high a proportion of large 
particles, the concrete will have a sloppy consistency and 
will be harsh and unworkable. The changes in the char
acteristics of the concrete are largely due to the fact that a 
certain weight of small particles has a much larger total 
surface area than an equal weight of large particles, and 
more cement paste is required to lubricate their surfaces. 

The same effect of change in gradation occurs in bitumi
nous mixtures. When batches of aggregate of equal weight 
are mixed with a fixed quantity of asphalt, those having too 
high a proportion of small particles will have such a large 
total surface area of aggregate that there will not be enough 
asphalt to coat the particles with a film of durable thickness. 

There are other undesirable effects of nonuniformity in 
gradation; but since changes in surface area are of primary 
importance, it is appropriate to evaluate the degree of segre
gation in units that are related to surface area. For this 
purpose, the factor designated as ^ in this report was de
vised to serve as a constant which would express the relative 
coarseness of a gradation as a single number which could 
be used in mathematical and statistical computations. The 
fineness modulus, introduced to the engineering profession 
in 1918, by D . A. Abrams, and used in connection with 
the design of P C concrete mixtures, was considered for 
this purpose. To a certain extent the F M is the complement 
of A, however, the important minus No. 200 material was 
intentionally excluded from the F M . To obtain a more 
rational function of general application which could be 
used in all studies of aggregates and aggregate mixtures, 
mathematical and laboratory work has been conducted for 
a number of years. This work has resulted in A which has 
been found to correlate well with factors associated with 
surface area, for example, the quantity of asphalt required 
for durability of bituminous paving mixtures, over a wide 
range of fine to coarse gradations. It can be shown that the 
area under the gradation curve on a semi-log plot is related 
to the surface area of the aggregate particles making up 
the gradation. This area can be defined by the base line 
and by ordinates having a height equal to the percentages 
passing the various sieves. y4 is a measure of this area and 
has a value equal to the sum of the heights of the 10 equally 
spaced ordinates plotted at the IVi in., % in., % in., No.'s 
4, 8, 16, 30, 50, 100 and 200 sieves. This value is con
veniently found by adding the percentages which pass each 

of all 10 sieves, including those sieves which pass 100 per
cent of the aggregate, and dividing the total by 100. 

(The amount of minus 8 material in the North Carolina 
No. 3 aggregate used in this study was so small that a gra
dation analysis on the No.'s 16, 30, 50, 100 and 200 sieves 
was not justified. It was found that multiplying the total 
minus 8 in each sample by three would produce a value 
approximately the same as would be calculated by passing 
the material through the nest of sieves.) 

A batch of aggregate containing a large proportion of 
small particles has a high surface area and a high A value, 
whereas coarser aggregates have lower A values. 

Since specifications for aggregate are usually written in 
terms of ranges of percentages passing designated sieves, 
it is also important to measure segregation in terms of 
variations of these percentages. 

The primary objective of this investigation was to meas
ure in practical units the variance resulting from segregation 
caused by various methods of handling and stockpiling a 
graded aggregate. 

Segregation causes nonuniformity in the gradation of 
aggregates in the batch and in the lot. If the total aggregate 
making up a batch is subdivided into samples and each 
sample is tested separately, it will be found that each sam
ple has a different A value and that a different percentage 
passes the individual sieves. This W I T H I N - B A T C H V A R I A N C E , 
designated tr î,, is usually not of practical importance, since 
the aggregate will be restored to a randomized arrangement 
by further processing or mixing. However, since usually 
only one sample, made up of one or only a few increments, 
is taken from a batch, this within-batch variance will affect 
the O V E R A L L V A R I A N C E . To evaluate the W I T H I N - L O T VARI

A N C E , designated as a^i in this report, resulting from stock
piling and handling methods, it is necessary to separate this 
and the other variances previously discussed from the over
all variance (.<T^„). 

Summation of Variances 
To accomplish the objective of this investigation, it was 
necessary to evaluate six variances in terms of A and of the 
percentages passing the individual sieves. These variances 
are given in Table 1. 

SAMPLING PLAN 

To evaluate variances by the use of statistical methods two 
conditions must be met. First, enough measurements must 
be made so that, assuming a N O R M A L D I S T R I B U T I O N , the 

T A B L E 1 
SUMMATION OF V A R I A N C E S 

VARIANCE DESIGNATION CAUSE HOW ESTIMATED PASSING % - I N . SIEVE * 

Within-sample Inherent Computed 0.06 
Between-samples Testing error By experiment 1.04 
Between-samples Sampling error By difference 5.08 
Within-batch Segregation By sampling 6.70 
Within-lot ''l Segregation By sampling 2.2 to 113.5 
Overall Sum of variances By sampling 8.9 to 120.2 

• Variance of percent. 
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results will be correct to within the desired degree of ac
curacy; and second, the measurement must be made on 
samples taken in a random manner. This means that each 
portion of a lot must have some weighed chance, not zero, 
of being chosen for a sample or increment. This last con
dition rules out taking truly random aggregate samples 
directly from a stockpile since the aggregate in the interior 
of the pile is not available for sampling. Random sampling 
requires that the input and output of each stockpile be 
passed over a conveyor belt and that the samples be taken 
from this belt. 

The number of samples required to obtain a measured 
predetermined D E G R E E O F ASSURANCE and A C C U R A C Y is 

found from: 

(2) 

in which 
« = number of samples; 
t = the desired degree of assurance, or probability 

of success in obtaining a correct answer, meas
ured in standard deviation units from the center 
of the curve of distribution of t; 

tr = the standard deviation of the measurements; and 
A = the maximum allowable difference between the 

computed average of the measurements and the 
true average. 

For example, if it is known that the standard deviation of 
the percent by weight of aggregate passing the % in. sieve 
is 4 percent, and it is desired to take enough samples so 
that there is a 95 percent probability of obtaining an average 
value correct to ± I percent, then n = (2.00*)- X ( 4 ) - -;-
( 1 ) - = 4.0 X 16 - T - 1 = 6 4 , and 64 samples would be 
required. Increasing the degree of assurance, or attempting 
a greater accuracy, greatly increases the required number 
of samples. 

To aid the engineer in determining the required number 
of samples, a nomograph (Fig. 3) has been devised to 
determine rapidly the mathematical relationships between 
the factors involved and reduce the number of I T E R A T I O N 
trials. 

Since no data were available on which to base an estimate, 
the minimum number of random samples to be taken was 
arbitrarily set at 25. To randomize these samples, each 
front-end loader bucket-full, or each clam-shell bucket-full, 
was considered a batch; and all batches going into, or taken 
from, a stockpile were numbered consecutively. The num
ber of each batch to be sampled was determined by the use 
of a table of random numbers. 

In addition to the random samples, 25 S P A C E D or SYS
T E M A T I C S A M P L E S were taken from the input and output of 
each stockpile to obtain information on the actual effect of 
sample size, within-batch variation, and the shape of the 
curve shown in the correlation plot (see Fig. 25). Meas
urements on both types of samples were to be pooled in 
computing the overall variance. 

For practical purposes it was decided that the sample was 
to be taken in one increment and the entire sample put 

through the sieves so that increment, sample, and test por
tion were one and the same To prevent overloading the 
%-in. sieve on the Gilson shaker used for the sieve test, a 
"dummy" '/i-in. sieve was to be placed above it, and the 
material retained on this sieve was to be added to that on 
the %-in. sieve before weighing. 

Because it was desired to approximate full-scale opera
tions, each stockpile was to be formed of about 1,500 tons 
of aggregate. This quantity of material should represent 
about 500 front-end loader batches and about 800 clam
shell batches. It was anticipated that with this number of 
batches and the planned number of samples, the forming, 
sampling, and testing of a stockpile could be completed 
in two days. 

It was estimated that nine stockpiles could be constructed, 
sampled, and tested with the funds available. (However, 
it was possible to reduce the cost of the sampling and test
ing so that two additional stockpiles were constructed and 
studied.) 

RELATIVE C O S T S 

In order to make an accurate cost analysis of the various 
methods employed, original plans provided for keeping rec
ords of the time required for construction of each stockpile. 
The overall costs for rental of individual items of equip
ment were as follows: 

2-yd front-end loader 
%-yd clam-shell 
Rubber-tired dozer 
Kol man-type conveyor 
Tandem dump truck 
Field laboratory (rental) 
Mobilization of above equipment 

$ 20.00 per hour 
20.00 per hour 
20.00 per hour 
50.00 per day 
12.00 per hour 
15.00 per hour 

750.00 lump sum 

With the time and rental data it would be possible to calcu
late stockpiling costs per ton of aggregate. 

Use of Figure 3 
The purpose of this nomograph is to furnish an approximate 
solution of 

_ A _ 

*Value of t for 60 degrees of freedom and 93 percent proba
bility; this value of t must be found by ITERATION since d.f -
(n—1) and n is initially unknown. 

where I depends on the number of degrees of freedom (/i — 1) 
associated with n. 

1. To use, project a straight line from the standard deviation 
of the measurement on the left hand (a) scale through the de
sired degree of accuracy on the center (.i) 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 / 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 r = 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 /. 
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C H A P T E R F O U R 

STOCKPILES AND METHODS OF SAMPLE ACQUISITION 
METHODS OF CONSTRUCTING AND 
RECLAIMING STOCKPILES 

Parent Pile 

The parent pile (Fig. 4) was a large storage pile, typical of 
the reserve accumulated by a quarry operator in anticipa
tion of the next season's work. The pile covered an area 
about 75 X 300 X 12 ft and contained about 10,000 to 
12,000 tons. It was built with material brought from the 
processing operation with trucks and placed on the pile by 
crane bucket. No attempt was made to cast or spread the 
material. Two samplings were made on material removed 

Figure 4. Parent pile of N. C. No. 3 concrete aggregate. 

from one side of the pile with a front-end loader working 
at the base of the pile. Results are indicative of those to 
be expected if the aggregate were trucked directly to the 
point of use and incorporated in a product or in construc
tion without further processing or mixing. 

The aggregate in the parent pile consisted entirely of 
material from the rhyolite zone of the quarry, since this 

was the area from which aggregate was being manufactured 
at the time of this investigation. Tests conducted by the 
North Carolina State Highway Commission in November 
1963 indicate that this aggregate has a Los Angeles abra
sion loss of 21, 20 and 25 percent on gradings A, B, and C , 
respectively. The material has an apparent specific gravity 
of 2.70-2.71, and a weight per solid cubic foot of about 
169 lb. Its absorption varies from 0.4 to 0.7 percent. 
Since the aggregate is an extremely hard material, there 
was little evidence of breakage or degradation resuhing 
from handling. 

The sequential plots (Appendix C ) of the A values com
puted from the results of tests on the 100 samples show 
random distribution with no pronounced trends and all 
values well within statistical control limits. The gradation 
charts show that there is considerable difference between 
subsequent lots removed from the pile although they were 
taken at approximately the same place. In the stockpile 
summary (Table 2 ) , these two samplings were combined 
into a single data group while in other tables and charts the 
two samplings are treated as independent sample units. 

Stockpile No. 1 

The purpose of constructing Stockpile No. 1 (Fig. 5) was 
to investigate the degree of homogeneity obtained by spread
ing the aggregate in thin layers with a crane bucket, then 
reclaiming from the bottom of the pile with a front-end 
loader so that a mixing action was obtained. The resuhing 
uniformity was the best of any of the constructed piles. 

Stockpile No. 2 

Stockpile No. 2 (Fig. 6) was constructed with a crane 
bucket in the form of two cones, each containing about 
750 tons, and was reclaimed with a front-end loader. The 

T A B L E 2 
SUMMARY OF S T O C K P I L E T E S T S ' 

SPECIFICATION RANGES ' 
S T O C K P I L E 
N U M B E R 

T Y P E O F 
P I L E 

METHOD O F 
CONSTRUCTION 

METHOD OF 
R E C L A I M I N G A % PASS. 

% IN. 
% PASS. 
Vs IN. 

