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ABSTRACT

The techniques of multivariate statistical analysis are used to study
the segregation patternof aflatted stockpile. This study leads tothe design
of a stratified random sampling method for sampling stockpiled aggregates.
The stratified random sampling method is then compared statistically with
the current stockpile sampling method in estimating aggregate composition
for the final selection of stockpile sampling methods. Based on the final
suggested sampling method, we designed several potential variables plans
for stockpile aggregate inspection.

Since stockpiled aggregate is not the end-product of aggregate used for
highway construction, the feasibility of stockpiled aggregate inspection is
carefully investigated. The major interest in such an investigation is the
effect of aggregate handling and compaction on aggregate composition.
Models for estimating the degradation rate of each aggregate size due to
handling and compaction, and for estimating the composition of in-place
aggregate after compaction fromthat before compaction or stockpile aggre-
gate composition, are presented. Moreover, several plans of so-called
Macceptance sampling by attributes'' to control the fraction of failing spots
at the construction site are presented and recommended for in-place aggre-
gate ingpection. '

It is apparent that aggregate inspection can be performed at any of the
following three locations: the stockpile, and the construction site before
and after compaction. The question is, "Which is the most beneficial lo-
cation for the Department to perform aggregate inspection?'" To answer
this question, factors which should be considered for choosing the inspec-
tion locations situated between the stockpile and the construction site are
discussed.

Because the current aggregate gradation testing method is time con-
suming, and therefore costly, a more efficient aggregate gradation testing
method is proposed. Samples are collected and tested by the current and
proposed test methods in a statistical experiment. The dataare then analy-
zed by the techniques of multivariate statistical analysis to see whether the
two test methods give comparable results in measuring aggregate composi-

‘tion. An estimation procedure for converting the test results of the pro-

posed test method to those obtainable with the current test method is also
proposed. The estimation precision of the estimation procediire is statis-
tically evaluated. Based on the results of this experiment, we recommend
that the Department conduct a large-secale similar experiment to obtain
much wider information before introducing the proposed test method into
field operation. '

Computational formulas for some multivariate statistical experiments
are summarized in an Appendix to this report.
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INTRODUCTION

The work described in this report is the result of a research program
carried out by the Research Laboratory of the Michigan Department of State
Highways and Transportation in cooperation with the Federal Highway Ad-
ministration. The contents of this report reflect the views of the author
who is responsible for the facts and the accuracy of the data presented
herein. The contents do not necessarily reflect the official views or poli-
cies of the Federal Highway Administration. This report does not consti-
tute a standard, specification, or regulation.

The current practice of the Michigan Department of State Highways and
Transportation is to ingpect aggregate at the production site (stockpile).
Since stockpiled aggregate will undergo a remixing process when trans-
ported to the construction site, it is natural to ask whether the accepted
stockpiled aggregate is still acceptable after it is in place.

Aggregate composition changes from the stockpile to the construction
site could be due to the handling process (transporting stockpiled aggregate
to the construction site) or the compaction process (obtaining the required
aggregate density). Presumably, the handling process improvesthe aggre-
gate uniformity, a desirable feature, but also degrades aggregate to some
extent. Moreover, the compaction process definitely degrades aggregate.
Thus, the practice of stockpile inspection makes sense only if the desirable
characteristics of in-place aggregate are preserved by stockpiled aggregate
control. That is, a specification used for stockpile inspection must not be
compromised by the degradation factors of the handling and compaction
processes. Moreover, can the aggregate uniformity of in-place aggregate
be maintained at a satisfactory level through stockpile aggregate control ?

The major purpose of this study is to develop statistically sound qua-
lity assurance programs for stockpiled and in--place aggregate inspection.
In the process of developing quality assurance programs, the remaining
‘objectives originally proposed are also accomplished.

a. To developpractical and meaningful sampling procedures for sieve
analysis of 22A aggregate;

b. to determine the extent of aggregate degradation due to handling
and compaction; and '

¢. to estimate variability introduced into screeningresﬁlts by changes
in aggregate materials, and sampling and testing procedures.




Transport the Finished
AGGREGATE Aggregate to the
PRODUCTION STOCKPILE
PLANT '

CURRENT
STOCKPILE
INSPECTION

REJECTED AGGREGATE
ARE REMOVED L
FROM STOCKPILE

Shift :
SATISFACTORY : To
STOCKPILE B CONS::!TUECTION
AGGREGATE

AGGREGATE ARE SPREAD OVER
THE ROAD BED BY EARTH-MOVING
AND GRADING MACHINERY

A 4

COMPACTION PROCESS

TO OBTAiIN THE REQUIRED
AGGREGATE DENS!TY

AGGREGATE
DENSITY
TEST

Figure 1. The Aggregate Production Process.



The research procedures required toachieve the above objectives are
closely related to the current aggregate production process which is out-
lined in the flow chart in Figure 1.

Tt is apparent from the flow chart that there are two other locations,
besidesthe stockpile, for inspecting aggregate. These are at the construc-
tion site, before and after compaction. Thus, aggregate quality assurance
programs for stockpiled and in-place aggregate inspection are discussed
and presented in Chapter I-3 and Chapler I-5, respectively. TFactors that
should be considered for the choice of inspection locations situated between
the stockpile and the construction site are discussed in Chapter I-6.

The first step in the development of aggregate quality assurance pro-
grams for stockpile inspection is to design a sampling procedure for col-
lecting representative samples from stockpiles. For this purpose, an in-
vestigation of the stockpile segregation pattern was conducted to facilitate
the stockpile stratification sampling scheme. These matters are discussed
in Chapters I-1 and T-2. In order to discuss the feagibility of stockpiled
aggregate ingpection, information concerning aggregate degradation and
uniformity due to handling and compaction is needed. Thig is discussed in
Chapter 1-4,

There were three production pits, Stillman, Pifke, and Anderson,
available at the time that this research was undertaken. Since the stock-
pile formation of the Stillman pit is different from that of the other two pits,
we discuss the Stillman pit in Part I and the other two pits in Part II.

The major defect of the current aggregate gradation testing method is
that the length of time needed to complete a gradation testis toolong. Con-
sequently, it is very difficult for aggregate inspection to keep up with pro-
duction. This could be a very serious problem whenever there is need to
increase testing sample size, e.g., for reducing the risk of accepting poor
quality aggregates and rejecting high quality aggregates, and when extra
manpower is either costly or unavailable. This brings our attention to the
- range of testing procedure choices for aggregate. A more efficient grada-
tion testing method is proposed in Part NI in which the statistical evaluation
of the feasibility of this proposed testing method is included.

For a sample of 22A aggregate, the current gradation test measures
the percent passing the 1-in., 3/4-in., 3/8-in., and No. 8 sieves, the per-
cent loss-by-washing, and the percentage of aggregates retained onthe 3/8-
in, sieve crushed according to the current 22A aggregate specification. It




is obvious that these measurements are intercorrelated; therefore, the
techniques of multivariate statistical analysis are used to analyze the data
obtained from the conducted experiments.

Findings and Recommendations

1) Based on information obtained from statistical experiments des-
cribed inthis report, we propose systematic sampling procedures for sam-
pling aggregate from flatted stockpiles (Chapter I-2).

2) The current sampling method for sampling aggregate from trucks
isequally as good asthe stratified random sampling procedure, and, there-
fore, is recommended because of its simplicity (Part II, ""Pifke and Ander-
son pits'™.

3) The current acceptance sampling plan for stockpiled aggregate in-
spection is not- appropriate in the sense that the aggregate composition of
an accepted stockpile might not meet the desired quality level. Moreover,
_ the probability of accepting any layer of aggregate produced under a manu-
facturing process with aggregate composition set at the upper specification
limitis 0.4945. That is, the Department runs a high risk of accepting poor
quality aggregate (Chapter I-3).

4} Due to the reason stated in 3, we propose several acceptance sam-
pling plans for stockpiled aggregate inspection, based on the systematic
sampling procedures for the flatted stockpile and the current sampling me-
thod for trucks (Chapter I-3 and Part I, '"Pifke and Anderson Pits').

5) Stockpiled aggregate inspection wouldnot be appropriate if the hand-
ling process did not improve the uniformity of in-place aggregate up to the
acceptable level. Under this circumstance, the Department would have to
practice aggregate inspection at the construction site. Due to this possi~
bility, we designed a '"non-composite' sampling method for sampling in-
place aggregate. Based on this sampling method, we propose several ac-
ceptance sampling plans for in-place aggregate inspection (Chapter I-5}.

6) Critical information needed to evaluate the cost-benefit analysis
concerning the choice of inspection location is not available at this time.
Therefore, we arenot in the position of recommending the location at which
the aggregate inspection should be performed. However, the general con-
siderationson the choice of inspection locations situated between the stock-
pile and the construction gite are discussed in Chapter I-6.




7) 'The handling and compaction processes do affect the aggregate com-
position in the sense of degrading aggregate grain size and improving the
aggregate uniformity.

8) We present a statistical model (Chapter I-4) for the purpose of es-
timating the degradation rate of each aggregate size due to handling and
compaction. Based on this model, we conclude that each aggregate size
degrades only to the next smaller size. Consequently, the composition of
in-place aggregate after compaction can be estimated fromthat before com-
paction or from stockpiled aggregate.

9) Based on the model for estimating aggregate degradation rate, we
obtain the following estimates:

For the Stillman pit: about 33.6, 25.6, and 20.5 percent of the total
percentages retained on the 3/4-in., 3/8-in., and No. 8 sieves, respec-
tively, degrade. ' '

For the Pifke pit: about 15.0, 8.0, and 6.8 percent of the total per-
centages retained on the 3/4-in., 3/8-in., and No. 8 sieves, respectively,
degrade.

For the Aﬁderson pit: about 8.9, 4.0, and 5. 5 percent of the total per-
centages retained on the 3/4-in., 3/8~-in., and No. 8 sieves, respectively,
degrade. :

As one can see from the above estimates, the degradation rate of each
aggregate size differs very much from one pit to another. That is, the de-
gradation rate depends on aggregate (source) type.

10) If aggregate inspection is not performed at the construction site
after compaction, the test results must be adjusted by the degradation fac~
tors to estimate the composition of in-place aggregate after compaction.
Since the aggregate degradation rate depends on aggregate type, an accep-
tance sampling plan for stockpile inspection or in-place inspection before
compaction is a function of that type's degradation rate. Ior this reason,
we recommend a further study to determine the degradation rate of each
type of aggregate so that specific acceptance sampling plans can be design-
ed.

11} Since the current aggregate testing method is quite time consum-
ing, and, therefore, costly, a more efficient aggregate testing method is




proposed in Part IMI. The feasibility of the proposed testing method is
statistically evaluated. Based on this evaluation, we recommend that the
. Department conduct a larger scale study to obtain more information about
this matter. The research procedures are outlined in Appendix I.




PART 1

THE STILL.MAN PIT




The Stillman pit supplied the required 22A aggregate for a constructed
section of M 57. Samples were taken from the stockpile and the construc-
tion site according to statistical experiments designed for those purposes
described in the introduction of this report.

Information obtained fromthe Stillman pit regarding the aggregate qua-
lity assurance programs is described as follows: Chapter I-1 describes
the stockpile formation and the current stockpile aggregate sampling pro-
cedure. Digcussion of the current sampling method leads to the investiga-
tion of the stockpile aggregate segregation pattern., This investigation
facilitates the stockpile stratification scheme, and consequently a stratified
random sampling method is designed. In Chapter I-2 the stratified random
sampling method is then compared with the current one in estimating the
gtockpile aggregate composition. The statistical comparison leads to se-
lection of the stockpile sampling method. In Chapter I-3 comment is made
on the current stockpile aggregate inspection practice, and the further de-
velopment of more meaningful and practical stockpile aggregate inspection
plans based on the suggested sampling method. Chapter I1-4 is devoted to
the study of the aggregate degradation due to the handling and compaction
processes. The information obtained from this study is valuable for the
justification of practicing aggregate inspection at the stockpile or at the
construction site before compaction. Following this chapter, we discuss
the sampling method and the inspection plans for in-place aggregate. And
finally, factors that should be considered in the choice of inspection loca-
tions situated between the stockpile and the construction site are discussed
in the last chapter. '

Figures 2 and 3 are flow charts describing research procedures.
I~1. STOCKPILE FORMATION AND SAMPLING METHODS

At the Stillman pit, a 10-ft wide scraper-hauler (Tournapull) was used
to stockpile the finished aggregate. Consequently, a layer about 12 ft wide
was made by each passof the scraper-hauler. This process was continued
until a stockpile was formed of dimensions of about either 24 by 150 ft, or
36 by 1560 it as shown in Figure 4.

Since stockpiled aggregates will undergo a remixing process when
transported tothe construction site, our major concernis toobtain a ""good"
estimate of stockpile aggregate composition. This purpose can be achieved
if every sample taken froma layeris arepresentative sample of that layer.
'This suggests that many scoops of aggregate should be taken from various
locations of a layer to form a composite sample. On the other hand, the
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number of scoops should be kept as low as possible for practical reasons.
The question is how many scoops are sufficient to form a representative
composite sample? Moreover, at what locations these numerous scoops
should be taken? These subjects are discussed in the following sections.

MOVING DIRECTION OF
- SCRAPER-HAULER

}‘4 150°

Figure 4. Stockpile formation.

Current Sampling Method (CSM) for Stockpiled Aggregate

Much coarse aggregate was visible on the surface of the outside edges
of stockpiles; therefore, it was claimed by the most experienced aggregate
inspectors that aggregate is coarser toward these outside edges. This
assertion needs to be carefully investigated, and it will be discussed in the
next section. However, this observation could have been the major reason
behind Michigan's adoption of the current sampling method (CSM) which is
shown in Figure 5. '

The CSM specifies that each testing sample be composed of five or six
scoops of aggregate which are diagonally taken from a layer of the stock-
pile. If we longitudinally and transversely stratify each layer and number
each stratum as shown in Figure 6, the CSM can be interpreted as a so-
called "systematic sampling method with fixed beginning, ' i.e., each sam-
ple is composed of five scoops (ignoring the optional scoop) taken at stra-
tum No. 1 from each group which is composed of six strata numbered as
1L, 2,...6.

We note that the above sampling method might give a good estimate of

the aggregate composition of a layer since each sample is basically com-
posed of aggregate taken from the outside edges, the middle, the front end,

-12 ~




and the rear end of a layer. But, if aggregate in each transverse stratum
exhibits large variations or special segregation patterns, this sampling
method will give a biased estimate of the aggregate composition since not
every location in each transverse stratum has an equal chance of being
sampled. Because of this, we introduce the following stratified random
sampling method. : '

Stratified Random Sampling Method (SRSM) for Stockpiled Aggregate

As mentioned before, it was conjectured that aggregate is coarser to-
ward the outside edges of stockpiles. If this is so, it becomes apparent
that each layer should be stratified transversely as shown in Figure 7.
That is, each sample should be composed of many scoops of aggregate taken
randomly from each transverse stratum. To verify this, we conducted an
experiment as follows:

Twenty layers (lots) were randomly chosen, each representing an area
12 ft by 150 ft by 6 in. in depth. Each layer was transversely stratified
into five strata as shown in Figure 7. - From each stratum, one location
(spot) was randomly chosen at which a sample of about 30 Ib of aggregate
was taken. This sample is called a non-composite sample. These five
non-composgite samplestaken from the same layer werethen randomly or-
dered and tested in the field by an aggregate inspector who used one set of
standard sieves to measure the percent passing the 1-in., 3/4-in., 3/8-
in., and No. 8 sieves, and the percent loss-by-washing. The test results
are presented in Table 1, Appendix B. The statistical analyses of the test
results are also presented in Appendix B for readers who are interested in
the statistical details. Here, we simply conclude, based on this experi-
ment, that despite inspector observations, aggregate at the outside edge is
not significantly (at the 0.05 level) coarser than that in the middle of the
same layer. When aggregate is pushed over the pile's edges, coarse ag-
gregate naturally emerges on the surface. Therefore, there appears to be
surface and deep segregation phenomena at the outside edges. If, however,
a sample from an outside edge is composed of aggregatetaken from the full
depthof a layer, the composition of this sample shouldnot differ much trom
that of the sample taken from the middle of the same layer. In this cir-
cumstance, it is not really necessary to stratify each layer as shown in
Figure 7. ' '

Estimates of the aggregate composition and its covariance matrix are
presented in Tables 1 and 2 for later reference.