REQUIRED 
NO. O F 
S A M P L E S ' 

1 Flat-mixed Crane bucket F E loader 0.24 13.4 9.6 8 
10 Ramped Rubber-tired dozer F E loader 0.26 12.2 11.7 9 
3 Flat-layered Crane bucket F E loader 0.27 16.4 11.8 10 

11 Flat-mixed Rubber-tired dozer F E loader 0.30 11.2 11.0 1 1 
9 Truck dumped Dump trucks F E loader 0.31 16.8 14.9 13 
6 Flat layered F E loader F E loader 0.41 21.0 18.3 19 
8 Tiered (bermed) Crane bucket F E loader 0.56 26.7 21.8 32 
5 Coned-tent Portable conveyor F E loader 0.58 23.6 29.8 35 
7 Single cone Crane bucket F E loader 0.74 35.4 34.2 55 
2 Double cone Crane bucket F E loader 0.82 36.9 30.7 67 
4 Single cone Crane bucket Crane bucket 0.82 39.4 21.4 67 

P 
P(S-2) 

Parent 
Parent 

(Belt-sampling) 
(Hand-sampling) 

0.29 
0.52 

17.0 
23.4 

12.0 
25.9 

11 
29 

* Relative rating in order of increased segregation. 
^ Range between maximum and minimum percentages necessary to include 95 percent of all values, based on ± la. 
' The required number of samples was calculated at a 95 percent confidence level and a desired accuracy of ± 0.05 of A. 
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Figure 5. Stockpile No. 1, cast and spread with clam-bucket. 

purpose was to compare this method with a large single-
coned pile and a tent-shaped pile. The results bracketed 
that of the single-coned pile, indicating that batch-to-batch 
variation is independent of the size of the cone. However, 
as shown on the sequential plot, the long-term variations 
are more closely spaced. If some further mixing followed 

Figure 6. Stockpile No. 2, double-coned pile built with clam-
bucket; 750 tons of aggregate in each pile. 

the reclaiming from such piles, the multiple small cones 
would be preferable to a large single cone. During the re
claiming of the twin cones with the front-end loader, it 
was noted that the material assumed a definite angle of 
repose at the point of depletion and that fine material con
tinually slid down this slope to the bottom of the pile, 
where it became mixed with the coarser material. However, 
as shown by the trend of the sequential plot, this mixing 
action was not sufficient to overcome the initial segregation. 

Stockpile No. 3 

Stockpile No. 3 (Fig. 7) was constructed with a crane 
bucket in two sections to check the repeatability of the test 
procedure. The aggregate was placed, without spreading, 
bucket-by-bucket with the crane and was reclaimed from 
the top with the crane bucket. 

This procedure simulated that frequently specified or 
employed for handling stockpiles at a production plant. 

The resulting segregation was slightly greater than the cast-
and-mixed pile but less than in any of the coned piles. 

Stockpile No. 4 

Stockpile No. 4 (Figs. 8 and 9) was a single cone pile 
carefully constructed by a crane, which placed each bucket 
of aggregate on the tip of the cone. It was reclaimed with 
the crane bucket in horizontal layers. The purpose was to 
maximize the effect of coning on segregation and to study 
the distribution of particle sizes in the pile. The regression 
line on the sequential plot clearly shows the trend toward 
increasing coarseness from top to bottom of the pile. It 
was noted that the mean value of coarseness is approxi
mately at the center of mass of the pile. 

Figure 7. Stockpile No. 3, fiat-layered pile built with clam-
bucket. 

• • • • • • • 

Figure 8. Stockpile No. 4, single-cone pile built with clam-
bucket; 1,500 tons of aggregate. 

Figure 9. Stockpile No. 4, close-up showing angle of repose. 
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Although the overall variance for this type of pile is 
about the same as for the duplicate piles, the long-term 
trend is such that the usual mixing and averaging incidental 
to transportation and binning would not remove the effects 
of this method of stockpiling and reclaiming. If the ma
terial had been used in a product, there would have been 
a significant difference in the coarseness of the aggregate 
at the beginning of the day's production and at the end. 

Stockpile No. 5 

A tent-shaped pile, Stockpile No. 5 (Fig. 10), was built 
with a portable belt conveyor, and in effect was a succession 
of merging-cone piles. It was reclaimed with a front-end 

Figure 10. Stockpile No. 5, coned lent pile built with portable 
conveyor. 

loader working from one end of the pile. The purpose of 
this construction was to compare the segregating effect of 
the coning with free-standing cone piles. As shown by the 
charts (Appendix C ) , segregation was somewhat reduced, 
but is still greater than in any of the flat piles. 

Stockpile No. 6 

Stockpile No. 6 (Fig. 11) was constructed with a front-
end loader (Fig. 12) by dumping the aggregate in batches 
and was reclaimed with the same equipment. Some degree 
of mixing occurred because the loader was backing at the 
time the bucket was dumped. The aggregate was discharged 
very rapidly once the bucket was tilted, so that the total 
load was discharged over a length of about 6 ft. One of the 
limiting factors in using this method of construction is the 

Figure 12. Stockpile No. 6, method of construction. 

fact that the front-end loader bucket cannot be extended 
beyond an effective height of about 8 ft. Therefore, a large 
area would be required for stockpiling any sizable quantity 
of aggregate. Results of this procedure reflected the slight 
mixing action that took place. 

Stockpile No. 7 

Stockpile No. 7 was constructed with a crane bucket in the 
form of a single cone by carefully placing each bucket of 
aggregate on the tip of the cone. This construction pro
cedure is similar to that used in Stockpile No. 4. The 
difference was that a front-end loader was used for reclaim
ing the pile, whereas in Stockpile No. 4 a crane bucket was 
used. A special plan was devised for reclaiming by which 
the front-end loader operator kept the bucket approxi
mately 4 ft from the ground as the reclaiming operation 
began. As a resuh, the material above the 4-ft level tum
bled down the pile, and a certain amount of mixing action 
took place. The operator did not pick up material below 
the 4-ft level until he had exhausted material within reach 
of his bucket. Comparing results of this procedure with that 
used for Stockpile No. 4, values show that this method of 
reclaiming provides such a considerable degree of mixing 
that a standard deviation of A was 0.186, as compared to 
a standard deviation of A of 0.205 for Stockpile No. 4. 

Stockpile No. 8 

Stockpile No. 8 (Fig. 13) was built with a crane bucket 
in the form of a tiered (bermed) rectangle, with each 
bucket-load being dropped straight so that there was vir-

Figure 11. Stockpile No. 6, front-end loader built pile. Figure 13. Stockpile No. 8, tiered (bermed) pile. 
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tually no mixing action involved. This method proved to 
be extremely slow, as frequent repositioning of the crane 
was necessary in order for the crane boom to extend over 
the stockpile area. After a layer one bucket-full thick had 
been built over an area approximately 175 ft long by 50 ft 
wide, a second layer was started by dropping the first loads 
approximately 3 ft inside each perimeter edge. With this 
method, very few of the coarser particles tumbled down 
the edge of the lower layer. This stockpile was built to a 
height of 10 ft, with the edge of each successive layer set 
back about 3 ft from the outer edge of the layer immedi
ately below. It is understood that this particular stock
piling practice is required in several areas of the country. 
An analysis of results of this procedure as compared with 
results from some of the other methods used indicates that 
the time consumed and associated cost are not justified on 
the basis of reduced segregation. 

Stockpile No. 9 

Stockpile No. 9 (Fig. 14) was constructed using two dump 
trucks, each truck with a capacity of approximately 12 
tons. Aggregate was loaded into the truck with a front-end 

Figure 15. Stockpile No. 10, dozer-built ramped pile. 

resulted in thorough mixing of the aggregate and is re
flected in the relatively low standard deviation of 0.064 
for A. The front-end loader picked up batches from the 
material dozed over the high end of the pile. 

Stockpile No. 11 

Stockpile No. 11 (Fig. 16) was also constructed with a 
pneumatic-tired bulldozer (Fig. 17) as the aggregate was 
discharged from the portable conveyor belt. The dozer 
operator kept the pile level so that in effect a series of thor-

Figure 14. Stockpile No. 9, truck-dumped pile. 

loader, and the material was discharged into a single pile 
by raising the dump body. The trucks were backed into 
the side of the preceding pile so that there was little oppor
tunity for the aggregate to flow when the material was 
dumped. When this pile was reclaimed with a front-end 
loader, there was some degree of mixing action. This mix
ing is reflected in the relatively low value for standard 
deviation of 0.077 for ̂ 4. 

Stockpile No. 10 

Stockpile No. 10 (Fig. 15) was a ramped pile built with a 
pneumatic-tired bulldozer to simulate bulldozing aggre
gate into a depressed loading hopper. The dozer operator 
waited until several tons of aggregate had accumulated be
neath the discharge end of the conveyor belt, then dozed 
this material a distance of 25 to 50 ft across the ground into 
the stockpile. The slope of the pile varied from about 1:5 
to 1:7. The maximum height of this pile was 12 ft, sloping 
down to 0. Since this material is an extremely hard aggre
gate with a Los Angeles abrasion loss of about 21 percent, 
there was little evidence of degradation as a result of the 
abrasive action from the pneumatic tires. This procedure 

Figure 16. Stockpile No. 11, dozer-built flat pile. 

Figure 17. Rubber-tired dozer used for construction of Stock
piles No. 10 and No. II. 

oughly mixed layers was built up. The dozer periodically 
ran across the top of this pile spreading the aggregate as 
it accumulated beneath the discharge from the conveyor 
belt. The use of the rubber-tired dozer proved to be one 
of the better methods for stockpiling construction since a 
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relatively low standard deviation of 0.074 was obtained 
for the A value. 

SAMPLE ACQUISITION 

With the single exception of an experimental hand-sampling 
of the parent stockpile (Figs. 18, 19, and 20), all samples 
were taken from the conveyor belt (Figs. 21, 22, and 23). 

Figure 18. Metal shield to prevent aggregate from tumbling 
into sample area. 

Figure 19. Shovel inserted into sample area. 

Figure 21. Templates to define sample boundary. 

Figure 22. Aggregate removed from sample area. 

Figure 20. Twenty-five to thirty pounds of aggregate removed. 

Figure 23. Fines brushed from sample area. 

As the stockpile aggregate input or output was handled 
by front-end loader or clam-bucket, each bucket was 
counted. Before a bucket designated by the sampling plan 
was dumped in the conveyor hopper, the hopper was 
cleaned, so that the designated bucket-full was spread on 
the belt without contamination. As the aggregate was being 
moved by the belt, the belt was stopped randomly and the 
sample or samples were removed at the sampling station. 
Two steel templates, shaped to fit the curvature of the belt, 
were used to cut out a measured length of the aggregate 
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stream. The distance between the templates was adjusted 
from time to time so as to yield a sample of aggregate 
weighing approximately 25 lb. This material was cleanly 
removed from the belt with scraper and brush to the sam
ple container. Immediately after acquisition, the sample 
was given a serial number, with the first digit representing 
the number of the stockpile. In most cases, the sample was 
hand carried to the nearby field laboratory and processed 
immediately. 

SAMPLING PLAN 

Objectives 

The objectives of the sampling plan were (a) to measure 
lot-to-lot (stockpile-to-stockpile) variance; (b) to measure 
batch-to-batch variance within the stockpiles, over a prac
tical range of batch sizes; (c) to determine effect of sample 
size on variance, over a practical range of sizes; and (d) to 
estimate sampling error under the conditions of the experi
ment. 

Method 

All samples were taken from a conveyor belt, using a 
calibrated tool that cleanly removed a cross-section of the 
material on the belt. Sample weight initially was about 
25 lb, which is in conformity with A S T M C-136 for nomi
nal 1-in. maximum size aggregate. 

Initially, a minimum of 50 samples was taken from 
each stockpile or pair of stockpiles. This was increased up 

to about 70 as indicated by the magnitude of the variances 
determined in the initial work. 

The general plan was to divide each stockpile into units 
or batches of one crane or loader bucket each, which flowed 
consecutively along the conveyor belt. Each stockpile re
quired 600 batches (duplicate stockpiles 300 units) each. 

The 600 batches were divided into 5 zones of 120 batches 
each. A designed pattern of 5 samples was taken from the 
center of each zone, and additional samples were taken 
from each zone in accordance with a predetermined ran
dom pattern. 

The designed pattern was to sample two consecutive 
batches, skip a batch, and sample the fourth batch. 