-13 -



OPTIONAL

Figure 6. The layout of the current sampling method as a systematic sampling
methed.
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Figure 7. Transverse stratification of a layer.
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TABLE 1
ESTIMATES OF AGGREGATE COMPOSITION OF EACH
STRATUM BASED ON '"NON-COMPOSITE'" SAMPLES

Percent Pagsing Sieves - Percent
Stratum .
No - Loss-By-Washing

' 1-in. | 3/4-in. | 3/8-in. | No. 8 (L.B.W.)
1 100 94.79 71.59 44,55 5.04
2 100 96, 31 77.11 50.11 4.98
3 100 95,10 76. 52 49,60 5.15
4 100 96.54 78,04 50. 39 5.01
5 100 95.61 74.34  46.41 4,90

TABLE 2

ESTIMATES OF THE COVARIANCE MATRIX OF THE
AGGREGATE COMPOSITION OF EACH STRATUM
BASED ON "NON-COMPOSITE" SAMPLES

Stratum No.
1 2 3 4 5

Size Combination

3/4-]'.11. and 3/4:"']‘.11. 200 63 30 82 7.22 3.41 50 21
3/4-in. and 3/8-in. 45.36 4.57 12.80 7.49 13.59
3/4-in. and No. 8 36.87 4.09. 7.67 6.51 9.31
Covariance
of Sieve 3/4-in. and L.B.W. 1.48 0.42 -0.15 -0.57 0.93

Measure- 3/g-in, and 3/8-in. 142.11 18.72 32.95 32.41 63.40
ments ) :

3/8-in. and No. 8 116.52 11.92 24.19 31.48 54.59
3/8-in. and L.B.W. 4.03 -0.93 -~0.30 -1.08 3.82
No. 8 and No. 8 100.70 12.62 26.94 35.62 61.25
No.SandL.B..W. 3.30 0.24 1.53 -0,13 5.86
L.B.W. and L.B.W. 1.06 0.84 1.46 1.64 2.25

-15 -



Figure 9. Sampling pattern for a 12 by 150-ft stockpile.

Figure 10. Sampling pattern for a 24 by 150-ft stockpile.
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If we congider coarse aggregate as the material which does not pass
through the No. 8sieve, we see from Table 1 that aggregate in Strata 1 and
5 (outside edges) is slightly, but not significantly, coarser than that from
the middle three strata. We also see from Table 2 that aggregate com-
position in each stratum varies greatly, particularly in the cutside strata
(L and 5). This indicates that thereis aneed to longitudinally stratify each
layer of a stockpile. That is, each layer of astockpile should be stratified
in the way shown in Figure 8. Thus, each sample is composed of scoops
of aggregate taken randomly from each longitudinal stratum. The above
discussion indicates the stratification pattern of a layer. The question
arises as to how many strata (scoops) should be taken to make a represen-
tative composite sample? The answer to the question dependson the mar-
ginal estimation errors that can be afforded. This is analyzed in Appendix
C. Based on the result obtained in Appendix C, i.e., 10 scoops to form a
composite sample at the stockpile, we adopt the following sampling proce-
dures for different size stockpiles.

1) For a 12 by 150-ft stockpile; we longitudinally stratify each layer
into 10 strata and randomly take one scoop from each of the 10 strata to
form a composite sample as shown in Figure 9.

2) For a 24 by 150-ft stockpile, we longitudinally and transversely
stratify each layer into 10 strata as shown in Figure 10. One scoop of ag-
gregate is randomly taken from each of the 10 strata to form a composite
sample. _

3) For a 36 by 150-ft stockpile, we first stratify each layerinto three.
long transverse strips of 12 by 150 ft each. Two strips are chosen ran-
domly and further stratified longitudinally into five strata; thug we have a
total of 10 strata. Again, one scoop of aggregate is randomly taken from
each of the 10 strata to form a composite sample.

4) For 48 by 150-ft, 60 by 150-ft, etc., stockpiles, we first stratify
~ each layer intonumerous longtransverse stripsof 12 by 150 ft each. Then,
two strips are chosen randomly and further stratified longitudinally into
five strata; thus, we have 10 strata in total. One scoop of aggregate is
randomly taken from each of the 10 strata to form a composite sample.

The above sampling methods, along with the current sampling method,
shall be used to take samples at the Stillman pit to study aggregate charac-
teristics. :
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TABLE 3
ESTIMATES OF AGGREGATE COMPOSITION
OF THE STOCKPILED AGGREGATE UNDER
THE CSM AND THE SRSM

Sampling - Percent Passing Sieves Percent
Method 1-in. 3/4-in. 3/8-in. No. 8 Loss-By-Washing
CSM 100 94,43 72.19 46,14 4,77
SRSM 100 94,54 72.76 46,43 4.79
TABLE 4 :
ESTIMATES OF THE COVARIANCE MATRIX
OF THE AGGREGATE COMPOSITION
UNDER THE CSM AND SRSM PLANS
Sampling Method
Size Combination
| CSM SRSM
3/4:"':[11. aIld 3/4:_‘ino . 3’ 82 3' 99
3/4-in, and 3/8-in. 3.78 4,92
3/4-in. and No. 8 2,08 2.84
Covariance ~ 3/4-in. and L.B.W. 0.12 -0.08
of Sieve 3/8-in. and 3/8-in. 13.11 15.82
Measurements _
3/8-in. and No. 8 8.83 10.55
3/8-in. and L.B.W. 0.34 2.87 :
‘No. 8 and No. 8 8. 88 10.47
No. 8 and L.B.W. 0.74 0.60 :
LpBch aﬂd LIBDW. 0.47 0149
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I-2. PROPOSED STOCKPILE SAMPLING METHOD (SYSTEMATIC SAM-
PLING METHOD WITH RANDOM START)

- Many factors can affect aggregate screening results, such as testing
location, sieving equipment, inspector, and sampling method. In general,
testing procedures are more controllable in the laboratory thanin the field.
Additionally, non-standard sieves may produce bias in the screening re-
sults. TFinally, an inspector's experience in taking and testing samples
may also affect the screening results. On the other hand, the sampling
method is a very important factor in determining aggregate composition.
Therefore, our major concern in this chapter is to compare the current
sampling method (CSM)with the stratified random sampling methods (SRSM)
defined in Chapter I-1. The results of the comparison should provide a
final suggestion for stockpile sampling procedures.

Compé,ri.SOn of the CSM and the SRSM

In order to compare the SRSM with the CSM, we conducted a statistical
experiment taking samples using both methods. The descriptions and the
statistical analyses of the experiment are presentedin Appendix D for read-
ers who are interested inthese details. Here we simply state, based on the
conducted experiment, the conclusion that the two sampling methods are.
statistically the same at the 0.05 level in estimating stockpile aggregate
composition. We present the aggregate composition estimates and their
covariance matrices under the CSM and the SRSM in Tables 3 and 4.

Equality of the CSM and SRSM covariance matrices (Table 4) can be
tested statistically; but, each sample obtained by using the SRSM is com-
prised of 10 scoops of aggregate forminga composite sample, while it only
takes five or six scoops of aggregate to form a composite sample under the
CSM. This indicates that the transverse stratification does reduce some
variability. Moreover, the SRSM is certainly much more difficult than the
CSM ina field operation. Thus, we favor systematic sampling procedures.
Since 10 scoops are shown to be sufficient to form a representative com-
posite sample and because of possible defects in the CSM mentioned in
Chapter I-1, we suggest the following stockpile sampling procedures, to be
called "Systematic Sampling Method with Random Start. "

Systematic Sampling Method with Random Start

1) For a 12 by 150-ft stockpile, we stratify each layer longitudinally
and transversely into 60 strata and number them as shown in Figure 11.
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Figure' 11. Stratification layout of each layer of a 12 by 150-ft
stockpile.

. The procedures for making a composite sample are described as fol-
lows: ‘

a. BSelect a number from one to six by rolling a fair die.

b. Takeone scoopof aggregate randomly from each of the 10 strata
correSpondii;g to the selected random number. For example, if
“three" was chosen, the strata sampled would be those indicated in
Figure 11.

c. The 10 scoops of aggregate together form a composite sample.

Note that the location at which ascoop of aggregate will be taken within
each stratum is determined by other criteria. For example, one might
choose to take the scoop from the center of each stratum.

Therefore, each sample is composed of 10 scoops of aggregate taken
from a layer according to one of the six patterns in Figure 12.

2} Consider each layerof a 24 by 150-ft stockpile as composed of two
long transverse strips, 12 by 150-ft each. We stratify each striplongi-
tudinally and transversely as shown in Figure 13. '

The procedures for making composité samples are the same as those

described before. That is, each sample is composed of 10 scoops of ag-
gregate taken from a layer according to the six patterns in Figure 14.
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3) Fora 36 by 150-ft, 48 by 150-ft, etc., stockpile, we consider each
layer as composed of numerous long transverse strips, 12 by 150 ft each.
We choose two stripe at random. For these two chosen strips, the sam-
pling procedures are the same as those described in 2).

We shall assume that the systematic sampling method with random
start defined above is the one selected for stockpiled aggregate. Based on
this sampling method, we shall discuss and design potential acceptance
sampling plans for stockpile aggregate inspection in the next chapter.
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Figure 13. Stratification layout of each layer of a 24 by 150-1t
stockpile.
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I-3. ACCEPTANCE SAMPLING PLANS FOR STOCKPILE INSPECTION

The proposed sampling method for stockpiled aggregate described in
Chapter I-2 will give us a good estimate of the aggregate composition of a
stockpile. Based on this sampling method, we need a decision rule which
describes criteria for accepting or rejecting an aggregate lot submitted for
acceptance inspection. In the field of quality control, this kind of decision
rule is termed an "acceptance sampling plan' which merely prescribes a
procedure that, if applied to a series of lots, will give a specified risk of
accepting lots of given quality. That is, an acceptance sampling plan pro-
vides quality assurance. It is the purpose of this chapter to design aggre-.
gate quality assurance programs for stockpiled aggregate inspection.

The Current Acceptance Sampling Plan

The current acceptance sampling plan specifies that one sample is
taken and tested according to the current sampling and testing method. If
the aggregate composition of this sample meets the specification, the stock-
piled material represented by this sample is accepted. If it fails to meet
the specification, the testing inspector notifies the producer and tests an-
other sample from the next production layer. If the second sample meets
the specification, the stockpiled material represented by thesetwo samples
is accepted. Otherwise, the stockpiled material represented by two failing
samples is rejected and removed from that stockpile. Under this plan,
each layer for which aggregate composition doesnot meet the specification
is considered a ''defective' layer. Thus, the product quality, P, of the
stockpiled aggregate is defined as the proportion of defective layers. Sta-
tistically, P can be estimated as the probability that a representative sam-
ple randomly taken from a layer does not meet the specification. The ma-
thematical expression for estimating P ispresented in Section 1, Appendix
E. Tor agiven value of P, the probability P, of accepting any layer under
the current plan is computed by Eq. (3), Appendix E, and is plotted in Fig~
ure 15,

Discussion of the Current Plan

Since stockpiled aggregate will undergo a "remixing" process when
transported to the construction site, the major purpose of stockpile inspec-
tion is to ensure that the composition of the accepted stockpiled aggregate
meets the specification. To this end, we make the following comments
about the current stockpile ingpection practice.
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Figure 15. OC curve of the current plan.

Under the current plan, the aggregate quality of a stockpile is judged
by the proportion of defective layers, P. That is, the aggregate quality of
a stockpile is considered to be poor if the value of P is large. Let us ex-
amine the above statement. Suppose thata stockpile of 100 layersis totally
tested. The test results show that measurements on every sieve of these
100 layers meet the specification. But, there are 50 layers whose mea-
surements of loss-by-washing are above the upper specification limit with .
an average of 10, The average percent loss-by-washing of the 50 non-
defective layers is 7. Then, the average percent loss-by-washing of this
stockpileis 8.5 which is still above the upper specification limit. That is,
the composition of this stockpile does not meet the specification. However,
if the average loss-by-waghing of 50 defective and non-defective layers are
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10 and 4, respectively,'the average percent loss-by~washing of this stock-
pile meets the specification. The above example indicates that P does not
provide the full information needed.

For the purpose of discussion, let us assume that a stockpile with
P = 0.3 is not desirable. We see from Figure 15 that, on the average, if
50 of 100 layers do not meet the specification (P = 0.5), the current plan
would require the Department to accept 75. Under these circumstances,
25 of the accepted 75 layers would not meet the specification. That is, the
product quality of the accepted aggregate is 0.33. This shows that the De~
partment runs a high risk of accepting poor quality aggregate (as judged by
P).

Under the current stockpile inspection, when the producer is informed
that a failing sample has been found, he would normally take immediate ac-
tion to ensure that the second sample from the next production layexr would
meet the specification. This would ensure that both production layers would
be accepted according to the current plan. Will, however, the aggregate
composition of two layers taken together meet the specification? Let us
look at the following example. :

 Example 1 — Suppose that the percent pasging the No. 8 sieve for the
first and second sample are 55 and 50, respectively. Further, agssume
that measurements on other sieves of both samples fall inside the specifi-
cation limits. Since the lower and upper limits for the No. 8 sieve are 30
and 50, respectively, the first sample fails to meet the specification; but.
the second sample meets the standard. Thus, the aggregate quality of both
layers isjudged to be satisfactory, and therefore, is accepted according to
the current plan. However, the average percent passing the No. 8 sieve
of these two samples is 52.5 which is the estimate of the percent passing
the No. 8 sieve of both layers combined. Since 52.5 falls outside the speci-
fication limits, the aggregate quality of both layers is judged to be unsatis-
factory based on this estimate and the relevant specification. This example
indicates that the presumed aggregate quality of both layers judged by the
current plan might be in error. Let ug extend this example to cover the
entire stockpile.

Example 2 — If only one of each of two consecutive samples (layers in
a stockpile) meets the specification, the entire stockpile would be accepted
according to the current plan. Therefore, the aggregate quality of the
stockpile isjudged to be satisfactoryusing the decision rules of the current
inspection plan. However, the true aggregate composition of the entire
stockpile might fall outside the specification limits as demonstrated in
Example 1. '
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The above two examples suggest that the second sample of the current
plan gives little additional aggregate quality assurance. Rather, it gives
the producer a second chance to pass a defective product as defined by the

specification.

Now we suppose that amanufacturing process. produces aggregate with
average compo'sition 100, 85, 50, 8 (the upper specification limits) and
percent crushed 46.57 (estimated from the Stillman pit). That is, the com-
position of a stockpile produced under this production process meets the
specification. But, the probability that the composition of a representative
sample randomly taken from a layer will meet the specification is 0.2889,
That is, the product quality of this manufacturing process is 0.7111 (see
Table 1, Appendix E). Thus, the probability of accepting any layer is only
0.4945 under the current plan. This means that, on the average, 49.45
percent of the layers will be rejected under the current plan. But, we know
that the average composition of the rejected and accepted layers meets the
specification. This shows that the current plan can reject acceptable ag~
gregate (judged by the composition) with high probability.

The above discussions point out the following three defects of the cur-
rent plan.

1) The proportion of defective layers does not' provide full information
on the composition of stockpiled aggregate.

2) TheDepartment runsa high risk of aceepting poor quality aggregate
judged by the proportion of defective layers.

3) There is a good chance that the composition of the accepted aggre-
gate might not be desirable and the rejected aggregateis acceptable judged

by its composition.

ThlS calls our attention to the possible improvement of the current
acceptance sampling plan.

Proposed Acceptance Sampling Plans for Stockpile Inspection

As mentioned before, stockpile inspection is sensible only if the de-
sired characteristics of in-place aggregate can be maintained at the accep-
tance level through stockpile gradation control. Ideally, the aggregate
composition of every spot at the construction site meets the quality stan-
dards. We know that this is highly unlikely. However, the desired degree
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of uniformity of in-place aggregate could be obtained at the acceptable level
through control of stockpile aggregate composition and proper aggregate
handling procedures. The latter subject will be discussed in thenext chap-
ter, We devote this section to the discussionof stockpile gradation control.

~ For the purpose of controlling stockpile aggregate compogition, we
consider a plan of so-called "acceptance sampling by variables' to give
assurance regarding the composition of aggregate lots.

For an aggregate lot submitted for acceptance inspection, this type of
plan basically specifies the following:

1. Sample size, N

2. The lower and/or upper acceptance limits for each component of
aggregate composition and percent crushed.

Let Uj and Lj, i=1, . . . , 4, betheupper and lower acceptance limits for
the percent passingthe 3/4-in., 3/8-in., and No. 8 sieves, and the percent
loss-by-washing, respectively, and Lg be the lower acceptance limit for
the percent crushed. We desire an acceptance sampling plan such that the
lot acceptance probability is no more than f for aggregate falling outside
the specification limits (poor quality aggregate). If the aggregate composi-
tion is midway between the specification limits and the percent crushed is
at least 40 (good quality aggregate), we will want the lot acceptance prob-
ability to be at least 1 -&(. The Xand § are called the "producer's' and
"econsumer's" risks, respectively.

Equations for the determination of the required sample size, the upper
and lower acceptance limits, based on the concept of simultaneous confi-
dence intervals (see Appendix A), are presented in thethird section of Ap-
pendix E. Various acceptance sampling plans derived through these equ-
ations are presented in Table 5.

The difference between Plan A, and Plan B; isthat Plan A; was derived
holding ¢ at the desired level, wh11e Plan B; was derived holding f# at the
desired level. Plan A; is interpreted as follows For each lot, say a half
day or one day's production, two samples are taken according to the syste-
matic sampling procedures stated in Chapter I-2. If the average percent
‘passing each sieve, the average percent loss-by-washing and the average
percent crushed fall within the acceptance intervals of Plan A; specified in
Table 5, the lot represented by these two samples is accepted; otherwise,
the lot is rejected. The other plans can be interpreted in the same way.
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We again must use computer simulation methods, based on 1, 000 ob-
servation vectors to compute the acceptance probability defined in Eq. (8),
Appendix E for various acceptance sampling plans in Table 5. The results
are presented in Table 6.

Note that the percent crushed was set at 60 whichis high enough to en-
sure that the acceptance probability will not be affected by this variable.
That is, the acceptance probability in Table 6 can be considered as the ac-
ceptance probability based on aggregate composition only. Since the per-
cent crushed is almost uncorrelated with the aggregate composition as in-
dicated in Matrix (4}, the acceptance probability when the mean vector is
u= (ug, Ug, ug, Uy, ug) can be estimated as the product of the acceptance
probability based on aggregate composition with mean vector (Uqs « + «,Uy)
and the acceptance probability based on the percent crushed aggregate with
mean u5. For example, under Plan A, the acceptance probability, when
the mean vectoris (95, 75, 40, 6, 35) is P(xg ™ L) = 0.579, while the ac-
ceptance probability, when the mean vector is (95, 75, 40, 6, 40) becomes
P(xg > Lg) = 0.998.

What has been accomplished in this section is the determination that a
variables type of plan should be adopted for stockpiled aggregate inspection.
Also, some examples, based on data from the Stillman pit, of this type of
plan were provided. Since aproper acceptance sampling plan depends upon
the covariance matrix, the choice of the tolerance limits, ¢ and # which
are related to other factors such as the sensitivity of the pavement's per-
formance to the aggregate composition and the availability of manpower
(cost consideration), etc., which are beyond the scope of this study, we
are not in the position of recommending a more specific plan to be used in
stockpile inspection. One can see, however, that any particular plan can
easily be developed by following the same steps that have been outlined in
- this Chapter.

We shall end this Chapter with the following remarks:

1) The choice of the upper and lower tolerance limits in Table 2, Ap-
pendix E should reflect the aggregate degradation factor due tothe handling
and compaction process and the degree of aggregate uniformity due to hand-
ling. We shall discuss these subjects in the next Chapter.

2) A composite sample obtained by using the proposed systematic
sampling method described in Chapter I-2 could weigh about 30 1b. But,
the weight of a test sampleis limited to 10 1b due to the capacity of testing
sieves. Instead of testing the sample three times (about 10 1b for each
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time), the conventional method is touse a Gilson Sample Splitter to reduce
the sample to test size. . Does, however, the reduced sample still repre~
sent the original one in terms of aggregate composition? The answer to
this question depends on the splitting ability of the Gilson Sample Splitter
in dividing one sample into two equal samples in the sense of aggregate
composition. It is apparent that the splitting ability of the splitter is a
function of the weight of the split sample. We do not know whether or not
the splitting ability of the Gilson Sample Splitter has been scientifically
evaluated. Since usage of the splitter has to do with the testing efficiency
(time) and the accuracy of the estimation of aggregate composition, we re-
commend the Department conduct experiments to determine the splitting
ability of these devices. ’

I-4. AGGREGATE CHANGE AND DEGRADATION DUE TO HANDLING
AND COMPACTION

‘We pointed out in the previous Chapter that the justification of stock-
piled aggregate inspection depends on the effect of the handling process on
the degree of in-place aggregate uniformity. Moreover, if the handling
process could improve the degree of uniformity up to the acceptable level,
the determination of the stockpile acceptance sampling plans would be a
function of ihe aggregate degradation rate. Thus, the purpose of this Chap-
ter is to determine the effects of the handling and compaction processes on
the aggregate composition and on the degree of the in~-place aggregate uni-
formity. This information would be a valuable reference for justifying the
stockpile aggregate inspection and for designing the in-place aggregate in-
spection plans if needed. ' ‘

Effects of the Compaction Process on Aggregate Composition

The compaction process is used to obtain the required aggregate den-
gity in the roadbed. It is expected that the 'quality’ of aggregate material
will degrade after compaction. In order to see whether this degradation is
significant, an experiment was conducted taking composite samples from
the roadbed before and after compaction. The descriptions of the sampling
method and statistical analyses are presented in Appendix F. Here, we
simply state the conclusionthat the compaction process significantly effects
the aggregate composition at the 0.05 level. We present estimates of the
composition of in-place aggregate before and after compaction in Table 7.
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TABLE 7
ESTIMATES OF IN-PLACE AGGREGATE COMPOSITION
BEFORE AND AFTER COMPACTION .

_ Percent Passing Each Sieve
Sieve Size Before After .
Compaction Compaction Ditference
1-in. - 100. 0000 100. 0000 0
3/4-in. 94,8622 95,2548 0.3926
1/2-in. © 84.6136 85,1779  0.5643
3/8-in, 77.2384 77.6124 - 0.3740
No. 4 62. 0874 62. 3241 0.2367
No. 8 50.4697 50.6500 0.1803
No. 16 39.2419  39.5009 0.2590
No. 30 27.8024 28,2652 0.4628
No. 50 14.3943 15.1879 0.7936
No. 100 8.1735 8.9093 0.7358
No. 200 6.1921 6.8069 0.6148
1,085-By-Washing " 5.8193 6. 5626 0.7433

We gee from Table 7 that "differences' in aggregate composition be-
fore and after compaction are about the same. But, from previous experi-
ments, the coarse aggregate measurement error is generally larger than
the fine aggregate measurement error. Thus, the compaction process
statistically affects fine aggregate more than coarse aggregate. The above
statement can be seen more clearly from Table 8 which presents the 95-
percent simultaneous confidence intervals (SCI) for the difference in the.
aggregate composition before and after compsaction. The concept of SCI is
described in Appendix A. ' '

Table 8 shows that the only confidence interval that does not contain
zero is the one which measures the loss-by-washing. We also see that
confidence intervals for the measurement with fine sieves barely covers
zero. This shows that the compaction processparticularly affects fine ag-
‘gregate (in the statistical sense).
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- TABLE 8
NINETY-FIVE PERCENT SCI FOR THE
DIFFERENCE IN AGGREGATE COMPOSITION
' BEFORE AND AFTER COMPACTION

Lower | Upper
Sieve Size Confidence Confidence

Limit Limit
1-in, 0 0
3/4-in; - -1.18 1.86
1/2-in. -1.82 2,94
3/8-in, - -2.24 2.98
No. 4 -2.30 2,178
No. 8 | o —2.14 2.50
No. 16 . -1.86 2.18
No. 30 ' : -1.34 2,26
No. 50 - -0.39 1.97
No. 100 -0.16 1.63
No. 200 ' -0.18 0.14
Loss—By—Washin.g 0.14 . 1.34

Further 1nvest1gat1on of the data obtained before and after compactlon
provides the followmg information:

1) The composﬂ;mn of in-place aggregate after compaction can be es-
timated with reasonable accuracy from samples taken before compaction.
Statistical models for this procedure are presented in Appendix G.

2) The degradation rate of each aggregate size due to compaction can
also be accurately estimated. Statistical models for this purpose are also
presented in Appendix G. For the Stillman pit, we estimate that about 5.1,
2.5, and 2.9 percent of the total percentages retained on the 3/4-in., 3/8-
in,, and No. 8 sieves, respectively, degrade due to compaction.

The above information isneeded if for economic reasons aggregate in-
spectionis to be practiced at the construction site before compaction. De-
tails will be discussed in Chapter I-6.
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Effects of the Handling Process on Aggregate Composition

The aggregate manufacturing process places the first day's aggregate
on the ground to form the first layer of a stockpile, and places the second
day's aggregate on the topof the first layerto form the second layer of that
stockpile, and so on. When stockpiled aggregate is ready tobe transported
to the construction site, aggregate at the front end of the stockpile will be
removed first, and removal operations will continue toward the tail of that
stockpile as shown in Figure 16.
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THE 157 DAY PRODUCTION \ \
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/
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[/ \
/
/

Figure 16. Stockpile formation and removal operations.

That is, aggregate ona stockpile undergoes the first stage of a remix-
ing process when transported to the construction site. Aggregate at the
construction site will be further spread over the roadbed by earthmoving
and grading machines; this is the second stage of the remixing process.
Do these remixing processes change the aggregate composition or degrade
the aggregate in a manner detectable with our sampling methods ? Does
this remixing process provide aggregate uniformity for the roadbed?

To answer the above questions, we conducted an experiment taking
composite samples from the roadbed before compaction and from the stock-
pile. The descriptions and the analyses of this experiment are presented
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in Appendix F. Here, we simply state the conclusion that the handling pro-
cess significantly affects the aggregate composition especially fine aggre-
gates at the 0.05 level. Estimates of the aggregate composition are pre-
sented in Table 9.

TABLE 9
ESTIMATES OF AGGREGATE COMPOSITION OF
THE STOCKPILE AND IN-PLACE AGGREGATE
" BEFORE COMPACTION

Percent Passing Each Sieve

Sieve Size Colz’ne;zz:ion' .Stockpile', Difference
1-in. 100. 00 100,00 0
3/4-in. 94.84 92, 85 1.99
1/2-in. - 84.59 81.19 3,40
3/8-in. 77.19 73.15 4.04
No. 4 62. 02 57.99 4.03
No. 8 50.41 46.58 3.83
No. 16 39,19 35.67 3.52
No. 30 : 27.78 24.66 3.12
No. 50 | 14.39 11,92 2.47
No. 100 | 8.19 6.41 1.78
No. 200 6. 22 4.70 1.52
Loss-By-Washing 5.84 4,56 1.28

The differences in aggregate composition of the stockpile and the con-
struction site before compaction could be due to:

1) difference in the two sampling methods used at the stockpile and at
the construction site, respectively, in estimating the aggregate coOmposi-
tion,

2) aggregate degradation during the remixing-stage,

3) mud from truck traffic.
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TABLE 10 ‘
ESTIMATES OF THE COMPOSITION OF IN-PLACE
AGGREGATE AFTER COMPACTION BASED
ON NON-COMPOSITE SAMPLES

1-in. 100. 00

. 3/4-in, 94.93

Percent Passing Sieves 3/8-in. 76. 34
No. 8 49.31

Percent Logs-By-Washing 6.53

TABLE 11 :
ESTIMATES OF THE COVARIANCE MATRIX O

AGGREGATE COMPOSITION AT THE CONSTRUCTION

SITE BASED ON NON-COMPOSITE SAMPLES

Size Combination Covariance

3/4-in, and 8/4-in. 4.17
3/4-in. and 3/8-in. 4.00
3/4-in. and No. 8 2.62
3/4-in. and L.B.W. 0.26
3/8-in. and 3/8-in. 9
3/8-in. and No. 8 7

0

. 88
.80

3/8-in. and L.B.W. .96
No. 8 and No. 8 10.76
No, 8 and L.B.W. _ 1.36
L.B.W. and 1..B.W. 0.59
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We believethat the differencesin Table 8 due to sampling methods are
"negligible in the sense that the two sampling methods used have the same
degree of precision in estimating aggregate composition. Thus, the dif-
ferences in Table 9 are the amount due to 2) and 3) above which can be
termed as the amount of aggregate degradation due to the handling process.

Since there isno way to pair samples taken from the construction site
and the stockpile, the ratioestimating method (Model 1, Appendix G} is the
only one that can beused to estimate the composition of in-place aggregate
before compaction from that of the stockpile. The estimating results are
presented in Table 7, Appendix G. The degradation rate of each aggregate
size due to handling cannot be determined unless we assume that each ag-
gregate size degrades only to the next size. If this is assumed, we esti-
mate by using Eq. (14), Appendix G that 27.83, 20.51, and 14.42 percent
of the total percentages retained on the 3/4-in., 3/8-in., and No. 8 sieves,
respectively, degrade due to handling.

So far, we have demonstrated that the composition of in-place aggre-
gate after compaction can be estimated either from that before compaction
or from that of the stockpile. We have also shownthat the degradation rate
of each aggregate size due to handling and compaction can be estimated
with reasonable accuracy under the proper assumptions. All of this infor-
mation is needed to adjust the current aggregate specification if the inspec-
tion practice is not to be performed at the construction site after compac-
tion. -

If the inspection practiceis going to be performed at the stockpile, the
degree of in-place aggregate uniformity obtainable with the handling pro-

cess should be carefully examined.

- Uniformity of In-Place Aggregate

As mentioned before, our major concern with in-place aggregate is its
uniformity which ig determined by the handling process and possibly by
stockpile formation as well. To study these characteristics, we conducted
an experiment takingnon-composite samples from the construction site af-
ter compaction (see Appendix F). Estimates of aggregate composition and
ite covariance matrix, based on non-composite samples, are presented in

- Tables 10 and 11,

It can be shown statistically that the above covariance matrix is not

equal to the covariance matrix in Eq. (7), Appendix C, which is the covari-
ance matrix of the compogition of the stockpiled aggregate based on non-
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composite sampling methods. The variances of the percent passing each
sieve and the percent loss-by-washing measured at various locations are
summarized in Table 12.

TABLE 12
VARIANCES OF THE PERCENT PASSING EACH SIEVE
- MEASURED AT VARIOUS LOCATIONS

Stockpile In-Place
sieve Slze Non—‘ Composite Non~—. Composite
Composite Composite
3/4-in. 7.29 2.87 4.17 3.28
3/8-in. 57.26 13.49 - 9.88 6.73
No. 8. 47.15 8.67 10.76 6.38
Loss-By-Washing 0.80 .30 .59 0.49

The difference between the composite and non-composite sampling
method is that, for a given lot, a composite sample is composed of aggre-
gate taken randomly from 10 spots in that lot according to a stratification
scheme, while a non-composite sample is composed of aggregate taken
from a randomly determined spot of that lot. Consequently, the variance
ofeach measurement under the non-composite sampling method is expected
to be much larger than that under the composite sampling method. This is
precigely the case for stockpiled aggregate, but much less so for in-place
aggregate,. This can occur only if the aggregate gradation variation within
the stockpileis largerthan that of in-place aggregate. All of thig indicates
that the handling process has improved the aggregate uniformity of in-place
aggregate,

The extent of desirable aggregate uniformity depends on the purpose
served by this characteristic. We shall briefly mention this subject in the
next Chapter. '

Findings

1) The handling and compaction processes do degrade the aggregate.

2} The degradation rate of each aggregate size due to compaction can
be accurately estimated. Moreover, the aggregate degrades only to the
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next size aggregate when degradation is caused by the compaction process.
For the Stillman pit, we estimate that about 5.1, 2.5, and 2.9 percent of
the total percentage retained on the 3/4-in., 3/8-in., and No. 8 sieves,
respectively, degrade due to compaction. Statistical models for the above
estimates are presented in Appendix G.

3) With reasonable assumptions, we estimatethat about 27, 83, 20.51',
and 14.42 percent of the total percentages retained onthe 3/4-in., 3/8-in.,
and No. B sieves, respectively, degrade due to handling.

4) The degradation rate due to haridling is much larger than that due
to compaction.

5) Combining both degradation rates, we estimate that about 33.63,-

25.58, and 20.47 percent of the total percentages retained on the 3/4-in,,
3/8-in., and No. 8 sieves, respectively, degrade due to handling and com-
paction taken together.

8) The composition of in-place aggregate after compaction can be es-
timated from either that before compaction or that of the stockpile. Statis-
tical models for these purposes are presented in Appendix G. Good esti~
. matibility is needed to justify the practice of aggregate inspection either at
the construction site before compaction or at the stockpile.

7} Thehandling process does improve the in-place aggregate uniformi-
ty. This information is needed for investigating the feasibility of practic-
ing stockpile aggregate inspection.

I-5. ACCEPTANCE SAMPLING PLANS FOR IN-PLACE AGGREGATE
INSPECTION

It was demonstrated in Chapter I-4 that the composition of in-place
aggregate can be estimated from that of the stockpile. Moreover, the hand-
ling process also improves the uniformity of in-place aggregate to some

extent, Therefore, it might seem that there is no need to practice aggre-

gate inspection at the construction site. However, we might still have to
perform the aggregate inspection at the construction site for the following
reasons:

1) The handling process might not improve the aggregate uniformity

to the desired degree so that controlling the stockpile aggregate composi-
tion would not guarantee the desired quality of in-place aggregate.
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2) From the administrative point of view, it would be better not to mix
the ingpection practice with the aggregate production. :

3) Since we have to perform the aggregate density test of in-place ag-
gregate, it would be a good practice from an administrative and economic
point of view to also perform the aggregate gradation test of in-place ag-
- gregate. '

Thus, our major task in this chapter is to explore suitable acceptance
sampling plans for aggregate inspection at the construction site.

Preliminary Set-Up for Designing Inspection Plans

The ideal distribution of in-place aggregate is such that the composi-
tion of every spot meets the specification.. To ensure that the accepted
project hasa high degree of uniformity, we should test in-place aggregates
based onthe "non-composite! sampling method which was mentioned in the
previous chapter. Moreover, we want to adopt an inspection plan of so-
called "acceptance sampling by attributing,' such as the single sampling
fraction defective sampling plan (SSFD) and Wald's truncated sequential
probability ratio plan (TSPR), as a decision rule to accept or reject in-
place aggregate, These plans require that we choose the producer's risk
(), the consumer's risk (), the acceptable product quality level (Ry)and -
the rejected product quality level (PB ).