Two adjacent samples were taken from the fourth batch, 
a space equivalent to a sample was skipped, and a third 
sample was taken as follows: 

fi„;fl„-t- 1 ; . . . ; fi„ -I- 3 ( 5 i ) ; B „ + 3 ( 5 ^ ) ; . . . ; B „ -I- 3 (5^) 

The initial sampling plan was as follows: (Batch Nos.) 

2* 18 124 245 372 497 580* 
5* 46 135 269 391 505 586* 
7* 58 156 298 418 516 588* 

10* 59 178 299 419 538 595* 
15* 60(3) 179 300 (3) 420 (3) 539 598* 

74 180 (3) 305 432 540 (3) 
86 210 332 440 552 

110 217 336 455 572 

* Coned stoclcpiles only. 

CHAPTER FIVE 

TESTING AND DATA PROCESSING 

T E S T P R O C E D U R E 

A Gilson sieve shaker was used for all gradation tests. 
Sieves used for the analyses were the 1V4 in., % in., % in., 
No. 4, No. 8, and pan. A "dummy" Vi-in. sieve was used 
over the %-in. sieve to reduce the quantity of material 
on the %-in. sieve to approximately a single layer of 
particles. 

The entire sample (approximately 25 lb) was sieved to 
REFUSAL and sieve fractions weighed individually to 0.01 
lb. To determine the time required for sieving to refusal, 
a number of test increments were sieved at varying time 
intervals, gradations calculated and the point established at 
which essentially 100 percent of each size material had 
passed the appropriate sieve opening. It was determined 
that five minutes would provide the required degree of 
efficiency. Because of the relatively small amount of minus 
No. 8 material, an average gradation was determined for 
use in calculating A. Al l samples were returned to sample 
bags and retained for further testing as required. 

Data was recorded on pre-printed data sheets as given in 
the Table 3. 

T A B L E 3 
R E C O R D E D D A T A 

SIEVE SIZE WEIGHT (LB) PERCENT PERCENT PASSING 

1 Vi in. to % in. 6.17 24.7 100.0 
% in. to % in. 15.75 62.9 75.3 
% in. to No. 4 2.28 9.1 12.4 
No. 4 to No. 8 0.27 1.1 3.3 
Pan 0.54 2.2 2.2 

Total 25.01 100.0 197.6' 

• In this particular case, the material passing the No. 8 was multiplied 
by a constant (3) which was based on the average gradation of this 
material. The result was added to the percentages passing the standard 
sieves and this sum was divided by 100. 

COMPUTATIONS 

All standard deviations were computed by 

n n 
\ — \ 

2 

1 = 1 t = 1 1 = 1 
n 

n — 1 

(3) 
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SOURCE OF DATA 

Project 
Locat ion 
Material 
Date Sanipled_ 
Type of Test" 
Date Tested_2 
Remarks 

Stockpile" 

Percent Passing V8" SIPVP 

7 
B. 

L 

J 6 J . 

46.0 

27.6 

44.If 

44.2 

28.9 
46.2 

40.3 

46.8 

J 2 ^ 

_42_L 

J 2 ^ 
6 2 ^ 

5 1 A 

40.7 
4 8 J . 

3 9 ^ 

3 7 2 

32a. 
250 
46.8 

45 0 

42.1 

18.4 

53-1 
252 

3 0 - 5 

46-9 

7.8 

35.7 

3 4 J . 

By. 

26.4 

16.0 

2^5 

64.3 
3 2 . 2 

41.4 

30.5 
2 3 ^ 

<0W COMPUTED METHOD 
I n No. X's 50 
2 TX. Sum n X's 1.946.8 

J X (ROW 2)/fRow n 38.94 

5 BC" Sum n ( X ' s ) ' 83.463.74 
4 (Row 2 ) ' A l 7 5 . 8 0 0 . 6 0 

6 Row 5 - Row 4 7.663.14 
7 a"* (Row 6 ) / f r l - l ) 156.39 
8 /Row 7 12.51 
9 U IOO(Row 8)/(Row 3) 

Date 

Figure 24. Worksheet for com
puting the standard deviation 
(sigma) by use of a desk cal
culator. 

All computations were made on a Monromatic calcula
tor using forms specially devised for this purpose. A n ex
ample of this form is shown in Figure 24. As a check for 
correctness, all calculations were repeated, usually by differ
ent operators. 

GRAPHIC PRESENTATION O F R E S U L T S 

A graphical presentation of test results is given in Appen
dix C . It begins with a F L O W S H E E T , showing the sequence 
of construction and depletion of 11 stockpiles. The rela
tionship between A and Batch Number is shown in a 
second series of graphs. The third series shows the effect 
of stockpiling method on width of the gradation band that 
would contain 95 percent of the values resulting from tests 
on samples taken by similar investigative methods. 

The plots on this third series of graphs (Appendix C ) 
may be compared to a percent-passing specification plotted 
on a gradation chart. For example, if coned stockpiles are 
permitted, a realistic specification would have to allow a 
variation of 1 to 35 percent passing the %-in. sieve and 
65 to 100 percent passing the %-m. sieve as shown by the 
graph for Stockpile No. 7. However, if stockpiling is con
trolled, and restricted to those methods which prevent or 
remove segregation, a specification for the same aggregate 
could have much narrower limits. This is shown by the 
graph for Stockpile No. 1 where 95 percent of the results 
fall within 8 to 18 percent passing the %-in. sieve and 70 
to 84 percent passing the %-in. sieve. I n this way the 
graph provides a visual index of the efficiency of the stock
piling method. 



CHAPTER SIX 

19 

DISCUSSION OF RESULTS 
SEGREGATION INDEX 

From a study of the variance previously discussed, it 
appears that an appropriate index of segregation for the 
different stockpiling methods is the ratio of the overall 
variance ( c 7 - „ ) to the within-batch variance (ir-'i,). The 
within-batch variance (cj-j,) is the sum of those variances 
not directly related to the quality of the product or to the 
efficiency of the handling or stockpiling method with respect 
to segregation (o-'-j = ir„ + <7-,, + t r - J , while ff-„ is the 
sum of the within-batch variance plus the variance caused 
by batch-to-batch segregation (<r-„ = </-,, + o--/). 

Accordingly, the segregation index (5) used in this 
report is the ratio of these variances and 

S = (4) 

In a perfectly mixed stockpile, with no segregation, 
= 0 and 5 = o--„/(7-,, = 1. As segregation within the 

lot (stockpile) becomes more pronounced, a-, increases 
as does the ratio of a-Ja-'-i,. 

Since this a ratio of variances, the " F " T E S T of Fisher 
can be applied to estimate whether the ratio is sufficiently 
large, for the degrees of freedom concerned, to indicate a 
statistically significant degree of segregation. Accordingly, 
this ratio has been applied, and the various stockpiles have 
been ranked in order of the segregation index, S (Table 7 ) . 

Inherent Variance 

The inherent variance of a graded aggregate results from 
the randomized distribution of the various sizes of particles 
in a completely mixed, nonsegregated, batch. The value 
of this variance is obtained from E q . 1. The inherent vari
ance is important when determining the minimum size of 
sample required to obtain results to within a permissible 
variation and with a desired degree of assurance of assur
ance. In the case of the particular aggregate selected for 
this study, the minimum sample size required for ± 1 per
cent accuracy with 95 percent assurance was computed to 
be 420 lb. Since the actual total sample (total number of 
25-lb increments) weighed about 1,800 lb, the inherent 
variance was small. For example, using 82 percent passing 
the %-in. sieve and an average particle weight of 32g, 

, 82(100 — 82)32 _ 1476 X 32 
o-o = 454 X 1800 

47,232 

454 X 1800 

= 0.0578 "817,200 
Values were computed for an average gradation and the 
1,800-lb sample: 

SIEVE PERCENT INH. VAR. OF % 
SIZE PASSING ( X ) PASSING SIEVES ((r-„) 

m in. 100 
% in. 82 0.058 
% in. 18 0.020 
No. 4 3 0.001 
No. 8 1 — 

Calculations for other sieve sizes are performed in a simi
lar manner using appropriate values. 

Testing Error 

Testing error variance (cr-f) is used to evaluate the re
peatability of a test method; that is, the ability to obtain 
the same test result on the same sample with the same opera
tor. It is computed from 

at 1 n (5) 

in which 
o 

o-t -

x^ --

n -

variance due to lack of repeatability of the test 
method; 
result of first test on sample; 
result of second test on same sample; and 
number of samples (one-half the number of 
measurements). 

Gradation test were repeated on 66 increments from Stock
pile No. 11 with the following results: 

SIEVE SIZE VAR. IN % PASSING SIEVES (<7-j) 

% in. 1.04 
% in. 0.501 
No. 4 0.124 
No. 8 0.0295 
A 0.000299 

Sampling Error 

Sampling error variance {<r,) is due to the fact that a 
small volume of material, such as a batch or unit of con
struction, is not completely mixed, so that the distribution 
of the particles of different sizes is not entirely random. 
As a result, an increment taken from one part of the batch 
will not show the same test values as one taken from an
other part of the batch. It is computed by first finding the 
total within-batch variance ((r-f,), then subtracting the in
herent variance and the testing error, o--, = cr̂ i, — 
(<7-„ -I- <7-,). The within-batch variance is found by taking 
two test portions or increments from suitably separated 
points in the same batch, making the specified tests, and 
substituting the results in 

•» - In (6) 

in which 
o î, = total within-batch variance; 
X^ — test result on first increment; 
Xn = test result on duplicate increment; and 
n = number of paired increments (one-half the total 

number of increments). 

In many instances, such as in the case of an aggregate for 
use in concrete, within-batch variance (ir'j) is of no prac
tical importance, since the cause of this variance will be 
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removed by further mixing. However, if the sampling 
error, (t',, is large, it may lead to misinterpretation of test 
results. 

In this investigation, since both and a^t were small 
and <T^, was not considered of practical importance, these 
variances were not considered separately, and all compari
sons were made with o^j,. 

Total Within-Batch Variance 

The size of the total within-batch variance (o^j,) depends 
largely on the volume of material between two increments 
taken from aggregates that will be included in the same 
batch. The necessary separation of the two increments re
quired for estimating o^„ depends on the C O R R E L A T I O N of 
the increments in the batch. It may be expected that C O N 
T I G U O U S I N C R E M E N T S will be more nearly alike than those 
widely separated. To find the required separation of in
crements, a systematic sampling plan was combined with 
the random sampling plan used to determine overall vari
ance (cr^o) • From the output of each stockpile, five groups 
of systematic increments were taken according to the plan: 
X^; X„^i, Ar„ + 2, in which X represents increments taken 
from successive batches. From the .X^„+o batch, increments 
were taken according to the plan: x^; jc„ + i ; jc„ + 3, in which 
X represents successive increments along the sampling belt. 

To compute the effect of spacing (that is, the volume of 
material between increments), each batch (front-end loader 
bucket) was considered to weigh 5,000 lb and to consist 
of 200 25-lb increments arranged in order on the conveyor 
belt. The statistical tool used for analysis was the differ-
ance in the value of "A for increments at different spacings 
on the belt. (These spacing are called LAGS. ) Lag 1 differ
ences refer to differences between 5's for A D J A C E N T I N C R E 
M E N T S ; Lag 2 differences refer to increments separated by 
one 25-lb increment; Lag 200 differences refer to incre
ments from adjacent batches, etc. The square of the Lag 1 
difference, X \ = (Aj, — ^ ) 2 , is an estimate of 2<7*j 
(1 — p i ) ; = (^^i — ^ s ) - is an estimate of 1,^^ 
(1 — P2). etc., where contains all local variances 
(inherent, test, and sampling segregation) and p^, pz, are 
the correlations between Lag 1, Lag 2, etc., increments, 
and measure the tendency of adjacent increments to be 
more alike than widely separated increments. By assum
ing that the pi die out as the separation between incre
ments increases, the X\ may be used to estimate a^, and 
hence pi, Ps, etc., for small lags. 

The quantity ^^^^^ -^t+t)' computed for lags of 
n 

j = 1, 2 , 3, and 25 and is plotted in Figure 25 and tabu
lated as follows: 

LAG MEAN SQUARE CORRECTED MEAN SQUARE 
MEAN SQUARE 

1 0.003690 0.00367 
2 0.005049 0.00500 
3 0.004953 0.00488 
25 0.008232 0.00720 

From this study it was concluded that a Lag 25 (incre
ments separated by the volume of 25 increments) spacing 
was ample to determine within-batch variance 

I 
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Figure 25. Correlation plot. 

Therefore, increments at this spacing were taken from the 
output of Stockpiles Nos. 8, 9, 10, and 11. The results are 
given in Table 4. 

T A B L E 4 
WITHIN-BATCH V A R I A N C E 

STOCK- INCRE- WrrHIN-BATCH VARIANCE (0*1) 

PILENO. MENTS ( n ) % IN. % IN. NO. 4 NO. 8 A 

8 25 
9 24 

10 24 
11 23 

4.0218 
6.0231 
7.8044 
9.1802 

2.0660 
2.4294 
6.9752 
5.3250 

0.3982 
0.1140 
0.2804 
0.8285 

0.1436 
0.0177 
0.0294 
0.1083 

0.001325 
0.001748 
0.003304 
0.004156 

Weighted avg. 6.704 4.165 0.4008 0.0751 0.002604 

Segregation Variance 

The size of the segregation variance (a-,) depends entirely 
on the efficiency of the methods of handling, transporting, 
and storing aggregates, and the resulting degree of segre
gation. It is computed by difference. 

a^i — <T^o — CT"6 ( 7 ) 

The theoretical limit of this variance, which is independent 
of sample size, is tj^, = P(100 — P ) , in which o-̂ j = total 
variance, due to segregation of percent passing a desig
nated sieve; and P = percent passing a designated sieve. 

The size of this variance when the aggregate is com
pletely segregated (as when each sieve is placed in a stock
pile in a separate layer and samples are taken from each 
layer) is so large as to be almost meaningless. The follow
ing values have been computed for a typical gradation of 
the aggregate used in this investigation: 

SIEVE SIZE % PASSING THEORET. VARIANCE* 

VA in. 100 
% in. 80 1,600 
% in. 15 1,275 
No. 4 2 196 

(«r^). 

* Theoretical variance of completely segregated material stated in 
terms of percent passing sieves. 

S U G G E S T E D T O L E R A N C E S FOR MEASURED A VARIABILITY 

It is necessary that guidelines be established for determining 
the limits of the range beyond which segregation could 
significantly affect the characteristics of a particular aggre
gate. A significant segregation effect may be defined as one 
which would change the gradation to an extent that would 
require adjustments in bitumen or cement content or would 
require changes in compactive effort to meet density or 
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voids-requirements, or changes in blending proportions or 
screening set ups, or a host of other effects, as a result of 
excessive variations of percentages passing different sieve 
sizes. To be of maximum value, these changes in gradation 
must be expressed in terms of a single value combining all 
percentages, rather J h a n independently using single per
centages. Thus the A value is used. 

In a previous research investigation conducted by 
Miller-Warden Associates, tolerance levels for different 
types of construction materials were established for four 
classification levels of criticality: critical, major, minor, and 
contractual. It is generally agreed that aggregate gradation 
falls into a classification of major when its effects on vari
ous types of construction units afe considered. The toler
ance guidelines previously developed appear to be appro
priate for the purpose at hand. Several conditions must be 
stated at the outset for the application of these rules: 

1. Five random increments of aggregate will be tested 
individually and an average A determined. 

2. Total sample weight will be determined in accordance 
with Table 5 for the particular aggregate size involved. 
The sample should be taken in five approximately equal-
sized increments so that the total weight of increments is 
equal to the total sample weight. The preferred method of 
securing sample increments is by defining a specific area 
on a conveyor belt and removing the total portion of 
aggregate from this area. This method is not practical in 
most cases, as stockpiled material is usually picked up with 
a front-end loader or clam-bucket and loaded directly into 
trucks or bins. I f hand-sampling must be employed, a 
sampling tool should be used which is at least four times 
wider than the largest maximum particle size and which is 
so constructed that none of the particles will overflow or 
roll from the tool. This device may be some type of scoop 
or shovel with built-up sides to prevent aggregate loss. 

T A B L E 5 
T O T A L SAMPLE W E I G H T 

MAX. AGGREGATE SIZE WEIGl RANGE OF ACCURACY ( A ) 

3 in. 500 ± 3% 
2 in. 400 ± 2 % 
1 in. 250 ± 1% 
V4 in. 80 ± 0 . 5 % 
% in. 60 ± 0.5% 
No. 4 8 ± 0.5% 

3. An estimate of true standard deviation, CT', must be 
given. This estimate may be calculated from historical 
data, or it may be stated in terms of desired standard devia
tion. No attempt should be made to base a standard 
deviation on results of the five samples only, as these data 
are too limited to provide an accurate indication of the 
required value. 

4. Statistical tolerances for acceptability will be applied 
to the individual measurement and to the sample average. 
Acceptance criteria will be stated accordingly. 

5. The formula A ± 1.04 a' will be used to determine 
the acceptability of the average of five measurements on 
test increments; A' is the desired value of A, and tr is the 
estimate of the standard deviation of the F R A M E (CT') . The 

formula A ± 2.76 <r' will be used for determining_accept-
ance of the individual increments. In this case, A is the 
average of the five individual A measurements. I f the 
group average is outside the calculated limits for averages 
or if a single increment is outside the calculated limits 
for individuals, the entire lot (stockpile) should be rejected 
as being too variable. 

It is assumed that five sample increments have been prop
erly secured and tested and that the following results have 
been obtained: 

TOTAL PERCENT PASSING 
SIEVE SIZE 

NO. 1 NO. 2 NO. 3 NO. 4 NO. 5 

l«/i in. 100.0 100.0 100.0 100.0 100.0 
% in. 80.0 73.7 75.7 80.3 69.5 
% in. 18.6 13.7 12.8 15.9 11.6 
No. 4 2.3 0.9 1.5 1.2 1.3 
No. 8 1.1 0.5 0.5 0.5 0.8 
A 2.042 1.898 1.915 1.989 1.848 

In the example, the standard deviation, a', of A as 
calculated from a large F R A M E had previously been deter
mined to be 0.146. In the five increments tested, A runs 
from a low of 1.848 to a high of 2.042 with an average of 
A = 1.938. Given the condition that the desired A value 
is 2.000, acceptability of the average would be calculated 
as being 2,000 ± 1.04 X 0.146. Therefore, the average A 
must be between 1.848 and 2.152. A single test measure
ment is compared with the limits of 1.938 ± 2.76 X 0.146. 
This means that individual values should fall between 1.535 
and 2.341. In the example, both of these criteria for aver
age and individual values are satisfied. 

STATISTICAL DATA IN SUMMARY FORM 

Table 6 indicates the magnitude of overall variances for 
each sieve size from each of the stockpiling methods. 

The data from Table 6 have been used to develop the 
S E G R E G A T I O N I N D I C E S as in Table 7. These values are be
lieved to be the most significant findings of the entire 
research investigation and represent the essence of all the 
acquired data. The stockpiling methods have been listed in 
ascending numerical order based on the segregation index 
of the respective A variances. 

T A B L E 6 
O V E R A L L V A R I A N C E <r2„—PERCENT PASSING 

STOCKPILE n % IN. % IN. NO. 4 NO. 8 A 

Parent-a 50 11.121 4.521 0.237 0.042 0.0026 
Parent-b 50 26.500 14.863 0.364 0.128 0.0090 

1 46 11.490 5.679 0.146 0.016 0.0035 
2-a 33 100.510 58.027 2.247 1.169 0.0355 
2-b 33 70.496 72.236 3.454 0.462 0.0503 
3-a 26 9.671 4.256 0.058 0.053 0.0022 
3-b 26 26.115 14.758 0.284 0.031 0.0080 
4 65 120.153 144.350 1.888 0.115 0.0439 
5 64 34.961 55.441 1.570 0.149 0.0211 
6 50 27.448 20.870 0.644 0.183 0.0106 
7 58 81.298 72.986 2.459 0.115 0.0348 
8 75 44.460 29.558 1.375 0.317 0.0192 
9 73 17.526 13.903 0.447 0.084 0.0060 

10 74 9.298 8.594 0.844 0.150 0.0041 
11 66 8.908 7.584 1.364 0.802 0.0055 
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T A B L E 7 
S E G R E G A T I O N I N D E X O F STOCKPILING METHODS" 

STOCK 

CONSTRUCTION 
SEGREGA
TION 

F-TABLE 
VALUE 

RATIO FOR D I F F E R E N T SIEVE SIZES 

NO. P I L E T Y P E METHOD n INDEX"" (95%) % IN. H IN. NO. 4 NO. 8 
1 

10 
Flat-mixed 
Ramped 

Crane bucket 
Rubber-tired 

46 1.348 1.48 1.714 1.364 0.365 0.207 

3 
11 

Flat-layered 
Flat-mixed 

dozer 
Crane bucket 
Rubber-tired 

74 
52 

1.591' 
1.956' 

1.42 
1.48 

1.387 
2.670 

2.063 
2.282 

2.105 
0.427 

1.992 
0.601 

9 
6 
8 
5 

Truck dumped 
Flat-layered 
Tiered (bermed) 
Coned-tent 

dozer 
Dump trucks 
F E loader 
Crane bucket 
Portable 

66 
73 
50 
75 

2.096' 
2.299' 
4.052' 
7.371' 

1.42 
1.42 
1.48 
1.42 

1.329 
2.615 
4.095 
6.633 

1.821 
3.338 
5.011 
7.097 

3.403 
1.116 
1.608 
3.430 

10.676 
1.114 
2.433 
4.226 

7 
2 
4 

Single cone 
Double cone 
Single cone 

conveyor 
Crane bucket 
Crane bucket 
Crane bucket 

64 
58 
66 
65 

8.100' 
13.359' 
16.476' 
16.858' 

1.42 
1.48 
1.42 
1.42 

5.216 
1.213 

12.754 
17.927 

13.311 
17.524 
15.638 
27.455 

3.916 
6.135 
7.112 
4.711 

1.981 
1.538 

10.860 
1.534 

• Based on the ratio of a'./a^i - overall variance/within-batch variance; n = 96 for ^ ^ j . 
•> Based on A. 
' Significant difference. 

COMPARATIVE C O S T S 

Relative costs per ton for each stockpiling procedure are 
given in Table 8. These costs vary from a low of $0.33 per 
ton to a high of $0.65 per ton. It is apparent that the most 
economical method resulting in a low segregation index is 

T A B L E 8 
COMPARATIVE COSTS 

by truck placement ($0.34 to $0.00 per ton). Truck place
ment as used in this report means that a truck load of 
aggregate is discharged tightly against the previous load 
dumped so as to form a continuous pile one load high. This 
method is one of the simplest to use and is frequently em
ployed in actual field operations. 

STOCKPILE CONSTRUCTION 
N O . P I L E T Y P E M E T H O D 

1 Flat-mixed Crane bucket 
2 Double cone Crane bucket 
3 Flat-layered Crane bucket 
4 Single cone Crane bucket 
5 Coned-tent Portable conveyor 
6 Flat-layered Front-end loader 
7 Single cone Crane bucket 
8 Tiered (bermed) Crane bucket 
9 Truck dumped Dump trucks 

10 Ramped Rubber-tired dozer 
11 Flat-mixed Rubber-tired dozer 

C O N S T R U C T I O N 
T I M E ( H R . ) T O T A L C O S T 

10.25 $ 758.00 
10.25 758.00 
6.75 500.00 

10.25 758.00 
11.00 817.00 
13.00 959.00 
11.00 817.00 
13.00 959.00 
7.00 517.00 

11.00 808.00 
9.25 683.00 

112.75 $8,334.00 

C O S T P E R T O N * 

$0.50 
0.50 
0.33 
0.50 
0.54 
0.64 
0.54 
0.64 
0.34 to 0.00' 
0.54 
0.45 

SEGREGA
TION 
INDEX" 

1.35 
16.48 

1.96 
16.86 
8.10 
4.05 

13.36 
7.37 
2.30 
1.59 
2.10 

• Assuming ^,500 tons per stockpile. 
Based on A 

' Essentially zero cost if aggregate is delivered to stockpile site in trucks. 

CHAPTER SEVEN 

CONCLUSIONS, RECOMMENDATIONS, AND PROPOSED RESEARCH 
CONCLUSIONS 

The following conclusions are based on the results of tests 
on full-scale stockpiles, using one aggregate and one 
gradation. 