Each non-composite sample taken from the construction site is classi-
fied as defective if it fails to meet the specification. For such a sampling
meathod, the covariance matrix of the composition of in-place aggregate
was estimated in Table 11 in the last chapter. First, we consider Table
11 as the true covariance matrix of aggregate composition based on a non-
composite sampling method. Second, we use simulation procedures to
calculate the product quality, P, defined in Eq. (1), Appendix E. . The re-
sults are presented in Table 13. '

Note that each P in Table 13 was obtained based on 1, 000 simulation
points. As onecan see from Table 13, the probability that a random sam-
pleis defective is 0.018 if the aggregate composition of the aggregate pro-
duction process is set at the centerof the upper and the lower specification
limits. The product quality, of course, becomes poor (the P value gets
larger) as the composition deviates farther from the centerline.

7 Note also that the product quality P in Table 13 was obtained based on
aggregate composition only. If the measurement x5, the percent crushed
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aggregates, shall also be included in the computation of the product quality,

then the true value corresponding to the mean vector (uy, . .., ug)is
approximatelyequal to 1 - (1 -~ P) * Py (x5 > 25 up), where P is the pro-
duct quality correspondingto uy, . . . , ug)in Table 13and P, (x5 = 25 ug)

can be found from normal probability table. If ug is set at 40, the P in
Table 13 remains unchanged. However, if us is set at 25, the actual value

1+ P
becomes 5 - .
TABLE 13
RELATIONSHIP OF AGGREGATE COMPOSITION
~ AND PRODUCT QUALITY
Aggregate Composition (uq, ug, ug, uy) Product
Percent Passing Sieve Quality,
3/4-in. 3/8-in. No. 8 Loss-By-Washing P
100. 00 85.0 50.0 8.0 0.671
98.256 82.5 47.5 7.5 0. 402
97.50 80.0 45.0 7.0 0.149
96, 25 77.5 42.5 6.5 0.043
95,00 75.0 40.0 6.0 0.018
93.75 72.5 37.5 5.5 0.064
92.50 70.0 35.0 5.0 0. 224
91.25 67.5 32.5 4.5 0.503
90. 00 5.0 30.0 4.0 0,810

=]

For demonstration purposes, we shall set O at the 0. 05 level and # at
the 0.10 level. Based on Table 13 we choose four pairs (Fq,Pg ). That
is, we shall have four plans for SSFD and TSPR, respectively. These are
coded in Table 14.

TABLE 14
SPECIFICATION RISK OF EACH
ACCEPTANCE SAMPLING PLAN

Plan Name Specification
SSFD TSPR ot Pa B PB
SSFD 1 TSPR 1 0.05 0.01 0.10 0.10
SSFD 2 TSPR 2 0.05 0.02 . 0,10 0.20
SSFD 3 TSPR 3 0.05 0.03 0.10 0.30
SSIFD 4 TSPR 4 0.05 0.02 0.10 0.30
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Figure 17. OC curves of SSFD 1, 2, 3, and 4.

05

06

i I 1 1

Ql 0.2 03 04
PRODUCT QUALITY, P

Figure 18. ASN curves of SSFD 1, 2, 3, and 4.
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The details of each type of acceptance sampling plan are discussed in
the following sections. '

Single-Sampling Fraction Defective Sampling Plan (SSFD)

This type of plan specifies the sample size, N, that should be taken
and the acceptance number, C, of the defective items that are allowed for
lot acceptance. A lot here could be 1,000-ft or one mile of road length.
" That is, we accept a lot if the total number of defective samples among N
samples taken from that lot is less than or equal to C; otherwise, we re-
ject that lot. We desire to have a plan such that the acceptance probability
is 1 - o for material of Py quality and is £ for material of P g quality.
Equations for the determination of the required sample size N and the ac-
ceptance number C are presented in Appendix H, Using Eq. (1} of Appen-
dix H and the techniques of Grubbs (3), we obtain the plans given in Table
15.

TABLE 15
SINGLE~-SAMPLING FRACTION DEFECTIVE
ACCEPTANCE SAMPLE PLANS UNDER THE
SPECIFICATION SET IN TABLE 14

Sample Acceptance

Plan Size, N Number, C
SSFD 1 37 1
SSFD 2 18 1
SSFD 3 12 1
SSFD 4 10 1

For a given value of product quality P, the acceptance probability (OC
curve) is now computed by Eq. (3), Appendix H. The results are plotted
in Figure 17. '

The number of defective samples taken during the inspection might be
greater than C before all N samples are tested. If this situation occurs,
there is no need to examine the remaining samples unless the estimate of
the fraction defective is desired. Thus, the actual sample size needed to
reacha decision (acceptance or rejection)is legs than N. For agivenvalue
of P, the average sampling size ASN of each plan in Table 15 is computed
by Eq. (3), Appendix H. 'The results are plotted in Figure 18. As one can
see from Figure 18, the required average sampling number drops substan-
tially as the product quality declines.
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We combine Table 13, Figure 17, and Figure 18 to get an overall pic-
ture of the relation of aggregate composition to the acceptance probability
and the average sampling size toreach a dec1 sion under SSFD 1, 2, 3, and
4, This is presented in Table 16,

TABLE 16
RELATION OF AGGREGATE COMPOSITION
TO THE ACCEPTANCE PROBABILITY
AND THE AVERAGE SAMPLING NUMBER UNDER SSFD 1, 2, 3, AND 4

Mean Aggregate Composition 8SSFD 1 SSFD 2 SSFD 3 SSFD 4

3/4-in, | 3/3—‘in.| No. 8 ]L.B.W. Pa | ASN | Pa | asn | pPa | ASN | pa | asw

100.00 85.0 50.0 8.0 0.00 3.0 0.00 3.0 0.00 3.0 0.00 3.0
98.25 82.5 47.5 7.5 0.00 8.0 0.00 5.0 0.02 5.0 0.05 5.0
97.50 80.0 45.0 7.0 - 0.02 13,1 0,23 -~ 11.4 0.45 9.4  0.55 8.3
96.25 7.5 42,5 6.5 .0'54 - 29.5 0.82 16.9 0,91 11.6 0.94 9.8
95.00 76.0 40.0 8,0 0,85 35.0 0.96 17.7 0.98 11.9  0.99 9.9
93,75 7.5 37.5 5.5 0,34 25.0 0.7 15.8 0.84 11,3 0.88 9.6
92,50 70.0 35.0 5.0 0.00 8.9 0.07 8.6 0,22 7.6 0.36 7.1
91.25 67,5 32,5 . 4.5 0.00 4.0 0.00 4.0 0.00 4.0 0.01 4,0
90.00 85.0 30.0 4.0 0,00 2,5 0.00 2,5 0,00 2,5 0.00 2.5

. From Table 16 it seems either SSFD 2, SSFD 3, or SSFD 4 would give
satisfactory protection to both producer and consumer. In addition, these
three plans do not require large sample sizes to reach a final decision,
which is a very important factor to be considered in adopting an acceptance
sampling plan, especially if manpower is in short supply. Since reducing
sample size is of great concern, we shall also consider Wald's sequential
probability ratio plan which requires smaller sample sizes than SSFD on
the average under the same specification of o Py , 8, PB )

Wald's Sequential Probability Ratio Plan (SPR)

We shall describe SPR by using the graphical method, one sample taken
at a time. The cumulated sample results are plotted consecutively in the
chart. For each point the abscissa, n, is the total number of samples
drawn up tothat time and the ordinate, x, is the total number of these sam-
ples that are defective. If the plotted points stay within a zone marked by

" two parallel lines, the sampling is continued without a decision. As soon
a8 a point falls outside that zone, we accept the lot if that point is on or
below the lower line, and reject the lot if that point is on or above the up-
per line. The above concept is presented in Figures 19 through 21.
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Figure 21. The lot is accepted after inspecting eight samples.
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Equations of these twoparallel lines derived by Wald (5) are summari-
zed in Appendix H. Using Egs. (6), (7), and (8), Appendix H, we obtain the
plansin Table 17. We alsograph and illustrate the four plans in Figure 22
and Tables 18 and 19. The symbol * in Tables 18 and 19 means that no
acceptance decision will be made for that sample size. That is, no accep-
tance decision will be made until 23, 11, 6, and 6 samples, respectively,
for SPR 1, 2, 3, and 4 have been inspected. The acceptance probability
(OC curve) and ASN curve of SPR1, 2, 3, and 4 are computed by using
Egs. (9), (10) and (11), Appendix H. The results are presented, respec-
tively in Figores 23 and 24. Comparing Figure 24 with Figure 18, we see
that the average sampling size of the SPR planis less than that of the SSFD
plan.

TABLE 17
WALD'S SEQUENTIAL PROBABILITY RATIO
ACCEPTANCE SAMPLING PLANS UNDER
THE SPECIFICATION SET IN TABLE 14

Plan hy - hg s

SPR 1 0.93886 1.20538 ~0.03975
SPR 2 0. 89853 1.15360 0. 08100
SPR 3 0. 85640 1. 09950 0.12409

SPR 4 0.73946 0.94937 0.11052

Again, we tie the above results to Table 13 to get the relation of ag-
gregate composition to the acceptance probability and the average sampling
size under the SPR plan. These results are presented in Table 20.

- Although Table 16 and Table 20 indicate that the SPR plan is superior
to the SSFD plan as to average sampling cost, the actual sample size needed
toreacha decision with the SPR plan might sometimes be much larger than
that with the SSFD plan because of the continuation zone. Since reducing
the sample size isour major concern, we shall revise the SPR plan by add-
ing an extra termination rule. The revised plan will be called "Wald's
Truncated Sequential Probability Ratio Plan."
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ILLUSTRATION OF ACCEPTANCE AND REJECTION

TABLE 18
ILLUSTRATION OF ACCEPTANCE AND REJECTION

NUMBERS FOR SPR 2, 3, AND 4
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TABLE 20
RELATION OF AGGREGATE COMPOSITION
TO THE ACCEPTANCE PROBABILITY ‘
AND THE AVERAGE SAMPLING NUMBER UNDER SPR 1, 2, 3, AND 4

Mean Aggregate Composition ' 83SFD 1 SSFD 2 SSFD 3 SSFD 4

3/4-in. I 3/B—in.| No. 8 IL.B.W. Pa ASN Py ASN P ASN Pa ASN

100, 00 B5.0 50.0 8.0 0.00 1.9 0,00 2.0 0.00 2.0 .00 1.7
98,25 82,5 47,5 7.5 0. 00 3.2 0. 00 4.4 0.03 4.3 0,04 3.1
97.50 80.0 45.0 7.0 0,02 10.5 0,21 10,0 0.44 8.1 - 0.44 6.6
96.25 T1.5 42,5 8.5 0,52 29,2 0,83 14,2 (.88 8.3 0.91 7.5
95.00 75.0 40.0 6.0 0. 86 30.0 0. 96 13.1 .0.98 7.7 0.95 7.2
93.75 72.5 37.5 5.5 0.30 24.4 0.68 14,4 0.76 B.'T‘ 0.83 7.5
92,50 70.0 35.0 5.0 0.00 6.5 0.07 7.0 0.22 6.6 0.15 5.2
91,25 67.5 32.5 4,5 0,00 2.9 0.00 2.6 0.01 2.4 0.02 2,2

4.0 0.00 1.6 0.00 1.6 1.7 0.00 1.4

90.00 65.0 30.0 0,00

Wald's Truncated Sequential Probability Ratio Plan (TSPR)

This type of plan (TSPR) is the same as the SPR plan except that it in-
cludes a new rule for the acceptance or rejection at the Not trial if the
SPR procedures did not lead to a final decision for N = N,. By truncating
the sequential process at the Noth trial we shall change the producer's and
consumer's risk. The effect of the truncation on the producer's and con-
sumer's risk will depend on the value of N;. The larger the Ng, the smal-
ler the effect of truncation on both risks. A reasonable choice is Ng equal
to 37 for TSPR 1, 18 for TSPR 2, 12 for TSPR 3and 10 for TSPR 4. Next,
we determine the acceptance number Cg at the Noth trial. One method for
the determination of C, suggested by Wald is presented in Eq. (13), Ap-
pendix H. The other method is to simply set C, as the acceptance number
obtained under the SS¥D plan. It turns out that C, is equal to 1 for TSPR
1, 2, 3, and 4 as determined by either method. These plans are presented
in Figure 25 and illustrated in Table 21. For agiven value of product qua-
lity P, the acceptance probability (OC curve) and the ASN curve are com-
puted by Egs. (14) through (23), Appendix H. The results are presented in
Figures 26 and 27. '

Comparing the OC and ASN curve of the TSPR plan with those of the
SPR plan, we see that they do not differ by much. But, the TSPR plan will
always lead to a deCi_sion on or before the Not trial. This is the superi-
ority of the TSPR plan over SPR plan especially when the testing procedures
for each sample are time-consuming and costly.
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TABLE 21
ILLUSTRATION OF ACCEPTANCE
AND REJECTION NUMBERS FOR

TSPR 1, 2, 3, AND 4

TSPR1 | TSPR 2 | TSPR 3| TSPR 4 TSPR 1
" la [rla]r{a]r{a | = "Talr
2 x 2 « 2 x 2z o+ 2 20 * 3
3 x 8 % 2z x 8 % 3 21 * 3
4+ 3 o+ 2 o 2 x 2 22 * 3
5 % 2 x 2 % 8 % 2 23 * .3
6 * 2 % 2 -* 2 o+ 2 24 0 3
7« 2 % 2 0 2 0 2 25 0 3
8 * 2 * 2 0 3 0 2 2% 0 3
9 * 2 * 3 0 3 0 2 27 0 3
10+ 2 % 2 0 3 1 2 28 0 -3
m * 2 * 3 0 3 29 0 3
12 * 2 o 3 1 2 3 0 3
13 * 2 0o 3 31 0 3
14 * 2 0 3 22 0 3
15 * 2 0 3 33 0 3
6 * 2 0 3 54 0 3
17 * 2 0 3 35 ¢ 3
18 *+ 2 1 2 3B 0 3
1+ 2 7 1 2

Remarks

1) A variable plan can be used to control the fraction of defective ma~
terial, provided that adequate aggregate uniformity has been achieved by
the handling process. The advantage of the variable plan over the attribute
plan is that a smaller sample size is needed to obtain the same risks. The
designs of such a plan are very similar to those described in Chapter I-3,
and will not be discussed here.

2) The determination of an acceptance sampling plan depends on the
choices of X, Fgq , # and PB which are related toother factors such as the
availability of manpower, the sensitivity of the aggregate composition to
the pavement's performance and the Department's policies, etc. Discus-
sions of these factors are beyond the scope of this project. Therefore, we
are not in the pogition of recommending a particular plan that should be
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used for in-place aggi*egate inspection practice. However, the material
presented in this Chapter should be sufficient to design a plan for a parti-
cular need.

I-6. GENERAL CONSIDERATIONS OF THE CHOICE OF INSPECTION
LOCATIONS SITUATED BETWEEN THE STOCKPILE AND THE
CONSTRUCTION SITE

_ Since stockpiled aggregate is not the end-product of aggregate used in
highway construction, and is significantly affected by the handling and com-
paction processes as shown in the previous Chapter, we naturally should
consider shifting the aggregate inspection from the stockpile to the con-
struction site.

It is clear that aggregate inspection can be performed at any one of the
following three locations: stockpile, and construction site before and/or
after compaction. Critical informationneeded to evaluate the cost-benefi-
cial advantages of each potential inspection location are not available at the
present time. Therefore, in this chapter, we shall only provide a general

discussion concerning cost-benefit matters. |

Policies for Handling Rejected In-Place Aggregates ‘

In general, there are two policies for handling rejected in-place ag-
gregate: '

1) Returnthe Rejected Ag}gregate. The average aggregate quality level
at the site under this policy will be at the desired level as specified by the
Department's acceptance sampling plan. However, the aggregate price will
be much higher than theusual price due to the extra cost of the compaction
procedures and removing the rejected aggregate from the site.

2) Accept the Rejected Aggregate at a Reduced Price. The average
aggregate quality level under this policy would probably be lower than the
desired level specified by the Department's inspection plan.

The policy to be used depends hoth upon the sensgitivity of the pave-
ment's performance to aggregate gradation and cost considerations., Unless
proper aggregate gradation is so critical to the pavement's performance,
i.e., the cost of pavement damage due to improper aggregate gradation is
higher than that mentioned in 1) above, the second policy should be adopted
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up to the point. that the in-place aggregate is too poor to be used. At the
present time, the relationship between agpgregate gradation and pavement
performance isnot clearly understood. Thus, we donot have an accounting
base for the choice of the two policies. In this circumstance, we would
probably be better off in adopting the second policy and handle the rejected
aggregate at the construction site. :

Aggregate Inspection Before or After Compaction

If the aggregate inspection shall be performed at the construction site,
should the Department inspect the in-place aggregate before or alfter com-
paction? Since the degradation rate of each type of aggregate due to com-
paction can ‘be estimated, we certainly should inspect the in-place aggre-

gate before the road is compacted to avoid the extra cost of the compaction -

proceduresif rejected aggregate is to be removed and returned to the pro-
ducer. '

Evenif the rejected aggregate is accepted at areduced price, we might
still want to inspect the in-place aggregate before compaction for the fol-
lowing reasons:

1y It is much easier to take samples from the site before compaction.