I . Segregation is minimized when an aggregate stockpile 
is formed by spreading the material in thin layers. This can 

be accomplished by casting with a crane bucket, or in the 
case of an aggregate not subject to degradation, by spread
ing with a rubber-tired bulldozer. 

2. Stockpiles in which the aggregate is not segregated 
excessively can be formed by truck dumping the aggregate, 
or placing the aggregate in layers with a crane bucket or a 
front-end loader. 
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3. Segregation of aggregate sizes is excessive in all types 
of coned piles or tent-shaped piles. 

4. The most economical and acceptable method of form
ing and reclaiming stockpiles from aggregate delivered in 
trucks is to discharge the loads in such a way that they are 
tightly joined, and to reclaim the aggregate with a front-end 
loader. When aggregate is not delivered in trucks, the least 
expensive acceptable results are obtained by forming the 
stockpile in layers with a crane bucket and reclaiming the 
aggregate with a front-end loader. 

5. Excessive segregation can be corrected by rehandling 
and stockpiling by one of the recommended methods which 
spreads the aggregate in thin layers. 

6. An index of segregation is obtained by dividing the 
overall variance (,a^„) of a gradation measurement by the 
within-batch variance (CT^J) of the same measurement. The 
within-batch variance is the sum of the inherent variance of 
the gradation ( o ^ o ) , the testing error (CT^^), and the sam
pling error ( ( 7 ^ ) . 

The quotient of <j^J<j-i, can be tested for statistical sig
nificance by the use of the F table, which appears in statis
tical texts. 

7. The relative coarseness of an aggregate gradation can 
be expressed by "A. This is a single number obtained by 
adding the percentages passing the IVi- in. , %-in., %-in., 
No. 4, No. 8, No. 16, No. 30, No. 50, No. 100, and No. 200 
sieves. This value is related to the surface area of the aggre
gate and is an appropriate measurement for use in evaluat
ing segregation. 

8. In general, the results of the investigation indicate 

that a large number of samples must be taken and individu
ally tested to find the average value of a gradation measure
ment with an acceptable degree of accuracy (Fig. 26) . 
Under good conditions (<ra = 4%) the percentage of an 
aggregate passing a %-in. sieve can be determined with an 
accuracy of about ± 4Vi percent and a degree of assurance 
of 95 percent by averaging the results of tests on 5 samples. 

RECOMMENDATIONS 

In the case of coarse aggregates for concrete, similar to 
those used in the investigation, it is recommended that 
specifications require that stockpiles be formed by methods 
which will result in a degree of segregation within limits 
as calculated by the given procedures. Acceptable methods 
include those in which the aggregate is spread in thin layers 
or in thicker layers in such a way as to minimize gravity 
flow. 

PROPOSED R E S E A R C H 

The initial phases of this project involved a comprehensive 
study of several methods of approach for aggregate stock
piling and handling prior to arriving at a working plan. The 
plan finally selected proved to be reasonable from both a 
cost and time viewpoint and produced the data required to 
provide a numerical rating system. Objectives of this par
ticular phase were confined largely to segregation effects, 
since degradation was not significant due to the very hard 
aggregate used. 

With the funds initially available, it was not possible to 

SUMMARY OF STOCKPILE TESTS 

Relative Rating in Order of Increased Segregation 

Stoclcpi le Type of 
Miimhiar Pi le 

Method of 
r n n < i t r i j r t i n n 

Method of 
Rerlaimina 

Requi red Number 
of Samples^ 

1 Flat-Mixed Crane Bucltet FE Loader 8 

10 Ramped Rubber-Ti red 
Dozer 

FE Loader 9 

3 Flat-Layered Crane Bucl<et FE Loader 10 

11 Flat-Mixed Rubber-Ti red 
Dozer 

FE Loader 11 

9 Trucl< Dumped Dump Trucks FE Loader 13 

6 Flat-Layered FE Loader FE Loader 19 

8 Tiered(Bermed) Crane Bucl«et FE Loader 32 

5 Coned-Tent Portable 
Conveyor 

FE Loader 35 

7 Single Cone Crane Bucket FE Loader 55 

2 Double Cone Crane Bucket FE Loader 67 

h Single Cone Crane Bucket Crane Bucket 67 

*NOTE: The required number of samples was calculated at a 95 percent 
confidence level and a desired accuracy of ± .05 T.. This 
column shows that the number of samples must be increased as 
the v a r i a b i l i t y of the aggregate gradation increases. 

SEGREGATION INDEX OF STOCKPILING METHODS 

e (Overall Vanonce, A) 
(Within-»€itch Vorianct.A) 

8 12 

SEGREGATION INDEX 

16 20 

Figure 26. 
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study more than one gradation of aggregate from a single 
source. It is believed that a reliable system for rating stock
piling procedures has been developed, but it should be 
remembered that only one aggregate was used to develop 
the segregation index values. Other aggregates, because of 
their different physical properties, may not follow exactly 
the same pattern. Since the hardness of the rhyolite aggre
gate minimized the problem of degradation, this was not an 
important consideration in the study just completed. How
ever, degradation could be a major problem if a softer 
aggregate were involved. 

The initial research efforts have provided operational 
knowledge helpful in determining the most productive 
course to follow. Based on work already accomplished, it 
appears that in future studies sufficient data for reliable 
and meaningful statistical treatment and proper correlation 
among all pertinent factors can be obtained without the 
inclusion of all methods previously investigated. 

The proposed plan of research for a continuing study will 
be divided between two major objectives, as follows. 

Parti 

Part I of the investigation will be concerned with the meas
urement of aggregate degradation due to handling with 
several types of equipment. Approximately 100 tons of 
fresh aggregate will be used for each procedure and/or 
stockpiling device employed. Tentatively it is planned to 
investigate two aggregates, rounded gravel and a relatively 
soft crushed stone, using the following methods: 

1. Single-cone pile built with clam-bucket; 
2. Cast-and-spread pile built with clam-bucket; and 
3. Flat-mixed pile built with rubber-tired dozer. 

Each pile will be reclaimed with a front-end loader, and the 
material will be passed across a belt for sampling. Fifty 
random samples of 25 to 30 lb each will be secured from 
each pile for analysis. These stockpiles will be built on a 
prepared (preferably paved) surface so that all F I N E S can 

be recovered for inclusion in the test increments. Depend
ing upon the availability of time and funds, some of the 
aggregate may be reused in a second series of samplings to 
study the effects of continued handling. 

Current knowledge indicates that two main types of 
degradation take place: (a) fracture of the aggregate par
ticles along seams of weakness, which cause the particles 
to be divided into two or more pieces; (b) reduction in 
particle size from chipping due to applied stresses or round
ing due to abrasive action. An attempt will be made to 
establish the magnitude of variance components resulting 
from degradation as compared to segregation. 

Part II 

Part II will be devoted to a study of segregation effects and 
will involve a plan along the lines of the original research 
investigation but will be broadened to include other grada
tion ranges for a rounded gravel and a relatively soft 
crushed stone. Fifteen hundred tons of aggregate will be 
used for the construction of each of four stockpiles by the 
following methods: 

1. Single-cone pile built with clam-bucket; 
2. Cast-and-spread pile built with clam-bucket; 
3. Flat-mixed pile built with rubber-tired dozer; and 
4. Truck dumped pile. 

A minimum of 50 duplicate random samples of 25-30 lb 
(100 test portions) will be obtained from each stockpile 
for study. This plan should provide data on the effects of 
stockpiling methods, aggregate type, and aggregate grada
tion. The construction methods proposed include those 
resulting in a high and low degree of segregation, as well as 
two methods having intermediate effects. These four pro
cedures typify the more commonly used methods for stock
pile construction. If, as the research progresses, a more 
productive course is indicated, the working plan will be 
changed by mutual agreement between N C H R P represen
tatives and Miller-Warden Associates. 
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Appendix A presents explanations of statistical, mathema
tical, and technical terms as applied to quality control of 
highway construction, followed by commonly used abbrevi
ations and symbols. In individual items, significant asso
ciated terms explained elsewhere in the glossary are printed 
in small capital letters. 

GLOSSARY 

ACCURACY—the agreement between a measured value and 
a true value. 

ADJACENT INCREMENTS—INCREMENTS which are not sepa
rated by like MATERIAL. 

AGGREGATES (COARSE)—certain specified GRADATIONS of 
mineral particles usually larger than Vt in. in size. 

AGGREGATES (FINE)—usually mineral particles less than 
V4 in. in size. 

ALIQUOT—a part of a quantity which divides the quantity 
evenly, with no remainder; for example, V* or Mo. 

ALPHA RISK (a)—the PROBABILITY of rejecting good MA
TERIAL; also called a Type I error. 

ANALYSIS ^OF VARIANCE (ANOV)—a mathematical method 
of isolating causes of VARIATION. 

ANGLE OF REPOSE—the slope formed by a free-flowing par
ticulate matter when acted upon by the force of gravity. 

ARRAY—an orderly arrangement of a group of numbers. 
ASSIGNABLE CAUSE—a relatively large FACTOR, usually due 

to error or process change, which contributes to VARIA
TION and whose effects are of such importance as to 
justify time and money required for its identification. 

ASYMPTOTE—a straight line that is continuously ap
proached but never reached by a curved line. 

ATTRIBUTE—a CHARACTERISTIC which is classified instead 
of measured. 

AVERAGE (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. 

BETA RISK (/3)—the PROBABILITY of accepting poor MA
TERIAL; also called a Type I I error. 

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 TEND
ENCY. 

BIASING—favoring one kind of result. 
CELL BOUNDARIES—the upper and lower limits of a sub

group of numbers called a class. 
CENSORED DATA—a set of data where all objects have been 

counted, but measurements smaller or larger than some 
value have not been recorded. 

CENTRAL TENDENCY—the property of many data to cluster 
about some single value. 

CHARACTERISTIC—a measurable property of a MATERUL, 
PRODUCT, or type of CONSTRUCTION. 
(CHI-SQUARED) TEST—a method of testing HYPOTHESES 
regarding the size of a VARIANCE. 

CLASS INTERVAL—a convenient subdivision of the total 
RANGE of a VARIABLE. 

COEFFICIENT OF VARIATION (D)—the SIGMA of a group of 
measurements divided by their AVERAGE and multiplied 
by 100. 

COMPONENTS OF VARIANCE—^the individual VARIANCES that 
act cumulatively to produce the OVERALL VARL^NCE. 

CONFIDENCE INTERVAL—the RANGE that has a designated 
DEGREE OF ASSURANCE of including the true value upon 
repeated sampling. 

CONFIDENCE LIMITS—the maximum and minimum values 
which define the CONFIDENCE INTERVAL. 

CONSTANT—a number that remains the same throughout a 
series of calculations. 

CONSTRUCTION—the end resuh of processing and placing 
MATERIALS or PRODUCTS in accordance with explicitly 
stated conditions; for example, a mile of finished con
crete pavement. 

CONSUMER'S RISK—the risk of accepting poor MATERIAL 
(see BETA RISK). 

CONTIGUOUS—shaving contact on most of one side. 
CONTIGUOUS INCREMENTS—INCREMENTS that are in con

tact with each other. 
CONTROL CHART—a graphic method of displaying DATA for 

the purpose of detecting ASSIGNABLE CAUSES of VARIA
TIONS in a repetitive process. 

CORRELATION—a relationship which exists between two or 
more VARIABLES, and is often expressed as a RATIO known 
as the CORRELATION COEFFICIENT. 

CORRELATION COEFFICIENT—a number having a value from 
— 1 to - I - 1 which shows the degree of relation between 
two VARIABLES; a value of zero indicates absence of 
CORRELATION. 

CovARiANCE—the sum of the products of the differences 
of two VARIABLES from their AVERAGES, divided by the 
number of measurements; used in the measure of COR
RELATION. 

DATA—measurements collected for a planned purpose and 
suitable for the inference of conclusions. 

DEFECT—an imperfection or fault which bars an item from 
acceptance. 

DEGRADATION—reduction in size of aggregate particles by 
accidental crushing or wear. 

DECREE OF ASSURANCE—the PROBABILITY that a CONFI
DENCE INTERVAL has of including the true value; also 
called confidence coefficient or confidence level. 