2} H there is a plan for correcting the unsatisfactory sections, it is
advisable to know as soon as possible the aggregate composition and dis-
tribution. '

Based on the above discussion, we recommend inspection of in-place
aggregate before compaction if aggregate inspection is to be performed at

the construction site.

Stockpile or In-Place Aggregate Inspection

The main advantage of in-place aggregate inspection is knowledge of
the actual aggregate composition and the aggregate uniformity at the con-
struction site. But, this information ig not without cost., We either pay a
high price for aggregate, or sacrifice the aggregate quality level in ex-
change for the above information. If this information can be inexpensively
and accurately obtained from the stockpile, then stockpile inspection is
. certainly justified as a substitute for the in-place aggregate inspection.
This is a very general statement of the choice between the stockpile and
in-place inspection. In order todecide which one would be of most benefit,
a cost and benefit analysis should be performed. Unfortunately, much in-
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formation required in cost benefit analysisis not available. Therefore, we
do not have the cost figures to judge the "best! location for aggregate in-
gspection. This is why we discussed acceptance sampling plans for both
stockpile and construction sgites.

Discussion in this section offered general .thoughts on the choice be-
tween stockpile and in-place aggregate inspection. Once the decision is
made, the required inspection plan can be developed by following those
steps described in this report.

" Remarks and Suggestions

Based on the above discussion, a further investigation of the advan-
tages or disadvantages of stockpile inspection versus in-place 1nspect10n
in terms of costs should he conducted.

If the inspection practice is not to be performed at the construction
site after compaction, the aggregate degradation rate of the handling and
compaction processes for each type of aggregate should be estimated in
advance.
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PART II

PIFKE AND ANDERSON PITS
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The Pifke pit was originally scheduled td supply all of the required '

aggregate for a constructed section of M 189. After this pit had furnished
about 60 percent of the required aggregate, production was terminated for
reasons not related to this study. The remaining aggregate was then sup-
plied by a new pit, the Anderson pit, which is located about 1.25 miles to
the south of the Pifke pit. Aggregate produced by the Pifke pit was later
transported to the south end of the construction site, while aggregate from
the Anderson pit was shifted to the other end. Thus, samples taken from
the roadbed can be traced to their pit source.

The stockpile formation of these two pits is different from that of the

Stillman pit studied in Part I. However, those statistical experiments con-
ducted at the Stillman pit can be used without change since the objectives
envisioned for these two pits are the same as those for the Stillman pit.
Therefore, the same type of statistical techniques are used to analyze the
data. To avoid redundancy, the conducted experiment and its analysis will
not be fully described unless necessary.

. Sampling Methods Used at the Production Site

The produced aggregate was first loaded and trucked to the stockpile
site. Each dumping by a truck formed a cone shaped mass. At the end of
the day, a scraper wasused to flatten those cone shaped masses into a flat
layer. Samples could thus be taken from that flattened layer. The prob-
lem with this sampling procedure is that sampling inspection cannot keep
up with the production. In order to keep up with production, samples had
to be takenfromthe formed cone hille. The current sampling method (CSM)
for taking a sample from a truck is shown in Figure 28. As one can see,
this constitutes a systematic sampling method (with fixed beginning). Again,
the first step in studying these two pits is to design a random sampling
scheme to compare with the CSM in estimating the aggregate composition
of a stockpile. Since the covariance matrix of the aggregate composition
in a truck wasnot known, and time did not permit conducting a study of the
segregation pattern in a truck, 10 scoops from a truck, based on the ex-
perience gained from the Stillman pit, were used to form a composite sam-
ple according to a stratified random sampling scheme (SRSM) as shown in
Figure 29. That is, a truck-load of aggregate is first stratified into two
layers, basal and upper. Each layeris further stratified transversely into
five strata as shown in Figure 29. Thus, 10 strata in total are formed in
each sampled truck. One scoop of aggregate is randomly taken from each

. of the 10 strata. These 10 scoops of aggregate taken from a truck are then
mixed together and reduced by a Gilson Sample Splitter to the test size to
form a composite sample.
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Both the CSM and the SRSM were used to collect samples from the
Pifke and Anderson pits according to the experiment described in Chapter
1-3. The data are analyzed in the next section,

Comparison of the CSM and the SRSM

The major conclusion, based on the statistical analysis of the above
data, is that the two sampling methods are equally good in estimating the
aggregate composition of stockpiled material. Therefore, because of its

simplicity, the current sampling method should still be used for sampling - -

aggregate from trucks.

The statistical work required to arrive at the above conclusion is des-
cribed as follows. Readers who arenot interested in statistical details can
skip the remaining part of this section.

In continuous production run, every four or five hours produced about

50 truckloads of aggregate. Thus, every 50 trucks of aggregate were con-
sidered as one block. Eight trucks were randomly selected according to a
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stratified scheme for the eight combinations of three factors: testing lo-
cation, inspector, and sampling method. The same type of difficulties in
eonducting such astatistical experiment as mentioned in Chapter I-3 force
ug again to analyze the data according to two designs; one for the field test
and the other for the laboratory test. The results are described as follows:

1} Field Test: Two inspectors used the same set of sievesto measure
the percent passing the 1-in., 3/4-in., 3/8-in., and No. 8 sieves, and the
percent loss-by-washing, according to the designed experiment which is a
two-way completely randomized block design. Each block in this case is a
combination of production period, pit, and the sieve wearing process. The
statistical analyses of the data show, at the 0.05 significance level, the
following results:

a. There is no interaction between inspection and sampling me-
thod. '

b. The twoinspectors performed identically in the aggregate test-
ing. This result was expected because thetwo inspectorshad the same
amount of working experience in this area.

¢. The twosampling methods are equivalent inestimating the ag-
gregate composition.

2) Laboratory Test: The same two inspectors for the field test again
performed the laboratory test. Each inspector, however, used his own
new set of sieves to measure the percent passing the 1-in., 3/4-in., 1/2-
in., 3/8-in., No. 4, No. 8, No. 16, No. 30, No. 50, No. 100, and No.
200, and the percent loss-by-washing. The statistical analyses of the data
show, at the 0.05 significance level, the following results:

a. There is no interaction between inspector-sieve and sampling
method. ‘

b. Two levels of the factor, inspector-sieve, have the same ef-
fect on the sample testing. Since the two inspectors performed the
same in the aggregate testing as established by the field test, we con-
clude that two sets of sieves perform the same in measuring the ag-
gregate composition.

c. As it should be, the two sampling methods are the same with

regard to estimating the aggregate composition of a stockpile and agree
with the field test. S
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It is indicated from the field and the laboratory tests that the CSM and
the SRSM showno difference in estimating the mean aggregate composition.
Since two inspectors are statistically the same in performing aggregate
testing, the test results done by these twoinspectors can be pooled to mea-
‘sure the aggregate composition of that block where samples were taken.
The resultant data is of a one-way completely randomized block design.
Each blockis a combination of production period, pit, testing location, and
sieve wearing process. Of course, the statistical analyses of this revised
set of data again show, at the 0. 05 significance level, that two sampling me~
thods are the same in estimating the aggregate composition of a stockpile,
thus agreeing with the previous analyses.

The estimates of the parameters relative to these two pits are pre-
sented in the following tables for later use. Tables 22 and 23 show esti-
mates of the aggregate composition and its covariance matrix according to
the various combinations of pit source, sampling method, and testingloca-
tion. .

TABLE 22
ESTIMATES OF THE AGGREGATE COMPOSITION
OF TWO PITS UNDER THE VARIOUS
SAMPLING METHODS AND TESTING LOCATIONS

nt Passi i
Pit Sampling Testing Perce sing Sieves Percent
Source | Method | Location Loss-By-
: 1-in. | 3/4-in. | 3/8-in. | No. 8 | Washing
CSM TField . 100 94,24 67.42 47,26 6.65
Lab 100 95.08 68.34 | 47.11 6.98
Pifke
SRSM Field 100 94,25 67.21 47,22 6.62
Lab 100 o 94.47 65.79 44 .77 - 6.87
SM Field 100 95,56 68.71 44,84 5.23
Lab 100 96.561 68.75 44,25 5,08
Anderson
SRSM Field 100 95.28 68.23 44 .62 5.14
Lab 100 95.89 68.56 43.18 4,76

Tables 24 and 25 are obtained from Tables 22 and 23, respectively, by
pooling the test results of the field and laboratory tests.
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. TABLE 24
ESTIMATES OF THE AGGREGATE COMPOSITION OF
TWO PITS UNDER THE VARIOUS SAMPLING METHODS

Percent Pasging Sieves Percent
: - Loss-By~-
1-in. | 3/4-in. | 3/8-in. | No. 8 | Waghing

Pit Sampling
Source Method

ik CSM 100  94.63  67.85 47.19 6.8l )
e SRSM 100  94.24  66.47  46.06  6.86
And - osM 100  96.04  68.73  44.54 5,13
eTSOR gRSM 100  95.59  68.39  43.90  4.95
TABLE 25

ESTIMATES OF THE COVARIANCE MATRIX OF THE
AGGREGATE COMPOSITION UNDER THE VARIOUS
COMBINATIONS OF PIT SOURCE AND SAMPLING METHOD

Pifke Anderson

Size Combination CSM | SRSM | CSM | SRSM

3/4-in. and 3/4-in. 3.29 4.57 3.60 4.39

3/4-in. and 3/8-in. 2.99 2.78 3.89 4.38

3/4~in. and No. 8 1.58 1.43 2.44  2.07

Covariance  3/4-in. and L.B.W. 0.46 4.23 0.12 -0.17
of Sieve 3/8-in. and 3/8-in. 12,79 10.42 12.90 13.06
Measurements 0

3/8-in. and No. 8 10.38° 8.93 9.56 6.25 : !

3/8-in. and L.B.W. 1.04 7.28 0.45 -~0.17

No. 8 and No. 8 11.70 10.28 9.52  5.38

No. 8 and L.B.W. 1.33 0.78 1.25 0.48

L.B.W, and L.B.W. 0.69 0.69 1.58 1.44
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The test resultsof the two pits are further pooled together to estimate
aggregate composition under the current and suggested sampling methods.
The results are presented in Tables 26 and 27 to be used in later sections.,

TABLE 26
ESTIMATES OF AGGREGATE COMPOSITION
OF THE PIFKE AND ANDERSON PITS
JOINTLY UNDER THE CSM AND THE SRSM

\ Percent Passing Sieves Percent
Sampling
Method | Loss-By-
1-in. 3/4-in. 3/8-in. No. 8 Washing
CSM 100 95.22 - 68.22 46.08 8.11
SRSM 100 94, 82 67.30 45,12 6.04
TABLE 27
ESTIMATES OF THE COVARIANCE MATRIX
OF THE PIFKE AND ANDERSON PITS
_ JOINTLY UNDER THE CSM AND SRSM
Size Combination CcSM SRSM
3/4_ino aI].d 3/4_in- 3. 42 4- 50
3/4-in. and 3/8-in. 3.36 3,47
3/4-in. and No. 8 1.94 1,71
Covariance 3/4-in. and L.B.W. 0.32 0.17
of Sieve 3/8-in. and 3/8-in. 12.84 11.55
Measurements :
3/8-in. and No. 8 10.04 7.78
3/8-in. and L.B.W. 0.79 0.34
No. 8 and No. 8 10.80 8.18
No. 8 and L.B.W. 1.29 0.65
L.B.W. and L.B.W. 1,06 1.00

We end this section by noting again that the current sampling method
for sampling aggregate from trucks is recommended because of its simpli-
city.
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Aggregate Change Due to Handling and Compaction

For this part of the experiment, we did not take samples fromthe con~
struction site before compaction as in Part I. Therefore, the aggregate
degradation rate due to compaction cannot be estimated. However, com-
posite samples taken from the construction site after compaction, along
with samples taken from its pit source, can be used to analyze the aggre-
gate change due to handling and compaction. With those facts and the as-
sumptions stated in Chapter I-4, the aggregate degradation rate due to
handling and compaction can still be estimated.

First, we recall that every 50 trucks of aggregate in the production
site was considered as one block, Thus, a "section" at the construction
site was defined to be the rectangular area containing the same volume of
aggregate asone truck-load of aggregate and every 50 consecutive sections
was therefore defined as one block. The above definition is the same as
the one used in Part I. Two trucks at the production site and two sections
at the construction site from each hlock were randomly chosen and one
composite sample was taken from each chosen truck and section according
to the designated sampling methods. The sampling method used to take
composite samples from trucks was the SRSM described above, while the
sampling method used to take composite samples from the construction site
was the one described in Chapter I-4. The test results of the two samples
from each block were pooled to measure the aggregate composition of that
block. The collected samples were tested in the laboratory according to
two one-way completely randomized designsto study the effects of the hand-
ling and compaction processes on the aggregate composition; one for the
Pifke pit and the other one for the Anderson pit as shown in Table 28. Al-
though 12 measurements were obtained from each sample, four measure-
ments (the percent passing the 3/4~in., 3/8-in., and No. 8 sieves, and the
percent loss-by-washing) will be used to study the effects of handling and
compactionon the aggregate composition. This isbecause that sample size
is not large enough to give reliable results for analyzing the above data of
12 component observations, the percent passing the 1-in. sieve is always
100, the above four measurements are the required ones in the specifica-
tion. The statistical analyses of the above data show, at the 0,05 signifi-
cance level, that the handling and compaction processes significantly affect
the aggregate composition of both pits.

The estimates of aggregate composition of the stockpile and the con--
struction site after compaction forboth pits are presentedin Table 29, The
95 percent simultaneous confidence materials (SCI) for the mean differences
on each component of the composition of stockpile and in-place aggregate
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~are also presented in Table 29. As one cansee from the table the only in-
terval that doesnot cover zero for both pitsis the one for the measurement
on the percent logs-by-washing. This indicates that the handling and com-
paction processesonly significantly affect the measurement on fine sieves.

~ TABLE 28
LAYOUT OF ONE-WAY COMPLETELY RANDOMIZED
DESIGN FOR THE STUDY OF THE HANDLING
. AND COMPACTION PROCESSES EFFECTS
ON AGGREGATE COMPOSITION

Pit Pit Sample In-Place Sample
Pifke N =25 N = 32
Anderson : N =186 N = 20

TABLE 29

ESTIMATES OF THE AGGREGATE COMPOSITION
AND THE 95 PERCENT SCI'S FOR THE MEAN
DIFFERENCES ON EACH COMPONENT OF THE
COMPOSITION OF STOCKPILE AND IN-PLACE AGGREGATE

Percent Passing the Sieve Percent
Loss-By-
3/4-in. | 3/8-in. | No. 8 Washing

Construction Road 94.6672 68.6397 47.1763 7.72469

Stockpile 93,7276 66.9172 46.1856  6.45400
Pg;e Difference £ 0.9396  1.7225  0.9907  1.27069
ILCL | -0.8065 -0.5661 -1,2687 0.75233

UCL 2.6857 4.0111  3.2500 1,78910
Construction Road 96.1015 68,7330 44.0020 5.78250

‘ Stockpile 95.7206 67.8438 42,0931 4.75313
Am;;““ Difference ©0.3809  0.8892 1.9089  1.02940
LCL -1.2278 -2.0190 -0.0736 0.21510

UCL ~1.9897 3.7975  3.8913 1.84360
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Since samples obtained from the stockpile and the construction site af-
ter compaction cannot be matched in pairs, the aggregate degradation rate
of each aggregate size cannot be determined as was done in Chapter I-4.
However, based on the experience gained fromthose experiments conducted
at the Stillman pit, it is reasonable to assume that a significant portion of
the aggregate change due to handling and compaction is because of aggre-
gate degradation, and that the aggregate only degrades to the next smaller
size. With these assumptions, the degradation rate of both pits can be de-
termined by Eq. (14), Appendix G. The values of Aj and Bj can be found
from Table 29 and are substituted into that equation, we obtain the follow-
ing results (Table 30).

TABLE 30
AGGREGATE DEGRADATION RATE DUE TO THE
HANDLING AND COMPACTION PROCESS

Aggregate Size Degradation Rate

Pifke Pit Anderson Pit
3/4-in. 0.149799 0.089008
3/8-in. 0.080468 0. 039498
No. 8 0.067878 _ 0.054899

Table 30 indicates that, for aggregate produced from the Pifke pit, 14.98,
8.05, and 6.79 percent of the total percentage retained on the 3/4-in.,
3/8-in., and No. 8 sieves, respectively, degrade, and, for aggregate pro-
duced from the Anderson pit, 8.90, 3.95, and 5.49 percent of thetotal per-
centage retained on the 3/4-in., 3/8~in., and No. 8 sieves, respectively,
degrade.

Thus, we conclude that:
1) The handlingand compaction processes significantly change aggre-

gate composition. Based on the previous experience, the significant pox-
tion of aggregate change is the aggregate degradation.

2) Under reasonable assumptions, the degradation rate of each aggre--

gate size due to handling and compaction can be estimated and are presented
in Table 30.
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Uniformity of In-Place Aggregate

To study uniformity of in-place aggregate, one non-composite sample
was taken from each section chosen for the previous study of aggregate de-
gradation. Estimates of the covariance matrixof aggregate composition at
the construction site based on non-composite and composite samples are
presented in Table 31.

TABLE 31
ESTIMATES OF THE COVARIANCE MATRIX OF
AGGREGATE COMPOSITION OF THE CONSTRUCTION
SITE UNDER VARIOUS COMBINATIONS OF PIT
SOURCE AND SAMPLING ME THOD

Pifke Anderson
Si.z © . : Non- Non-
Combination Composite Composite Composite Composite
3/4-in. and 3/4-in, 3.93 4.33 3.02 5.42
8/4-in, and 3/8-in, 2,88 2.50 2o 3.24
3/4-in, and No, 8 1,92 1.29 0.90 1.41
3/4-in, and L.B.W. 0.25 0.05 0.09 0,12
Covariance  3/8-in. and 3/8-in. 5.80 4.28 4.80 8.48
of Sieve
Measurements 5/8-in. and No. 8 4.18 2.75 3.21 4.64
3/8-in. and L.B.W. 0.40 ©0.49 0.33 0.64
No. 8 and No. 8 4,086 2.63 3.49 3.87
No. 8 and L.B.W. 0.53' 0.50 0.53 0.52
L.B.W. and L.B.W. 0.32 0,41 0,37 0. 30

The test results of the two pits are further pooled together to estimate
the covariance matrix of aggregate composition based on non-composite and
composite samples. The results are presented in Table 32.

The covariance matrix of aggregate composition based on composite
samples presented inTable 32 is obviously different (as can be statistically
. shown) from that of aggregate composition based on the SRSM presented in
Table 27. Since the variance of each aggregate component based on the
SRSM is larger than that based on the composite sampling method used at

the construction site, and because these two sampling methods are very

similar, we conclude that the handling process has significantly improved
the aggregate uniformity. The above conclusion is also supported by the
arguments that follow.
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TABLE 32 ,
ESTIMATES OF THE COVARIANCE MATRIX
OF AGGREGATE COMPOSITION AT THE
CONSTRUCTION SITE BASED ON COMPOSITE
AND NON-COMPOSITE SAMPLES

Size Combination Composite | Non-Composite
3/4-in. and 3/4-in. . 3.56 4.77
3/4-in, and 3/8-in. 2.43 2. 80
3/4-in. and No. 8 1.51 1.34
Covariance 3/4-in. and L.B.W. _ 0.18 | 0.08
of Sieve 3/8-in. and 3/8-in. 5,40 5.99
Measurements . ¢ in. and No. 8 3.79 3.52
3/8-in. and L.B.W. | 0.37 0.55
No. 8 and No. 8 3.83 3.14
 No. 8 and L.B.W. 0.53 0.51
L.B.W. and L.B.W. 0.34 0.37

For the measurement on the sieve corresponding tothe index i, denote
Cl’ciz and OfNi'Z to be the true variances based on composite and non-com-
posite sampling methods, respectively. We also denote Oclz and 0‘22 to be
the errors introduced by the sample size (weight) corresponding tothe com-

posite and non~composgite sampling methods, respectively. The other er-
rors introduced by the Gilson Sample Splitter, testing method, inspector,

etc., are denoted ascxiz. Then, the sample variance of each component
of the aggregate composition based on composite and non-composite samp-

 ling methods in Table 32 can be expressed ascx;? +0;2 +;2 andoty;? +

g2 +x;2, respectively. Since each composite sample is made up of 10
scoops, O(Niz should be 10 times O‘ciz’ theoretically. Inthiscircumstance,
the difference between these two numbers is small iforNiZ is relatively

small with respect tocxy2 +cx;2 ando'lg2 +x;2, and large ifctyg;2 is rela-

tively large with respect tocxy2 +0%2 andcxy2 +;2. As one can see from
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Table 32, the difference between the twovariances of each aggregate com-
ponent is quite small (statistically insignificant). This indicates that the
true variance of each component of the aggregate composition based on the
non-composite sampling method is small relative tothe error introduced by
the Gilson Sample Splitter and other random errors. With the presence
of all of these random errors, we must conclude that the handling process.
has improved the aggregate uniformity up to the point that the precision of
the estimation cannot be increased significantly by means of the composite
method.

Thus, the major conclusion of this section is that the handling process
does improve the uniformity of in-place aggregate.

Acceptance Sampling Plans

The acceptance sampling plans for in-place aggregate have been dis-
cussed in detail in Chapter I-5. Therefore, in this section we shall only
discuss the acceptance sampling plans for stockpile (truck) inspection. As
explained in Chapter I-3, the proper type of the acceptance sampling plan
for truck inspection is again the so-called ''acceptance sampling by vari-
ables'" which gives assurance regarding the mean aggregate composition of
a stockpile.

The covariance matrix of aggregate composition and percent crushed
under the CSM was estimated (see Table 27) to be: '

3.42 3.36 1.94 0.32 ~2.95

12. 84 10. 04 0.79 -5.14

s- 10,80 1.29 4.14
106 - 2.32

20.26

Using Equations presented in Appendix E, we obtain the following accep-
tance sampling plans for stockpile inspection (Table 33). The difference
between Plan Aj and Plan B; in Table 33 was explained in Chapter I-3.

Plan Aj is interpreted as follows: TFor each lot, say 50 or 100 trucks,
10 samples are taken according to the current sampling method. If the
average percent passing each sieve and the average percent logs-by-washing
of these samples fall within the acceptance intervals of Plan A; specified
in Table 33 the lot represented by these samples is accepted; otherwise,
the layer made up by those trucks is rejected.
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The other plans can be interpreted in the same way.

The acceptance probability, Py, of each plan in Table 33 is computed
by using Eq. (12}, Appendix E, with the helpof a simulation computer pro-
gram. The results are presented in Table 34. '

We end this section with Table 35 which specifies the product quality
. of in-place aggregate in terms of the aggregate composition based on the
non-composite sampling method, assuming that the aggregate covariance
matrix of non-composite samples in Table 32 isthe true covariance matrix.

Summary
1) The current method used for truck sampling is recommended.

2) Estimates of aggregate composition and their covariance matrices
are presented in Tables 22 through 27.

3) The potential candidates for acceptance sampling plans for stock-
pile (truck) aggregate inspection are presented in Table 33.

4) The product quality of in-place aggregate in terms of the aggregate
composition based on the non-composite sampling method is presented in
Table 34. This table can be used as a reference when choosing the speci-
fication risks for the determination of an acceptance sampling plan for the
in-place aggregate inspection discussed in Chapter I-5.

5) The handling and compaction processes significantly affect the ag-
gregate composition. With suitable assumptions, the degradation rate of
each aggregate size due to handling and compaction is estimated and pre-
sented in Table 30.

8) The handling process does improve the uniformity of in-place ag-
gregate.
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TABLE 34
ACCEPTANCE PROBABILITY OF EACH PLAN
SPECIFIED IN TABLE 12 WITH THE MEAN PERCENT
CRUSHED AGGREGATE SET AT 60

Mean Aggregate Composition, y

- Acceptance Probability of Plan

3/4-in. } 3/8-in. | No. 8 |L.B.W. | Ay A 4q B Bg Bg
100.00  86.0 50,0 8.0 0,000  ©0.000 0,000 0,000 . 0.000 . 0.000
98,25 82,5 47.5 7.5 0.000 0,000 0,000 0,035 0,011  0.003
97.50  80.0 4.0 7.0 0.012  0.004  0.004 0.547  0.518  0.382
96.26  T7.5 42,5 6.5 0.670 0,726  0.587  0.968  0.980 0,950
95,00  75.0 40,0 6,0 1,000 1,000 1,000 1.000 1,000 1,000
93.75  72.5 37.5 5.5 0,661 0,722 0,570  0.950  0.968 0,930
92.50  70.0 35.0 5.0 0.013  0.010 0.008 0,525 0,507 0,381
91,25  67.5 32,5 4.5 0,000  0.000 0,000  0.012 0,004 0,003
90,00 65,0  '30.0 4,0 0,000 0,000 0,000  0.000 0,000 0,000
TABLE 35

RELATION OF THE AGGREGATE COMPOSITION AND

THE PRODUCT QUALITY

Mean Aggregate Composition

Product Quality, -

Percent Passing Sieve Loss-By- P

3/4-in, 3/8-in. No. 8 Washing

100. 00 85.0 50,0 8.0 0.679
98,25 82,5 47.5 7.5 0.276
97.50 80.0 45.0 7.0 0.058
96,25 7.5 42.5 6.5 0.010
95.00 75,0 40.0 6.0 0. 005
93.75 72.5 37.5 5.5 0. 050
92.50 70,0 35.0 5.0 0.176
91,25 67.5 32.5 4.5 0.453
90,00 65.0 4.0 0.823

30.0
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PART 11

THE FEASIBILITY OF A MORE EFFICIENT AGGREGATE
GRADATION TESTING METHOD
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Whenever there is a need to increase testing sample size, e.g., for
reducing the risk of accepting poor quality aggregate and rejecting good
quality aggregate, testing efficiency becomes very important if extra man-
power is either costly or unavailable. This brings our attention to the
range of testing procedure choices for aggregate. We would like the most
efficient testing procedure available consistent with practical field and labo-
ratory concerns. The current Michigan 22A aggregate testing procedure
ig shown in Figure 30.

SAMPLE DRIED TO
A CONSTANT WEIGHT

v

SAMPLE WASHED
OVER SIEVE NO. 200

Figure 30. Current 22A aggregate | +
testing procedure.

WASHED AGGREGATE DRIED
TO A CONSTANT WEIGHT

v

SIEVE ANALYSIS
AGGREGATES RETAINED ON
EACH SIEVE SIZE ARE WEIGHED

In this method, the washing process is followed by an extra drying,
thus requiring two dryings per sample. However, the drying process is
time consuming and the water supply isoften troublesome and expensive in
the field. Therefore, the simplified testing procedure shown in Figure 31
is proposed as a substitute for the current testing procedure.

SAMPLE DRIED SIEVE ANALYSIS
TO A @  AGGREGATES RETAINED ON
CONSTANT WEIGHT EACH SIEVE SIZE ARE WEIGHED

Figure 31. The proposed testing method.

This proposed testing method requires only one drying and no washing.
Consequently, considerable increase in testing efficiency and considerable
reduction in cost should result. However, we must consider whether or
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DETERMINE N

PIT AGGREGATE TYPE
ARE THE ESTIMATION '
METHOD AND ITS ADJUSTING YES o
PARAMETERS KNOWN FOR THIS
TYPE OF AGGREGATE?
N SAMPLES (PREDETERMINED SAMPLE SIZE) ARE TAKEN ACCORDING TO
THE DESIGNATED SAMPLING METHOD. EACH SAMPLE IS FURTHER DIVID.
ED INTO “'EQUAL'’ SAMPLES BY A "PROPER’’ SAMPLE SPLITTING METH-
OD. ONE OF THEM IS TESTED BY THE PROPOSED TEST METHOD AND THE
OTHER ONE IS TESTED BY THE CURRENT TEST METHOD ACCORDING TO A
DESIGNATED STATISTICAL EXPERIMENT,
DETERMINE THE ADJUSTING PARAMETERS OF THE ESTIMATION METHOD
WHICH COULD BE THE ONE DESCRIBED IN EQS. {7) AND (8) OR OTHER
SPECIALLY DEVELOPED ONES.
CHECK THE ESTIMATION
) UNSATISFACTORY PRECISION BASED ON THESE
WHY? [ N PAIRS OF SAMPLES ACCORDING
._TO THE PRESET CRITERIA -
| SATISFACTORY
< THE PROPOSED TO RE-ESTABLISH
THE PROPER
TEST METHOD
STILL FEASIBLE ADJUSTING
' PARAMETERS. .

EACH SAMPLE TAKEN HEREAFTER IS TESTED BY THE PROPOSED TEST
METHOD. THE TEST RESULT IS CONYERTED TO THE ONE OBTAINABLE
WITH THE CURRENT TEST METHOD FOR INSPECT!ON OROTHER PURPOSES.

ABANDON
THE PROPOSED
TEST METHOD.

Figure 32. The procedures required in using the proposed test method.
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not the proposed test method is as good as the current one for measuring
aggrepgate composition, That is, whether or not the aggregate composition
can be as accurately estimated using the proposéd test method. A statisti-
cal experiment was conducted for this purpose. The description of the ex-
periment and the statistical evaluation of the proposed testing method are
presented in Appendix I. Based on this experiment, the following conclu-
sions and recommendations are made.

Conclusions

The proposed testing method, together with the estimation procedures,
appear to be as good as the current testing method for measuring aggregate
composition. However, after taking into account the factors of cost reduc-
tion and time efficiency, the proposed testing method is certainly recom-
mended,

Implementation of the Proposed Test Method

The proposed test method procedures are described in Figure 32.

The work plan presented in Figure 32 would be subject to modification
as practical consideration requires. ¥or example, implementing a check
plan to update the adjusting parameters might be a good operating system
for pits involving large quantities of apgregate production.

Recommendations

If the adjusting parameters are not known for a pit producing small
‘quantities of aggregate, the work plan presented in Figure 32 might not be
feasible since the total amount of time needed to establish the initial ad-
justing parameters might be a sizable fraction of the total production time.
Moreover, considerable information needs to be established such as the
sample size, N, required to establish reliable adjusting parameters, a
sample splitting method, criteria to evaluate the estimation method, etc.
This must be known prior to the implementation of the proposed test me-
thod. We suggest that a large scale study for such purposes should be car-
ried out. A brief outline for such a study would be:

a) Study the necessity for categorization of aggregate types

b) Collect samples from various production pits (aggregate types) un-
der some statistical rules of practice
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¢) Develop a proper sample splitting method

d) Test the collected samples by both the current and proposed test
methods .

e) Use multivariate statistical analysis to analyze the effects of the
testing methods on various types of aggregate

fy Develop all feasible estimation procedures based on the collected
data from various aggregate types; the best method among the developed
methods should be pointed out for future reference

g) Prepare a handbook guiding the use of the proposed test method.
The handbook should include sufficient information such as the estimation
method and its adjusting parameters for each type of aggregate, the sam-
ple size required to establish the initial adjusting parameters or to update
the adjusting parameters if needed, the evaluation criteria, ete. '

h) Thoroughly compare the test efficiency of the two test methods;
reduction in cost using the proposed test method should be carefully esti-

mated to facilitate a cost benefit analysis

i} Overall advantages and disadvantages of the two test methods should
be reviewed and recommendations presented. '
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CSM:

LCL:

Pg:

SPR:

SR5M:
SSFD:

" TSPR:

- GLOSSARY
Producer's Risk
Consumer's Risk
Current Sampling Method
Lower Confidence Limit
Acceptable Quality Level

Rejected Quality Level

Wald's Sequential ‘Probability Ratio Plan

Stratified Random Sampling Method
Single Sampling Fraction Defective Sampling Plan

Wald's Truncated Sequential Probability Ratic Plan
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APPENDIX A
COMPUTATIONAL FORMULAS FOR

MULTIVARIATE STATISTICAL ANALYSIS
ME THODS USED IN THIS REPORT

- 85 -



Frequently, an experiment requires the simultaneous measurement of
a group of interrelated variables. For example, the gradation test of 22A
aggregate measures the percent passing the 1-in., 3/4-in., 3/8-in., and
‘No. 8 sieves and the percent loss-by-washing to describe the aggregate
composition of a sample. The proper statistical techniques for analyzing
~ the data from this kind of experiment are called "multivariate statistical
analysis. "

It is the purpose of this appendix to summarize the computational for-
mulas of the proper statistical analysis for experiments conducted in this
report. The materials presented in this appendix can be found in standard
multivariate statistical analysis texts such as Ref. (1) and (4).

Throughout this appendix, the bold letter stands for either a column
vector or a matrix. The superscript t of a vector or a matrix means the
transpose of that vector or matrix. As in the example cited previously,
X=( Xy o )(5)t ‘is the observation vector of the composition of a sample
of aggregates. '

Estimates of the Mea.h Vector and Covariance Matrix of a Multinormal
. Population

A random vector X=(X, ""’Xp)t is considered to be distributed

#

according to the (p-dimensional) multinormal law with mean vector
P

HA= 4y -+ () andnon-singular covariance matrix £= (0] IF _21 b; X,
i=

for every non-null vector b= (by- bp » s normally distributed. Ar-
range the N observation vectors collected from this multinormal population
in the following matrix form. The i={,,N, , in Equation

Xy, Xip | 1%y

x = o A-1)

. th . . I .
is the i observation vector. Then, the maximum-likelihood estimates of
M and ¥ based on these N observation vectors are the sample average

- - o . A
vector X =¢ xﬁ---’xp)" and the sample covariance matrix %= [3'.”.] ,

respectively, where

N :
b3 xKi., L=, . P (A—Z)

and
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N _ -
6_ _ K§1(xKi_xi)(ij—x’.)_i
T N TN

XkiXg;~ XiXj, Li=tron P (A-3)

M2

i

A
It can be easily shown that Y isa biased estimate of £, and we shall adopt

instead the unbiased modification S = I:s,-L j] , where
N _ .
&y XK XDk~ %)

Sij = N1 s, P (A-4)

The S will be called throughout the appendix, the sample covariance matrix.