DEGREES OF FREEDOM (d. f.)—the number of measurements 
(n) less the number of CONSTANTS derived from them. 
When only one AVERAGE has been taken, d. f. = (n — 
1); when the variation around group averages is deter-
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mined, the degrees of freedom are the total number of 
measurements in the groups less the number of groups. 

DEPENDENT VARIABLE—the VARIABLE whose value is to be 
predicted or inferred. 

DISTRIBUTION—an arrangement of DATA which shows the 
FREQUENCY of occurrence of each successive individual 
measurement or RANGE of measurements. 

ESTIMATOR (A)—a function of the measurements on 
SAMPLES which provides a numerical estimate of a PA
RAMETER. 

F-TEST—a method of comparing the ratio of (1) the 
larger to the smaller SAMPLE VARIANCE to (2) a tabular 
value for the purpose of determining the PROBABILITY 
that the difference was due to chance. 

FACTOR—a VARIABLE or ATTRIBUTE which may influence 
the CHARACTERISTIC being investigated. 

FACTORIAL EXPERIMENT—one in which more than one 
FACTOR is considered at a time. 

FINES—^usually mineral particles which are less than 74 
in size (passing a No. 200 Standard Sieve). 

FINITE FRAME—a collection of individual units, objects, or 
things which can be counted. 

FLOW SHEET—a diagram showing the movement of a PROD
UCT through a process. 

FRAME—that group of objects about which inferences are 
to be made. 

FREQUENCY—the number of times that a measurement falls 
within the limits of a CLASS INTERVAL. 

GOODNESS OF FIT—^relationship of experimental measiu-e-
ments to a theoretical curve. 

GRADATION—a general term used to describe the composi
tion particle size of the aggregate in a mixture; gradation 
is usually expressed as the PROPORTION (percent) of the 
aggregate that will pass each of several sieves of differ
ent sizes. 

HISTOGRAM—a type of bar chart which displays in terms of 
area the relative number of measurements of different 
classes; the width of the bar represents the CLASS INTER
VAL, the height represents the number of measurements. 

HYPOTHESIS (HYPOTHESES)—a statement of a possible but 
not certain truth. 

INCREMENT—^the smallest unit removed from a LOT during 
sampling. 

INDEPENDENT VARIABLE—one which determines the value 
of another VARIABLE, and is assumed to be controllable, 
or known without error. 

INFINITE FRAME—a collection of an uncountable number 
of units, objects, or things, such as the number of points 
on a line. 

INHERENT VARIANCE ( C T O ) — a VARIANCE due to RANDOM or 
insignificant causes. 

INTERACTION—the difference in the effect produced by one 
FACTOR when another factor changes in value. 

ITERATION—a method of finding a required value by means 
of successive estimates. 

KURTOSIS—^the flatness or peakedness of a DISTRIBOTION 
represented by a curve. 

LAG—a specified distance between equal INCREMENTS re
moved from a stream of a given LOT OF MATERIAL. 

LEVELS—the values of a FACTOR which are included in an 
experiment. 

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." 

MATERIAL—a part, component, or ingredient such as port-
land cement or aggregate, which when combined with 
other materials forms a PRODUCT, such as concrete. 

M E A N SQUARE—a sum of squares of measurements divided 
by associated DEGREES OF FREEDOM. 

MEDIAN—the value in the middle of a RANKED ARRAY of 
an odd number of measurements, or the AVERAGE of the 
two central values in an even number of measurements. 

MIDRANGE—one-half the sum of the minimum and maxi
mum values in a group of measurements. 

MODE—a typical value which occurs most often in an 
ARRAY of measurements. 

NORMAL CURVE—a curve having a bell-shaped form which 
depends upon values of X' and a, and which shows the 
DISTRIBUTION of individual values of measured char
acteristics about their average. 

NORMAL DISTRIBUTION—a DISTRIBUTION represented by the 
NORMAL CURVE. 

N U L L HYPOTHESIS—the assumption regarding an effect to 
be tested for existence or nonexistence. 

OVERALL VARIANCE {a^„)—the sum of all RANDOM ERRORS 
and ASSIGNABLE CAUSES which may be expressed as the 
sum of several variances. It controls the number of 
measurements required for a desired ACCURACY and DE
GREE OF ASSURANCE. 

PARAMETER—a CONSTANT or coefficient that describes some 
CHARACTERISTIC of the distribution of a series of meas
urements. 

PORTION—any small part of a larger quantity. 
PRECISION—the VARIANCE of repeated measurements of a 

CHARACTERISTIC 
PROBABILITY—the relative frequency of occurrence. 
PROBABILITY DISTRIBUTION—a mathematical expression 

which makes possible the determination of the PROBA
BILITY that a VARIABLE will occur within a certain RANGE. 

PROBABILITY PAPER—a type of graph paper on which 
RANKED NORMALLY DISTRIBUTED measurements, ex
pressed as a cumulative percentage of their total number 
plus one (n + 1), will plot as a straight line. Codex 
No. 3227 and K & E 358-23 are used for arithmetic 
probability charting; Codex 3229 is used for log values. 

PROBABILITY SAMPLE—one in which every object in the 
FRAME has a known chance of inclusion. 

PRODUCER'S RISK—^the probability of having good M A 
TERIAL rejected (see ALPHA RISK). 

PROPORTION—^the relationship between four numbers in 
which the result of dividing the first by the second is 
the same as the result of dividing the third by the fourth; 
for example, 2 is to 6 as 3 is to 9. 

QUARTERING—a method of reducing a sample to testing 
size. The material is mixed and formed into a cone, and 
the cone is then flattened and separated cleanly into four 
parts. Two diagonally opposite parts are removed, the 
remaining material is remixed, and the quartering re
peated until the remaining quarters are of the desired 
size. 
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QuARTiLE— t̂he points which divide an ARRAY into four 
groups each containing an equal number of measure
ments. 

RANDOM—^without aim or reason, depending entirely on 
chance. When a sampling process is said to be random, 
each item in the FRAME has an equal PROBABILITY of 
being chosen. 

RANDOM ERRORS—differences from the true value, due to 
chance, which behave as though chosen at RANDOM from 
a PROBABILITY DISTRIBUTION. 

RANDOMNESS—a concept referring to a condition of com
plete disorder of individual measurements. 

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. 

RANKED—refers to measurements arranged in ascending 
order from smallest to largest. 

RATIO—a fixed relation between two amounts, usually ex
pressed as a fraction of a decimal obtained by dividing 
one number by the other. 

REFUSAL—the end point of a GRADATION test at which no 
more aggregate particles will pass through the sieve. 

REGRESSION ANALYSIS—a method of investigating the rela
tionship between two or more VARIABLES. 

REGRESSION COEFFICIENT (i>)— t̂he slope of the regression 
line which relates two VARIABLES. The coefficient of an 
INDEPENDENT VARIABLE in a regression equation. 

REJECT—an item or quantity of MATERIAL having CHAR
ACTERISTIC values outside of acceptable limits. 

REPEATABILITY—the RANGE within which repeated meas
urements are made by the same operator on the same 
apparatus; essentially, the PRECISION of the test. 

REPLICATION—the repetition of an experiment. 
REPRESENTATIVE—serving as an example or specimen of a 

group of objects or a LOT of MATERIAL. 
REPRESENTATIVE SAMPLE—a relatively small PORTION, hav

ing the same values of CHARACTERISTICS as the BATCH 
or LOT from which it is taken. 

REPRODUCIBILITY—^the RANGE within which check measure
ments by different operators on different apparatus 
should agree under definitely stated conditions. 

RESIDUAL VARIATION—^the VARIATION which remains in a 
set of data after the variations due to known FACTORS 
and INTERACTIONS have been removed. 

RIFFLING—a method of reducing the volume of a SAMPLE 
to testing size. The sample is poured into the hopper 
of a riffle. Chutes in the riffle divide the sample into 
two equal parts, and each part is directed into a sepa
rate pan. The contents of one pan are set aside, and the 
contents of the other are poured into the riffle hopper. 
The process is repeated until one pan contains the right 
amount of MATERIAL. 

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. 

SAMPLING ERROR (O- ,̂)—^the variance between SAMPLES 
taken from the same BATCH. 

SEGREGATION—separation of portions of a mixture from 
the mass. In a stockpile consisting of a mixture of large 
and small particles of aggregate, the large particles tend 
to segregate by separating from the mixture. 

SEGREGATION INDEX—a RATIO related to the degree to which 
a LOT is separated into unlike parts. 

SEGREGATION VARIANCE (O^,)—the VARIATION (variation 
component which is entirely dependent upon the meth-
od(s) of transporting, handling, and STOCKPILING an 
aggregate. This value is determined by difference be
tween OVERALL VARIANCE and WITHIN-BATCH VARIANCE 

•Oh 
SIGMA (CT)—a term, written as a lower case Greek letter, 

used in STATISTICS to indicate the value calculated from 
the differences between the individual measurements in 
a group and their AVERAGE. Also called STANDARD 
DEVIATION ( S D ) . 

SIGMA PRIME W)—the true value of SIGMA when all UNITS 
in a FRAME are considered. 

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. 

SKEWNESS—refers to a DISTRIBUTION that is not symmetri
cal. 

SPACED SAMPLES—SAMPLES separated by some predeter
mined distance or volume. 

SPECIFICATION—a descriptive statement of conditions of 
acceptability as to size, quality, performance, method, 
or other essential CHARACTERISTICS or ATTRIBUTES. 

STANDARD DEVIATION (SD)—see SIGMA. 
STATISTIC—a summary value such as X, a, or R, computed 

from a group of MEASUREMENTS. 
STATISTICAL ANALYSIS—a mathematical method of obtain

ing meaningful information from DATA. 
STATISTICALLY—^by means of STATISTICS. 
STATISTICS—the science which deals with the treatment and 

analysis of numerical DATA; also a collection of numeri
cal data. 

STOCKPILING—storage of aggregates for later use in piles 
separated by bulkheads or intervening space. 

SYSTEMATIC SAMPLES—samples taken at predetermined in
tervals of time, distance, or volume. 

f(tee) DISTRIBUTION—a DISTRIBUTION slightly wider than 
the NORMAL CURVE used to estimate probabilities when 
only a small number of measurements are available. 

( (tee) TEST—a method of testing a HYPOTHESIS regarding 
means. 

TEST PORTION—the part of a SAMPLE actually tested; 
usually obtained by reducing the sample by QUARTERING, 
RIFFLING, or taking an ALIQUOT quantity. 

TESTING ERROR (a^t)—VARIATION caused by reducing a 
SAMPLE to a TEST PORTION and to the lack of REPEAT
ABILITY of the test method. 

TOLERANCE (A)— the permissible extreme deviation ( A ) 
of the measurement of a CHARACTERISTIC from a de
sired value. 

TREATMENT—^the particular set of conditions which will 
be applied to a unit in an experiment. 

TRUNCATED—^refers to a RANKED ARRAY of measurements 
from which high and/or low values are missing. 
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UNBIASED ESTIMATOR—one whose expected value is equal 
to the FRAME PARAMETER being estimated (see ESTI
MATOR). 

U N I T — a small part of a LOT represented by a SAMPLE. It 
is assumed that VARIATIONS within the UNIT are due to 
chance and do not affect the performance of the lot. 
A unit may be a square foot or square yard of pave
ment, a batch of concrete, or a ton of aggregate. 

VARIABLE— a measurement that can have a series of dif
ferent values. 

VARIABILITY—a tendency to be VARIABLE. 
VARIANCE—^the square of the SIGMA of the SAMPLE (<r*) 

or of the true value (<r'^). 
VARIATION—differences, due to any cause, in measured 

values of a measurable CHARACTERISTIC. 
WiTHiN-BATCH VARIANCE ((T^J)—a VARIANCE having a valuc 

that depends upon the amount of difference of the meas
urements on two increments taken from the same BATCH. 

WiTHiN-LOT VARIANCE (a^,)—a VARIANCE having a valuc 
that depends on the amount of difference among INCRE
MENTS taken from different parts of a LOT. 