Frequently, samples are collected on K independent groups with N;
observation vectors inthe ith group. In this situation, computingthe sample
average vector xh.:( th,"". iPh) and the sample covariance matrix

J

biased estimates of the mean vector and the covariance matrix, are res-
pectively:

Sp= [5??)-| of the hth data group using Egs. {A-2) and (A-4), then the un-

_ K -
*F'LI Nh Xin (A-5)
N Rz
and
K (h)
o= 4 - . A-6
where
K -
N= I N . (A-T)
h=1

Test for the Assigned Mean Vector

Basedon K groupsof datawith N; observationvectorsinthe ith group,

we would like totest whether the population mean vector JJ, =(Hy S, Mp) t
is equal to a particular vector fig=( oy, Hop )t That is, the null hy-
pothesis to be tested is ' .
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and its alternative hypothesis is

F‘_ 1 Hos

Ho #{ i 1% i
Mpl | Mop

The test procedures are as follows:
1) Compute X and S by using Eqs. (A-2), (A-4), (A-5}, and (A-6).
2) Compute T2 defined as :
T2 =N (X-pxdt STH(X-py) (A-8)

where S~ is the inverse matrix of S.
3) Compute F ¥ defined as

¥* (N-K)P _
F _N_K—‘P_i FdiF’,N"‘K"P“‘" (A 9)

where < is the significant level and Fo ; p N-k-p +( I8 the 100 I-ox)
percent point of the F-distribution ‘Wl.lh ‘degrees of freedom P and
N-K-P+1,

4) The decision for a test of level o(is to accept the null hypothesis
Ho that =l if T2 < F *and to reject Ho, otherwise.

If the null hypothesis is rejected, it would be desirable to know which
components or combination of components might have led to the rejection of
the null hypothesis. This is done by computing the simultaneous confidence
intervals for all linear compounds of means, LogH Any mterva,l that

=1
does not cover the point Z a;-M; can be consudered as a criterion for re~

jecting the null hypothesis. Denote @ =(ay, . a&p)t. Then, the 00 (-}

percent simultaneous confidence intervals for all linear compounds of means

arc
q‘ti—-,lﬁo."SaF* <qaty< at§+\lfi\l-a*5al_=* (A-10)

where F* was defined in Eq. (A-9).
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The above computations were made by assuming that the population co-
variance matrix ¥ is unknown and was estimated by 2., Occasionally, the
population covariance matrix L is known through past experience. In this
situation, the previous test procedures can be still used with the following
modifications.

1) The S in step (2) is replaced by z
2) The F* instep (3)is the 100 ({-oX) percent point of the chi-square

" distribution with P degrees of freedom.

The Multivariate Analysis of Variance

As in the case of the univariate analysis of variance, an experimental
model can be expressed as

X=Ag+e | (A-11)

where X isthe observation matrix of dimension Nx P, N igthetotal number
of p-dimensional observation vectors, A is the appropriate design matrix
of dimension N xq with rank r, ‘i is the parameter matrix of dimension
q XP and € is the matrix of residual variates with dimension N x P, '

The null hypothesis to be tested is

Ho: CEM =0
and its alternative is

Hys C'EM %0
where C is the hypothesis matrix of dimension q X q with rank q<a and
M has dimension P x uwith rank U £ P. The testing procedures for the
above null hypothesis are as follows:
1) Find matrices H and E defined as
(A-12)
H=M!Xt A cal AT cic,cabApTet] c, cat AT At X M

- and

E=MiX [I-ACALADT A I XM (A-13)
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where A has r columns from A and is a basis of A and C, is a sub-
matrix of C with dimension q X2 in conformance with the partition of
~ A into Ay and the other matrix.
2) Find the greatest root Cg of the determinantal eqﬁation
|H-AE|=0 (A-14)

3} Compute the following numbers:

64=_Cs (A-15)
| +Cg -

and

s =MIN(q,U)

m = ’—"“aul” (A-16)
n= N-/Z."U—1
2

4) The decision is to accept the null hypothesis at the o¢ significance

level if B
Bs£ Xo;5,mN

where X ;s,m,n is theupper 100 ot percentage point obtained from the ap-
propriate Heck chart and to reject, otherwise.

In the case that s={, the test statistic for the above null hypothesis
is defined as
. n+9 S]

m+{ 1-6 (4-17)

F=

where 6 is the single eigenvalue of the matrix H (H+E y! . The null
hypothesis is accepted if F is less than or equal to the 100 (1-=) percent
point of the F~ distribution with degrees of freedom 2m +2 and 2n+2,
and rejected otherwise.

As before, when the null hypothesis is rejected, it is desirable to de-
termine which components of the observation or component treatment com-
binations may have led to the rejection. This is done again by computing
the 100(l-x) percent simultaneous confidence bounds on all function
b C € Ma of the parameters, where @ is a u- dimensional non-null vec-
tor and b is a q- dimensional vector whose elements have been standard-
ized so that
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biC,(AlAY'Clb=1 (A-18)

For such a structure, Roy and Bose have shown that the 100 (- o) per-
cent simultaneous confidence bounds on b'C ¢ Ma are '

btc,cA'fA;)"AEXMa-J XoiSumin gtEgq

1=Xa;8,mn

(A-19)
s b'CE¢Ma s

biC,(Af AP AL XMa +] Xe;S,mn.  gtEg
1= X ; s, m,n

Now, we shall convert the above computational formulas in terms of
the various experimental designs conducted in this report.

A. One-Way Completely Randomized Design

In this design, we assume that there are K treatments with Nj ob-
servation vectors under the ith treatment and P components on each ob-
servation vector. Denote Xi;, to be the ith observation on component h

under the jtP treatment, i=1,-,Nj, j=t;,K and h=i;-,P. Then, Eg.
(A-11) can be written as

Xijh =Mh* 7jh +€jh (A-20)
where
HMp = general level effect for component h
T;n = effect of the ith treatment on the h'! component
e = random effect of the ijh'h combination
The null hypothesis Hg to be tested is the equal effect among treatments,

i.e.,

Ho = s = (A-21)

For such a model, it can be shown that the /zS ! element of matrices H
and E defined in Eqs. (A-12) and (A-13) are, respectively:
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K .
=% L T, Te- 4 _
hrs “‘JE, N; TinTis — N ©nGs (A-22)
and
K r}, K |
ens = I I XijjnxXijs— I 5 TnTs (A-23)
7t i j= 1
where
¥ = - th

Tin= 1% Xiin = sum of all observations on the r*' component under
Lt the jtb treatment

K
Gp=1 Tp= grand total of all cbservations on the rih

jt

component

It also follows from Eq. (A-19) that the !00 ({ - )} percent simultaneo%ﬁ
confldence intervals for all non-null compounds of the differences of the i
and the j'P treatment effect vectors are

' xoc;S,m,n,
1= Xat;s,mn

P -
L Ah(Xpp = th>—] atEa( . L)

< r.a.,c -7 ) £ -
th — ‘ih (A-24)

o ‘
I a (X ]_w‘f_sm_"-
h=1 h( th ™ Jh)+ - xd: S.mn

t L 44
aEaly, * N;’

where

The above intervals are used for multiple comparisons of the effects of
every two treatments. For example, if the vector @ is set to be (1 ,0,'"',0_)*
then the above interval isused to detect whether the effect of the ith and the
jth treatments on the first component are equal or not. Other types of the
multiple comparisons can be obtained from Eq. (A 19) through the specifi-
cation of hypothesis matrix C .

B. One-Way Completely Randomized Block Design

In this design, we assume that there are K treatments with one ob-
servation vector in each of b blocks and P components on each observa-
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tion vector. Denote X;;p to be the observation on the r'h component under
the itP treatment in block 3oy L=k, = b, and #«=1;--P. Then,
Eq. (A-11) can be written as

Xijn =Met Tip *Bipt€in ' (A-2b)

where

M, = general level effect for component r-

Tip = cffect of the ith treatment on the " component
B;x = effect of the ith block on the r™" component
€ijx = random effect of the ijrth combination

The null hypothesis to be tested is Hg specified in Eq. (A-21). For such
a model, it can be shown that the rs h element of matrices H and E de-
fined in Eqgs. (A-12) and (A-13) are, respectively, to be:

K
R 1 -
hps = ¢ .51 Tir Tis~ K ©nCs (A-26)
and
K b 1
€ns 1}=:1 J.};:, Xijn Xijs ~ bas~ hbas- gg GnGs (A-27)
where
& th . :
Bix = _}11 Xi;n = total of the observationson the r component in block j
l:
b
Tin= I Xijn = total of the observations on the rth component under
J: treatment i
Gp= L Bjn = grand sum of the th component
= 1
i
bgs= the rsth element for the matrix due to block effect

b .
— 4 -

=K j§1 BjrBjs — Tg Cnls

The 100 (I-) percent simultaneous confidence intervals for all non-null
linear compounds of the differences of the ith and the jth treatment effects
can be shown to be:

T ap (X —i-)-j Xi2:mn qtEq £
h=1 th™ b 1= Xot; 5, m,n b

P
£ h§$ ap (T - Tjh) £ ' (A-28)

P — - XotiS,m,n t 2
Ia x-—x-)+j-——-——'——" a'Ea £
s h (Xih jh 1-Xetis,m,n b
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where
. b
|.h = :1: nh

The major purpose of the above equation has been explained before and will
not be repeated here.

C. Two-Way Completely Randomized Design

In this design, we have two factors, Row and Column factors with &
and ¢ treatments, respectively. We also assume that there are n observa-
tion vectors in each treatment combination and P components in each ob-
servation vector. Denote X;;y to be the Kth observation on component L

under the(i,j)th treatment combination, =t 5, ;51,000 C K200,
and L=t,»+., P . Then, Eq. (A-11) can be written as
Xijht = gLt o+ Bt + CijnL (A-29)
where
i, = general level effect for component L
o; = effect of the ith row treatment on the th component
B;L = effect of the jth column treatment on the Lth component
th th

n L - effect of the interaction of the i*" row treatment and the j
' column treatment on the LR componeht

€jkL = random effects of the (ijKL) th combination

There are three hypotheses to be tested in this degign, which are

Hy + Eaqual effects among row treatments
Hoz @ Equal effects among column treatments (A-30)
Hga: There is no interaction between row and column treatments.

For such a model, it can be shown that the ﬂsth

element of matrix E de-
fined in Eq. (A-13)is '

n C
= -4 o Cre -
eﬂs 1}:1 in K}‘: XijKa XijKs n 'LE{ jEicun Cijs (A-31)
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and the/ stP element of matrix H definedin Eq. (A 12) for each hypothesis
in Eq. (A-30) are respectively, to be
SURSTT - GnGs (A~32)
bps=cn .L;‘:i Rin Ris = 7en -
@ _ 4 & _ GnGs A-33
hrs = 7n L Tin Tis ™ Zzen (A-59)
and \
(3) (1) (2
hps = tns —hps — hps =~ €rs | (A-34)
where
n
Cijh= KE X1 jkh
A
T.h= X
ih =1 K=t LiKh
3
R:ik = X
th= 5y fey LD
A C
Gh: I 1 z xl.an
it jE Ket
and -
tns= L L X Xijkn Xiiks ™ Zcn
SIESTIRE T

Tt follows from Eq. (A-19) that the 100 {(1- ) percent simultaneous confi-
dence intervals for the linear compound of the d1fferences of the it! row
effects and column effects are, respectively

] 2X 55, m,n
Cn(1-Xe;s5,m, n)

hIUh(XLh-"X ) otEa

< h§1 Gh(o‘i.h_ O!J'h) = (A"35)

2X;s,m,n

Iﬂh(xlh Rip) 4 otEa

iy Yen(1-Xo;s,m, n)
and
P _ _ Xof;s, m,n t
o - _ [ r a E
h:=1ah(x'|.h X'Jh) NAN(i- X35 m,n) ’
I a, (Bp-B;p)
< a el ) £ ‘
hey 2h ith #jih - (A-36)
P ~ _ Xoc;S,n'l,h t
Loan(Xin=Xnd+ aEa

AN(1- X35 m,n’
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where

cC n
Xep=t I I X
i*h ™ ¢cn 71 Kat *ijkh
and . &N
X.jh ™ AN i.Ei K£='| ijKh

D. Two-Way Completely Randomized Block Design

In this design, we have two factors, Row and Column factors, with 4
and ¢ treatments, respectively, and n blocks. Denote X\ to be the ob-
servationon component L underthe (i,j )th treatment combination in block

K, i3t 22,138,000 €, KA 00 A, and L={P . Then, Eq. (A-11) can
be written as -
XijKL = My togg + BjL + Py W PP (A-37)

where PKL is the effect of block K on the L th compenent and the meaning
of the other parametersin Eq. (A-37) can be seen in Eq. (A-29). The three
" hypotheses to be tested are the same as those stated in Eq. {(A-30) of the
previous design. Define,

n C
B, =% L

R Xijry = Sum of the)Kth block on component 1L

cC..

n
ijL L Xijkt = sum of the (i:}i) th {reatment combination on

K~1
component L

C n .
Ry L= % X Xijk,= sum of the ith row treatment on component L
it Kst -

T_, L= {‘:r, E X|jKL = sum of the jth column treatment on component L

G, = Y X,.., = grand sum on component |
CULTE R ke HIRE

th olement of matrix E defined in Eq. (A-13) is

C

2t n n .

= !

€s=L I I Xijkn Xijks = mc I, BunBks {A-38)
it = Kt 2L ey

Then, the £s

_L§ ¥ Cp Gs
n i_Eq jE Ci.jl‘r.ci.js"' fren
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and the sth element of matrix H defined in Eq. (A-~12) for each hypo-
thesis in Eq. (A-30) are, respectively

(1 _ 4 & _ GnGs (A-39)
Prs = cn i.Ei RinRis ften
C
(2) _ Gy Gs A-40
hrs = ﬁj§1 TnTis = &en- ( )
and
3 _ & & @) GpGs B
s = 7 F jficljftcus hrs = Pras= < (A-41)

The (00 ({-o¢) simultaneous confidence intervals for the linear compound
of the differences of the ith and P row effects and column effects are res-
pectively stated in Egs. (A-35) and (A-36).
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APPENDIX B

- A STATISTICAL EXPERIMENT TO STUDY
AGGREGATE SEGREGATION PATTERNS
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The test results of samples taken according to the statistical experi-
ment in the third section of Chapter I-1 are presented in Table B-1. Note
that the percent passing the 1-in. sieve is not included in Table B-1 since
this measurement is always 100 in this experiment. That experiment is a
so-called ""one-way completely randomized block design which eanbe mathe-
matically described as follows. Let xin K= 1, 2, 3, and 4, be the
percent passing the 8/4-in., 3/8-in., and No. 8 sieves, and the percent
loss~-by-washing, respectively, of the sample taken from the ith stratum of
the jth layer,i =1, . . ., 5, andj=1, . . ., 20, The statistical model
for the observation xi.iK is

Xijk = Mg + Tik +Bik + €k (B-1)

My = general level effect for the measurement corresponding index k

Tik = effect of the ith stratum on the measurement corresponding to
index k

th '
B jKk = effect of the j layeron the measurement corresponding to in-
dex k '

€ ijk = randomeffect specific to the in.th combination of stratum, layer
and sieve size.

We would like to know whether or not the five transversal strata have
the same mean aggregate composgition. Statistically, we are testing the
hypothesis '

Ul 2 Ts|
Ho ti | = |t | = oo = | (B-2)
Tia T24 Ts4

of equal strata effects. A multivariate analysis of 'variance program was
used to obtain the following results:

45.59 - 123.61  113.34 -2.28
533,42  528.06  2.07

539.92  4.49 | &3
0.64

Treatment Matrix = H =
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TABLE B-1

TEST RESULTS OF NON-COMPOSITE SAMPLES
TAKEN FROM THE STOCKPILE

Percent Passing Sieves

Percent Passing Sieves

Lot |Strata Percent [ o lgirata Percent
3/4-in. | 3/8-1n. | No.s |L.B.W. 3/4-in.| 3/8-m.| wo. s [1.B.W.