SYMBOLS AND ABBREVIATIONS 

A—symbol for a FACTOR which expresses the relative 
coarseness of an aggregate GRADATION in a single num
ber. It is found by summing the percentages passing the 
m in., % in., % in.. No. 4, No. 8, No. 16, No. 30, 

_ No. 50, No. 100, and No. 200 Standard Sieves. 
A—symbol for the average of two or more values of A. 
ANOV—abbreviation for ANALYSIS OF VARIANCE. 
( A ) the caret, which is placed over a PARAMETER to indi

cate an estimate. 
A DELTA—symbol for degree of accuracy or the TOLER

ANCE which is the maximum allowable difference be
tween results to be obtained from the measurements and 
the true value. 

d.f.—abbreviation for DEGREES OF FREEDOM, a number 
associated with a mean square, and indicating the relia
bility of the mean square as an estimate of SIGMA PRIME. 

d.2—symbol for the FACTOR given in Table I I , Part 3, ASTM 
STP IS-C, which is a function of n and which is used 
to convert R to an estimate of a. 

SAMPLE 
FRAME 

INCREMENTS 

TEST PORTION 

Figure A-1. Illustration of some key terms. 
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/—an index which identifies an item in a series which is 
to be summed. 

log—when placed before a number, indicates that the com
mon, or Briggs, logarithm of the number is to be taken. 

m—symbol for the number of units or measurements in a 
SUBGROUP. 

n—symbol for the number of measurements, or subgroups, 
in a group. 

P—abbreviation for PROBABILITY, the relative frequency of 
occurrence. 

p—symbol for relative frequency, the percentage of the 
total number of measurements inside stated limits. 

p—(RHO)—the symbol for degree of CORRELATION. 
R—symbol for the RANGE, which is the difference between 

the largest and smallest number in a set of numbers. 
R—(ARE-BAR)—symbol for the AVERAGE of a number of 

RANGES. 

2—symbol indicating that values are to be totaled or 
summed. 

Indicates that an entire series of values should be 

summed: 

X = {Xi+X., + X, + ...X„) 

a (SIGMA)—symbol for the STANDARD DEVIATION which is 
a measure of the dispersion of measurements from their 
AVERAGE and is an estimate of the true value a. It is the 
square root of the sum of the squares of the deviations 
from their average, divided by their number less one; 
it may be calculated by 

%X- — ( S ^ ) V / i 
n — 1 

<j' (SIGMA PRIME)—symbol for the true value of SIGMA. 
a (siGMA-BAR)—symbol for the AVERAGE of 2 or more val

ues of SIGMA. 
(T-„—symbol for the INHERENT or actual VARIATION in a 

MATERIAL or PRODUCT despite the closest practical con
trol of VARIABLES. 

CT-j—symbol for WITHIN-BATCH VARIANCE where a BATCH is 
some subdivision of a LOT such as a mixer-truck load of 
concrete or a load of subbase MATERIAL. The value of 
a'-i, depends largely on the method of collecting the 
SAMPLE and on the tools used. 

(7-,—symbol for WITHIN-LOT VARIATION due to long-term 
SEGREGATION. 

a'-„—symbol for OVERALL VARIANCE. 
<T-,—symbol for VARIATION caused by reducing SAMPLE to 

testing size and that due to TESTING ERROR. 
I—symbol for a DISTRIBUTION slightly more spread out than 

a NORMAL DISTRIBUTION, uscd when only a limited num
ber of measurements are available. 

V—symbol for COEFFICIENT OF VARIATION which is a meas
ure of relative PRECISION found by dividing the SIGMA 
of a set of values by their average and multiplying by 
100 to express as a percentage. 

X—symbol for an observed value of a measurable charac-
_ teristic, or the AVERAGE of the m values in a subgroup. 
X (EX-BAR)—symbol for the AVERAGE, or arithmetical 

mean, found by dividing the sum of n measurements 
by n. 

X (EX-DOUBLE BAR)—symbol for a grand AVERAGE, or the 
average of averages. 

z—symbol for the distance from the centerline to a point 
on the base of the NORMAL DISTRIBUTION CURVE, ex
pressed in SIGMA units. 
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APPENDIX C 

CHARTS AND GRAPHS OF TEST RESULTS 

This appendix is divided into three parts^ 
(1) flow sheet; (2) batch number vs. A 
value; and (3) aggregate grading charts 
showing ± 2<r limits from average grading 
for each stockpile. 

The flow sheet shows the sequence of 
stockpile construction and the type of equip
ment used for building and depleting each 
pile. _ 

The next section shows a plot of A (meas
ure of coarseness) for each individual test 
increment vs. batch number. From these 
charts one may readily see how the grada
tion fluctuated from increment to increment. 
Dotted lines have been drawn to indicate the 
± 2(7 range, i.e., the range which normally 
includes 95 percent of all test values. 

The final section is concerned with a 
graphical presentation of the average grad
ing from each stockpile, ± 2<T limits. In this 
case, the width of the black band is an indi
cation of variability within the pile. The 
narrow band indicates low variability and in
creasing width mean increasing variability. 
The standard deviation, a, for each sieve 
size is given in the summary table mcluded 
with each chart. 
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EFFECT OF STOCKPILING METHOD 
ON WIDTH OF GRADATION BAND BASED ON 1 2 SIGMA LIMITS 
so jn IS I a? oni O T O T o<e» m 3 i o^ 

Parent S tockp i l e - Sampling No. 1 - 11/3/63 
Main Production S tockp i le - Teer Quarry 
Mixed and Spread by Casting 
Bui It wi th Crane Bucket 
Reclaimed with Front End Loader 

PERCENT PASSING 

Sieve S i z e ± 2CT Limi ts 

1-1/2 

50 3/8 

2.062 .0509 

IH i V 4 1/2 s/s 

SIEVE SIZE 

20 30 40 50 

SIEVE NUMBER 
eo 100 200 

EFFECT OF STOCKPILING METHOD 
ON WIDTH OF GRADATION BAND BASED ON • 2 SIGMA LIMITS 

» in 22 < £ B M 7 0 7 0 7 .oatt o»y 9 j K Mi 

1-1/2 

50 3 /8 

p - B ' 9 |K SJi V1— .fl̂ T " mo 

Parent S tockp i l e Sampling No. 2 - 11/3/63 
Main Production S tockp i l e - Teer Quarry 
Mixed and Spread by Cast ing 
Bui It wi th Crane Bucket 
Reclaimed with Front End Loader 

PERCENT PASSING 

Sieve S i z e 

100 
78.5 
16.7 

1.80 
.82 

1.995 

0 
5. 15 
3.86 

.603 

.357 

.0946 

68.2 - 88.8 
9.0 - 2k.k 

.59 - 3.01 

.11 - 1.53 

1.806 - 2. ! » • 

SIEVE SIZE 

l« 20 30 40 M 

SIEVE NUMBER 
•0 too 

+2a L imi ts I 60 

30 

40 

30 

120 

200 
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EFFECT OF STOCKPILING METHOD 
O N WIDT H OF GRADATION BAND BASED O N i 2 SIGMA LIMITS 

35—sn n—!62 otjf ojij , 9«t» y3i <nn tni—aui-
Stockpi le No. 1 - 1 lA-5 /63 
Flat Single P i le l^tO'L x it2'W x I2'H 
Mixed and Spread by Casting 
B u i l t w i t f i Crane Bucket 
Reclaimed wi th Front End Loader 
500 Batches - Approximately 1450 tons 

P E R C E m - PASSING 

Sieve Size X (T d2CT Limits 

1-1/2 100 0 
3 A 76.8 3.390 70.2 - 83.6 
3/8 12.9 2.383 8.1 - 17.7 

1.33 .382 .57 - 2.09 
8 .68 . 125 .43 - 0,930 

A 1.931 .0593 1.812 - 2.050 

NO 

NO 

70 

60 

30 

40 

30 

IJ* I 3 /4 

SIEVE SIZE 

_!» 12 21 

a K) le 20 30 40 90 

SIEVE NUMBER 

ao 100 200 

EFFECT OF STOCKPILING METHOD 
LIMI O N WIDTH OF GRADATION BAND BASED O N f 2 SIGMA LIMITS 

j n J l !42 o « j > 0T«T M M 0831 9 i l K A^i S t f - :^'oo 

Stockpile No. 2 - 11/5/63 
2 Coned Piles l8'H x 56.7'D I7'H x 52 . I 'D 
B u i l t wi th Crane Bucket 
Reclaimed wi th Front End Loader 
300 + 202 Front End Loader Buckets - Approx. 1400 tons ^ 

33 

PERCENT PASSING 

Sieve Size X a ±2CT Limi ts 

1-1/2 100 0 _ _ 

3/4 76.9 10.03 56.8 97.0 
3/8 13.9 7.62 0.0 29. 1 
4 1.667 1.499 0.0 4.7 
8 .442 1.081 0.0 2.6 

A 1.94 . 188 1.56 - 2.32 

I H I 3 /4 t / 2 3/8 

SIEVE SIZE 

60 

30 

H40 

30 

^0 

B 10 16 20 30 40 90 

SIEVE NUMBER 

60 100 200 
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APPENDIX C (Continued) 

^ " ^ LS 10 I I . 

EFFECT OF STOCKPILING METHOD 
LIM O N WIDT H OF GRADATION BAND BASED O N 1 2 SIGMA LIMITS 

JO i n 13 !4Z 0 M 7 07aT o<6B ail a 

Stockpi le No. 2 - 11/5/63 
2 Coned Piles l8 'H x 56.7'D 17'H x 52 . I 'D 
B u i l t wi th Crane Bucket 
Reclaimed wi th Front End Loader 
300 + 202 Front End Loader Buckets - Approx. l̂ tOO tons 

PERCENT PASSING 

Sieve Size X CT ± 2a Limits 

1-1/2 100 0 . 

3/̂ * 80.0 S.'tO 63.2 96.8 
3/8 15.2 8.50 0.0 32.2 

2. IW 1.858 0.0 5.9 
8 .767 .680 0.0 2. 1 

A 1.96 .224 1.51 - 2.̂ *4 

SIEVE SIZE 

1/4 16 20 30 40 50 

SIEVE NUMBER 

•0 100 

70 

60 

30 

40 

30 

120 

200 

1/2 V 8 

EFFECT OF STOCKPILING METHOD 
O N WIDTH OF GRADATION BAND BASED O N i 2 SIGMA LIMITS 
50 m 25 !4Z 0 » j 7 _ 0 7 j 7 0^9 CB3i <?«g g'M 0787 M « » 0331 0 ^ 3 2 ^l^j g l . 7 ,n^ 

Stockpile No. 3 - 11/8/63 
2 Layered Piles 37'W 

Stockpile No. 3 
2 Layered Piles 

11/8/63 
37'W X 70'L 
37'W X 70'L 

B u i l t wi th Crane Bucket 
Reclaimed wi th Crane Bucket 
300 + 200 FE Loader Buckets -

PERCENT PASSING 

X I2'H 
X 10.5'H 

60 

Sieve Size 

1-1/2 
{1st PIle>3/4 

7 1 - 26 3/8 

8 

100 
76.7 
12.4 

1.185 
.446 

1.916 

0 
3.11 
2.06 

.241 

.230 

±2a Limits 

70.5 - 82.9 
8.3 - 16.5 

.70 - 1.67 
0 - .91 

.0471 1.822 

70 

Approx. 1400 tons I J 
60 

SO 

40 

30 

2.010 - \ 
H20 

8 10 

SIEVE SIZE 

16 2 0 30 4 0 50 

SIEVE NUMBER 

SO 100 2 0 0 
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3 ° i> »p Li 

EFFECT OF STOCKPILING METHOD 
O N WIDT H OF GRADATION BAND BASED O N t 2 SIGMA LIMITS 
SO 3Z5 2S 182 0937 0767 MBg mjl 0232 .0165 

1-1/2 
3 A 

(2nd P i le )3 /8 
n = 30 k 

8 

Stockp!1e No. 3 
2 Layered Piles 

11/8/63 
37'W X 70'L X 12'H 
37'W X 70'L X 10.5'H 

B u i l t wi th Crane Bucket 
Reclaimed wi th Crane Bucket 
300 + 200 FE Loader Buckets 

PERCENT PASSING 

Sieve Size 

100 
78.2 
}k.8 
1.620 
.667 

0 
5.11 

.533 

.177 

± 2a Limits 

68.0 
7.1 

.55 

.31 

88.4 
22.5 
2.69 
1.02 

1. 967 . 089 1. 789 - 2.145 

2>i 2 IJ» I 3/4 1/2 3/8 

SIEVE SIZE 

16 2 0 3 0 4 0 50 

SIEVE NUMBER 

SO 100 

100 

Approx. 1400 tons ^ 

70 

• O 

5 0 

4 0 

3 0 

K> 

2 0 0 

EFFECT OF STOCKPILING METHOD 
O N WIDTH OF GRADATION BAND BASED O N • 2 SIGMA LIMITS 

52 3 » £5 !1Z 0837 

1-1/2 

a ^ 7 » 7 o<«» m | i o p 9117 

Stockpile No. 4 - 11/11/63 
Single Cone Pi le 21.5'H x 69'D 
B u i l t wi th Crane Bucket 
Reclaimed wi th Crane Bucket 
844 Crane Buckets - Approximately 1500 tons 

PERCENT PASSING 

Sieve Size 

100 
82.5 
19.0 
2.42 

.86 

2.06 

0 
10.96 
10.69 
1.374 
.339 

.205 

±2g Limits 

60.6 -
8.3 -
0.0 -

.18 -

1.65 -

tit I S / 4 1/2 3/8 

SIEVE SIZE 

16 2 0 3 0 4 0 5 0 

SIEVE NUMBER 

SO 100 

100.0 
29.7 
5.17 
1.54 

2.47 i d 

^0 

70 

6 0 

SO 

4 0 

3 0 

^ 0 

2 0 0 
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EFFECT OF STOCKPILING METHOD 
O N WIDTH OF GRADATION BAND BASED O N t 2 SIGMA LIMITS 

Stockpile Ho. 5 - 1I/I2-.I3/63 
Coned Tent P i l e I IO 'L x 40'W x 16'H 
B u i l t wi th Conveyor Belt 
Reclaimed wi th Front End LxMder 
630 FE Loader Batches - Approximately 1575 tons 

PERCENT PASSING — ID 

Sieve Size X a Limits 

— ID 

6 0 
I - I / 2 100 0 _ 
3 A 81.3 5.913 69.5 - 9 3 . 1 
3/8 J7.3 7.4116 2.4 - 32.2 — SO 
k 1.87 1.25 0 - k.k 
8 .82 .386 .05 - 1.59 .05 - 1.59 — 4 0 
A 2.030 .145 1.74 - 2.32 — 

SIEVE SIZE 
16 2 0 3 0 4 0 SO 

SIEVE NUMBER 

6 0 100 

30 

2 0 0 

EFFECT OF STOCKPILING METHOD 
O N WIDTH OF GRADATION BAND BASED O N £ 2 SIGMA LIMITS 

iWyT-ytT sifa^—.gyn j y a I9 i / t ^uf^ 

s tockpi le No. 6 - 11/15/63 
Layered P i le - FE Bucket Spread 
Reclaimed wi th FE Loader 
634 FE Loader Buckets - Approximately 1585 t o n s - j 

PERCENT PASSING 

Sieve Size X a ± 2a Limits 

1-1/2 100 0 _ _ 

3/4 78.7 5.24 68.22 - 89.18 
3/8 17.5 4.57 8.36 - 26.64 
4 1.65 .803 .04 - 3.26 
8 .70 .427 0.00 - 1.56 

A 2.000 .103 1.794 - 2.206 

I S i—vi 1/t iH u*" 
SIEVE SIZE 

16 2 0 3 0 4 0 9 0 

SIEVE NUMBER 

6 0 MO 

70 

6 0 

9 0 

4 0 

^ 0 

2 0 0 
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EFFECT OF STOCKPILING METHOD 
O N WIDTH OF GRADATION BAND BASED O N i 2 SIGMA LIMITS 

Sieve Size 

1-1/2 

^ = 58 

Stockpile No. 7 - 11/26/63 
Single Cone Pi le - 24.25'H x 77.4'D 
B u i l t wi th Crane Bucket 
Reclaimed wi th Front End Loader 
600 FE Loader Buckets - Approximately 1500 tons 

PERCENT PASSING 

100 
82.6 
17.9 
2.47 

.76 

0 
9.01 
8.54 
1.568 
.340 

± 2a Limits j 

64.58 - 100 
.82 - 34.98 

0.00 - 5.61 
0.08 - 1.44 

1.983 .186 1.611 - 2.355 H 

• 7 4 

SIEVE SIZE 
2 0 3 0 4 0 9 0 

SIEVE NUMBER 

BO 

70 

6 0 

SO 

4 0 

60 100 2 0 0 

EFFECT OF STOCKPILING METHOD 
O N WIDTH OF GRADATION BAND BASED O N t 2 SIGMA LIMITS 

^ 8 2 — J S 25 iJH OMLOiaz . 0 ^ 93̂ 1 , 9 f H ^>fi ^ ,0^7 . y w JHOO 

lO'H 

1410 tonsHOO 

•T-

Stockpile No. 8 - 11/27/63 
Tiered (Bermed) P i le - 175'L x 51'W x 
Bui I t wi th Crane Bucket 
Reclaimed with FE Loader 
563 FE Loader Buckets - Approximately 

PERCENT PASSING 

Sieve Size 

1-1/2 
3/4 
3/8 
4 
8 

100 
81.3 
16.2 
2. 109 

.640 

2.015 

0 
67 
44 
173 
563 

,139 

67.96 
5.32 
0.00 
0.00 

1.737 

94.64 
27.08 
4.455 
1.766 
2.293 

IS I vi 1/2 a/8 

SIEVE SIZE 

1/4 10 16 2 0 30 4 0 50 

SIEVE NUMBER 

6 0 100 

± 2a Limits - j 

H60 

Hso 

4 0 

^ 0 

2 0 0 
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EFFECT OF STOCKPILING METHOD 
L LIMI 

r^zsz •'>yT — g f a a s<fi vp 
O N WIDTH OF GRADATION BAND BASED O N ! 2 SIGMA LIMITS 

_je JZ3 23 !«2 sail 

Stockpile No. 9 - 11/30/63 
Truck Dumped Pi le - 105'L x 68'W x 8'H 
B u i l t wi th Dump Trucks 
Reclaimed wi th FE Loader 
564 FE Bucket Loads - Approximately 1410 tons 

PERCENT PASSING 

± 2a Limits Sieve Size 

1-1/2 
- 91.58 

24.26 
791 - 3.467 

0.000 - 1.011 

iJl I V 4 1/2 3/a 

SIEVE SIZE 
20 30 40 SO 

SIEVE NUMBER 

M 100 200 

EFFECT OF STOCKPILING METHOD 
TS O N WIDTH OF GRADATION BAND BASED O N £ 2 SIGMA LIMITS 

M .375 25 167 0M7 0767 . 0 ^ QWI S22i. 

Stockpile No. 10 - 12/3/63 
Ramped Pi le - 130'L x 40'W x 12' (Maximum Height) 
B u i l t wi th Rubber-Tired Dozer 
Reclaimed wi th FE Loader 

576 FE Loader Buckets - Approximately 1440 tons 

PERCENT PASSING 
Sieve Size X a ± 2CT Limlts 

1-1/2 100 0 _ _ 60 
3/4 82.5 3.05 76.40 - 88.60 
3/8 16.9 2.93 11.04 - 22.76 

90 4 2.55 .919 .712 - 4.388 90 
8 .742 .387 0.000 - 1.516 

A 2.04 .064 1.91 - 2.17 40 

30 

b o 

th 1 » 7 4 1/2 3/8 

SIEVE SIZE 

e 10 16 20 30 40 90 

SIEVE NUMBER 

•0 100 200 
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EFFECT OF STOCKPILING METHOD 
O N WI DT H OF GRADATION BAND BASED O N + 2 SIGMA LIMITS 
M J S 11 !SZ 0M7 0767 

1-1/2 

MX) 

Stockpile No. 11 - 12/4/63 
Flat Pi le - 5'H x 315' Circumference 
B u i l t wi th Rubber-Tired Dozer 
Reclaimed wi th FE Loader 

522 FE Loader Buckets - Approximately 1305 tons 

PERCENT PASSING 
Sieve Size 

100 
83.6 
21. 1 
4.42 
2.19 

2.159 

0 
2.79 
2.75 
1.191 

.881 

.074 

± 2a Limits 

78.02 - 89.18 
15.60 - 26.60 
2.038 - 6.802 

.428 - 3.952 

2.011 

I J i I 1/4 

SIEVE SIZE 

•6 20 30 40 90 

SIEVE NUMBER 

60 100 

HBO 

60 

2.307 j H40 

30 

^0 

200 

EFFECT OF STOCKPILING METHOD 
O N WIDTH OF GRADATION BAND BASED O N ! 2 SIGMA LIMITS 

10 Z3 ao 

1-1/2 

O 30 

OM7.oTaT .oaao CB^I o p a .OIJH OIJT 

Hand Samples - A l l samples approximately same 
weight (25 pounds)-Taken wi th Shovel 

PERCENT PASSING 

Sieve Size 

100 
83.4 
18.2 
2.3 
0.74 

2.060 

CT ± 2a Limits 

6.29 70.8 - 96.0 
6.71 4.8 - 31.6 
0.969 .36 - 4.24 
0.468 0.0 - 1.68 

.133 1.79 - 2.33 

15 1 m 1/2 s/a 

SIEVE SIZE 

1/4 S 10 •6 20 30 40 90 

SIEVE NUMBER 

60 no 

No 

60 

H30 

40 

120 

200 
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EFFECT OF STOCKPILING METHOD 
O N W I D T H OF GRADATION BAND BASED O N £ 2 SIGMA LIMITS 

4S2 isa^ ° f " ^<f' ° ' ;7 ,9^7 ifOt • ^ • o o 
Hand Samples - Includes 100-pound and 70-pound ^ 

samples that were quartered f o r 
gradation tes t . Also 25-pound 
samples wi th en t i re sample used 
f o r t es t . 

PEItCENT PASSING 

H90 

80 

± 2a Limits 
70 

Sieve Size X a ± 2a Limits 

1-1/2 100 . _ _ 6 0 
3/4 85.8 5.50 74.8 - 96.8 
3/8 24.9 6.29 12.3 - 37.5 -
4 2.93 1.236 .46 - 5.40 I SO 
8 1.13 .333 .46 - 1.80 

K 2.170 .127 1.92 - 2.42 4 0 

30 

*80 

SIEVE SIZE 

2 0 30 4 0 SO 

SIEVE NUMBER 

60 100 2 0 0 



THE NATIONAL ACADEMY OF SCIENCES - NATIONAL RESEARCH COUNCIL 

is a private, nonprofit organization of scientists, dedicated to the furtherance of 

science and to its use for the general welfare. The Academy itself was established 

in 1863 under a congressional charter signed by President Lincoln. Empowered 

to provide for all activities appropriate to academies of science, it was also required 

by its charter to act as an adviser to the federal government in scientific matters. 

This provision accounts for the close ties that have always existed between the 

Academy and the government, although the Academy is not a governmental agency. 

The National Research Council was established by the Academy in 1916, at 

the request of President Wilson, to enable scientists generally to associate their 

efforts with those of the limited membership of the Academy in service to the 

nation, to society, and to science at home and abroad. Members of the National 

Research Council receive their appointments from the president of the Academy. 

They include representatives nominated by the major scientific and technical socie

ties, representatives of the federal government, and a number of members at large. 

In addition, several thousand scientists and engineers take part in the activities of 

the research council through membership on its various boards and committees. 

Receiving funds from both public and private sources, by contribution, grant, 

or contract, the Academy and its Research Council thus work to stimulate 

research and its applications, to survey the broad possibilities of science, to 

promote effective utilization of the scientific and technical resources of the country, 

to serve the government, and to further the general interests of science. 

The Highway Research Board was organized November 11, 1920, as an 

agency of the Division of Engineering and Industrial Research, one of the eight 

functional divisions of the National Research Council. The Board is a cooperative 

organization of the highway technologists of America operating under the auspices 

of the Academy-Council and with the support of the several highway departments, 

the Bureau of Public Roads, and many other organizations interested in the 

development of highway transportation. The purposes of the Board are to en

courage research and to provide a national clearinghouse and correlation service 

for research activities and information on highway administration and technology. 
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