1 80.87 47.38 24,37 4.33 1 95,92 72.12 41,79 5.53

2 93.91  77.67 45,94 3.30 2 98.84 82,14 55.63 5.18

1 3 92.09 65.82 37.25 3.57 11 3 96.23 81,87 56.39 6,69
4 96.37 79.05 51.40 5,03 4 96.17  77.69 49,32 4,86

5 95.28 69,17 39.17 4,44 5 95.63  79.88 54,04 5.52

1 97.2% 80.34 50, 85 5.09 1 95.89  75.62 49,78 4.86

2 96 .81 79,42 49,27 4,06 2 93,41 70,30 42,50 5.30

2 3 97.53 78,09 49,07 4,32 12 3 96.76 77.22 45,60 5.68
4 97.27 83,33 59,29 4.10 4 97,22 81,96 50.75 5,22

5 94.44 77.25 54,50 3.97 5 97.17  74.11 43,45 5.28

1 91,59 60,58 35.34 4,09 1 95.18  64.99 37.74 4,77

2 98.08 83,41 53.13 5.77 2 97.33 77,00 51,51 5.91

3 3 98,58 83.52 48,58 3,69 13 3 94,79 76.23 50.68 7.47
4 95,92 78,26 47,28 3.5% 4 94.54 75,87 47,95 5.26

5 92,23 52,18 24,76 2,91 5 96.23 78.38 51.26 6.59

1 95.55 73.77 44,03 3.75 1 91,36 42,88 23.46 4,32

2 96.22 79,43 50.59 4,25 2 91.66 73.48 4%.57 = 5.27

ES 3 97.27  84.90 54,04 4.04 14 3 93,89 76,89 53.03 3.73
4 98.85 73.85 41,06 3.44 4 96.16 82,76 56.17 4,78

5 93.38 76.56 49,37 3.04 5 97.22 77,14 53.21 5.78

1 96.21  75.32 48,45 7.88 1 98,79 73.86  43.62 4.44

2 97.26 79,04 50.48 4.81 2 97.38  79.25 55.89 4,31

5 3 95.83 78.65 54.70 7.66 15 3 99,17 79.69 51.57 5.72
4 98.02 78.27 53.00 9,07 4 96.38 81,71 52,93 6.58

5 93,58 66,14 41,14 4.06 5 95.55 69.17 42,09 5.14

1 99,30 85,34 54.92 6.92 1 96.49 74.38 48.35 6,34

2 96,27 76.94 50,05 4,96 2 95.11  73.51 47.29 5.54

6 3 93.796 75.89 50,25 4.21 16 3 90.57 73.54 49.47 6.18
4 94.73 68,54 29, 90 4,29 4 93.74 73,91 47,32 5.57

5 93.77 175.01 48,00 5.37 5 95,98 74.79 49,04 6.72

1 96.57 80.46 54,75 4,10 1 93,68 75,96 48,87 5.93

2 96.68 78,54 50.35 2.92 2 95.11 63,93 42,47 5.48

7 3 90.85 67,84 - 41,37 4,82 17 3 89,81 66,43 43,48 5.02
4 100.00 B6.19 57.83 3.94 4 95.29 68.63 42,49 4,78

5 95.71 81,37 49,57 3.00 5 92.21 67.36 39,04 5.60

1 97.70 80.51 55. 86 5.15 1 08,57 84,37 55,37 5,43

2 99,33 78.65 50,11 5,26 2 97,53  79.22 51.50 5.06

8 3 97.10 85.63 57.13 4,02 18 3 95.21 72,60 50,74 5.95
4 97.70  86.20 58,69 . 4.60 4 92.44 66.20  40.91 6.40

5 99.03 77.63 46.40 3.93 5 94,73 69,32 43,08 5.75

1 85.49 53.71 30.67 4,32 1 95.82 69,91 38,85 5.79

2 94,91 717,18 48,88 4,76 2 98.37 74.59 52.51 6.86

9 3 98,17 81.40 52,23 4,45 19 3 94.25 70.89 42,57 5,32
4 98.49 82.79 53,44 5.11 4 95,73 75.03 48.71 5.69

5 92.96 66,97  39.87 3.44 5 97.94  85.26 59,84 8.94

1 97.98 80,22 54,61 4.36 1 95,56 80.15 49,34 4,04

2 94.65 78.79 53.57 4,71 2 97,42  79,.6% 50,98 5.95

10 3 94.74 74.93 53,03 5.28 20 3 95.38 78.26 50,85 5.14
4 98.45 79,14 54,17 4,05 4 97.37 81,37 55.23 3,98

5 100.00 86.49 45,22 3.67 5 99.10 82.62 54,22 4,85
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and

537.88 1,072.06 773.34  30.64

4,047.81 3,287.77 140.72

Error Matrix =E = 3.233.54 169.03 | ©°%

63,49
The observed test statistic which is the largest eigenvalue of the ma-

trix H(H + )~ ! was computed tobe 0.16. The distribution parameters (see
Appendix A) are:

s = Min (5-4, 4)=4

ms= (|5-1-4}-1)/2 = -1/2
and

n = (5(20-1)-20-4)/2 = 35.5

If we choose to test Hg at the 0.05 level, the critical value for the
test statistic obtained from Heck's chart is 0.2075, which is larger than
the observed test statistic. 8o, we do not reject the hypothesis of equal
strata effects. That is, aggrepates at the outside edges are not necessar-
ily coarser than those in the middle of a layer.

It isinteresting tonote, based onthe historical data, that the measure-
ment X; , the percent passing the sieve corresponding to the index i,
i=1, ..., 4, is approximately distributed according to normal law.
That is, the distribution of X; takes the following form,

NG HM,0%), 0£ x £100
Fioa = , otherwise (B-5)

where N{x; t4;,, 0 -La) is the normal distribution with mean #; and vari-
ance 0’12 . Moreover, other linear combinations of X; 's, such as
100 -xq , X4-Xp , and Xp - X3 , are alsoapproximatelynormal distri-
buted taking the form specified inEq. (B-5). This suggests that the aggre-
gate composition ( X4, ...... » ¥4 ) is approximately distributed according
to multinormal law, taking the following distribution form.
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N(X1,...,x4;ﬂ,}:),0 é)(4 < Xaé Xzé x1é1oo’

Fxg,...,x4) = (B-6)
0 , otherwise

where N is amultinormal distribution with mean vector g and covariance
matrix X.

Although we did not use Eq. (B-6) to fit the historical data, the chi-
square test did not reject the null hypothesis, at the 0. 05 significant level,
that those observation vectorsin the historical data came from the popula-
tion with the distribution specified in Eq. (B-6), where 4 and ¥ were es-
timated from the data.

In general, slight violation of the multinormality assumption required
by the multivariate analysis of variance would not affect the conclusions if
the sample size is large enough to justify the multidimensional central
limit law. This was why we assumed in the previous analysis that
(Xijts+-e+sX{j4) was distributed according to multinormal law so that
the techniques presented in Appendix A could be used. Based on the above
facts, we shall assume throughout this report that the aggregate composi-
tion is distributed according to multinormal law.
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APPENDIX C

DETERMINATION OF THE NUMBER
OF SCOOPS TO MAKE A COMPOSITE
SAMPLE AT THE STOCKPILE
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.Let ng. =1, 2, 3, and 4, be the percent passing the 3/4-in., 3/8-
in., and No. 8 sieves, and the percent loss-by-washing, respectively, of
the ith random sample, where i=1, . . . ,N. Denote

X;= % L, Xij | (C-1)

21 is the sample mean of the measurement corresponding to the index j,
which is an unbiased estimate of the population mean Yj . We wish to have

P/I'-(Iij""ﬂjlsdjvj=1a----4)=1_a (C—-Z)

where dj is the chosen marginof error for the measurement correspond-
ing to index j and & isa small probability. Eq. (C-2) can be rewritten as:

T | R

P (= 1
\Iﬁ“u Jﬁ"n

.,:f,...,4)§1—a ©-3)

where Ojj is the covariance of x; and X; . Using the results of simul-
taneous confidence intervals (Appendix A), the required sample size N is
determined to be:

U..Xa ‘4
MAXIMUM[ it x; ] (C—-4)

N=%h, 4 42
L

Before applying the above equations to our case, we note the following:

1) Eq. (C-2) is not the only expression that can be specified for the
determination of the sample size in the multivariate case. '

2) Sample size N obtained from Eq. (C-4) is a conservative number
in the sense that P (1Xj-#j| €djs j=1,....4)Z1-x .

3} Again, Eq. (C-4) is not the only way toobtain a conservative sam-
ple size. For example, for a particular set of (cxqr--»&xy) such that
xy+...+taxg=a , choose N to be

(C-5)

= MAXIMUM
N i=1,..., 4 [

Oji z2 1_g....i.'.
2

d2
L
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4) In casethe sample size determined from either Eqs. (C-4) or {C-5)
is too large for practical consideration, the sample size N can be chosen
as the smallest number satisfying the following equation:

Pr (1% -Hjl € djs j=1,...,4) 21~x (C-6)

To do this, a computer program calculating multiple integrations with a
truncated multinormal distribution function integrand is needed. In order
to apply either Egs. (C-4) or (C-5) toour case, we need the estimate of the
covariance matrix of aggregate composition, based on non-composite sam-
ples. By considering the data in Table B-1 (Appendix B) composed of 20
groups, with five samples per group, and using Eq. (A-6) (Appendix A) we
obtain the following matrix estimate: '

7.29 14.95 11.00 0.35
I= [&.u.] = | 57.26 47.69 - 1.78 o
47.15 2.17
0.80 |

The marginal error d{ in Egs. (C-4) and (C-5) shall be chosen based on
the specification for the composition of 22A aggregate which is specified
in Table C-1.

TABLE C-1
THE CURRENT SPECIFICATION FOR
COMPOSITION OF 22A AGGREGATE

Percent Passing Half of the
Sieve Size Band Width of the

Upper Limit| Lower Limit| Specification

1-in. 100 100 0
3/4-in, 100 80 5
3/8-in, 85 - 65 10

No. 8 50 30 10

Loss-By-Washing 8 4 2

Based on the bandwidth of the specificationin Table C-1, the following
sets of marginal errors and o were chosen to determine the required sam-
ple size. The results are presented in Table C-2.
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TABLE C-2
REQUIRED NUMBERS OF SCOOPS TO
MAKE A COMPOSITE SAMPLE UNDER VARIOUS
SETS OF MARGINAL ERRORS AND &

Marginal Errors Risk Sample Size N
dy do dg | dy Probability

Eq. (4)] Eq. (5)

0.05 ] 4

5.00 10,500 10,0 2,0 0. 01 7 6
0.05 9 6

3.75 _8.125 7.5 1.5 0. 01 12 10
. 0.05 18 12
2.50 b5.750 5,0 1,0 0.0l 26 20

Note that each oc; used to determine sample size in Eq. (5) was set at O,

As one can see from Table C-2, the sample size must be substantially
increased to produce significant reduction in marginal error. For practi-
cal considerations, we decide to take N = 10.

It should be noted that the specification for 22A aggregate alsorequires
that the percent crushed is at least 25. Since this measurement depends
only on the percent passing the 3/8~in. sieve, a representative sample of
a layer to determine the aggregate composition will also give a good esti-
mate of the percent crushed of that layer. This was why the percent crush-
ed was not included in the process of determining the optimal numbers of
scoops to form a composite sample.
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APPENDIX D

STATISTICAL EXPERI’MENTS FOR THE
COMPARISON OF THE CSM AND SRSM PLANS
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The most straightforward experimental design for the purpose stated

at the beginning of ChapterI-2 isthe four-way completely randomized block
design with two levels in each of the four factors:

Factor 1: Sampling method (CSM and SRSM)

Factor 2: Inspector (I} and I9)

Factor 3: Sieve Set (S and S9) .
Factor 4: Testing Location (L: Laboratory and F: Field)

There would be N blocks (B1, . . . , By), cach representing a period of
production time such as four-hours or one-day. The above design is pre~
sented in Table D-1.

According to this design, two inspectors would have to frequently tra-
vel betweenfield and laboratory for each production day. This isnot prac-
tical nor was it possible because of field limitations to schedule inspectors
exactly as required by the experiment design. To be practical, ‘'we would
have to complete the field test before the laboratory test. Since the siev-
ing equipment might wear out after 4N tests we needed two sets of sieves,
one for the laboratory test and the other for the field test. Consequently,
the above design becomes a split-plot design as shown in Table D-2.

Unless we have additional information from the two sieves, the above
design alone cannot tell the effects due to testing location, In this circum-

stance, it would be better to consider the above designas a two-way, com-.

pletely randomized block design with 2N blocks; N blocks for laboratory
tests using sieve set No. 1 and N blocks for field tests using sieve set No.
2, as shown in Table D-3.

Since our major concern is the estimation of effects due to sampling
method, the design specified in Tables D-2 or D-3 satisfies both practical
considerations and theoretical needs. Therefore, we shall take and test
samples according to the design specified in Table D-2.

1) Data Preparation

According to the design specified in Table D-2, eight samples are
needed to make a complete randomization within each block. It takes ap-
proximately 30 minutes to make a layer about 6 in. thick. Thus, each
period of four to five production hours produced eight layers ahd_ was con-
gidered as one block. Eight combinations of three factors were randomly
assigned to eight layers of each block. One sample was taken from each

layer according to a predetermined combination. For example, the sample
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TABLE D-1
2 BY 2 BY 2 BY 2 BY N CRB DESIGN

cSM : SRSM

TABLE D-2
SPLIT-PLOT DESIGN

CSM

SRSM

C5M

SRSM

CSM

SRSM

CS8M

SRSM
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TABLE D-3
2 BY 2 BY 2N CRB DESIGN

CSM SRSM

By

from the first layerof the first production day might be taken according to
SRSM and tested in the field by Inspector No. 1,

Samples for the field test were tested in the field to measure the per-
cent passing the 1-in., 3/4-in., 3/8-in., and No. 8 sieves, the percent
loss-by-washing and the percent crushed. Samples for the laboratory test
were properly marked and stored in the laboratory. They were tested at
the laboratory in the same order in which they were taken, Due to practi-
cal difficulties, we could not use field inspectors toperform the laboratory
tests as originally planned. Thus, we assigned two other inspectors to
perform the laboratory tests. This change makes the design specified in
" Tables D-2 and D-3 invalid because samples to be tested by laboratory in-
gpectors were taken by field inspectors. In this situation, we would have
to consider Lhe original design as the following two, two-way completely
randomized block designs (Tables D-4 and D-5). '

For each sample tested in the laboratory, we measured the percent
passing the 1-in., 3/4-in., 1/2~in., 3/8-in., No. 4, No. 8, No. 16, No.
30, No. 50, No. 100, and No. 200 sieves, and the percent loss-by-washing.
The purpose of inserting extra sieves in the laboratory test is to obtain
more accurate test results and to obtain other information such as aggre-
gate size distribution.

Since our major interest is estimating the effects due to sampling me-
thod, we chose inspectors who had the same working experience and were
similar in other respects. In this experiment 54 blocks were involved.
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TABLE D-4
FIELD TEST - 2 BY 2 BY N CRB DESIGN

Ji| Iz

CSM

SRSM

SRSM

CsM

SRSM

CSM

SRSM

TABLE D-5
LABORATORY TEST -
2 BY 2 BY N CRB DESIGN

-3 -1y

SRSM

CSM

SRSM

SRSM

CSM

SRSM

- 116 -



2) Data Analysis

Since the percent passing the 1-in. sieve was always 100, this mea-
surement was included in the analysis. The reason for not including the
percent crushed was explained in Appendix C. :

Let XjjkLsL =1, ..., 4, bethe percent passing the 3/4-in., 3/8-
in., and No. 8 sieves, and the percent loss-by-washing, respectively, of
the sample taken from the Kth block by using the ith gampling method and
tested by the jth inspector, wherei=1, 2, j =1, 2, andK=1, ..., 54.

Then the linear model for the observation XijKL is
XijKL =ML XL +BiL + PR+ (X B)ij+ € kL ~ (D-1)

where o stands for sampling method effects, B stands for inspector ef-
fects, P stands for block effects and (ccB) stands for sampling method-
inspector interaction.

We are interested in testing the following three null hypotheses:

Hg’ : No inspector and sampling method interaction

HE,E} : Equal inspector effects

and HOG" : Equal sampling methods effects
We shall test each hypothes;is using field and laboratory tests.
A.- Field Tests

The distribution parameters (Appendix A)for testing the three hypothe-
gsesare, s =1, m =1, and n = 77, and if we choose to test them at the 0. 05
level, the critical value is Fg,05;4, 156 = 2.432. A multivariate analysis
of variance computer program was used to obtain the followmg results
(Table D-6):

The statistic used in testing Hg) was computed to be
_ 156 0.0499665
~ 4 1-0,0499665 _
¥0,05;4, 156. Thus, we do not reject the hypothesis of no inspector and
sampling method interaction. With the possibility of an interaction dismis-
sed, we are now ready to téest the main effects.

= 2,05 which is less than the observed statistic
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TABLE D-6 |
MATRIX ELEMENTS FOR THE TWO-WAY
CRB A.0.V. - FIELD TEST

Treatment Effects
Responses Error
Inspector | Sampling Method | Interaction

1 1 0. 60400 1.5980 15,4500 436.70
1 2 -0.31670 7.1090 29.6300 458.20
1 3 -1.50200 3.9340 22,4400 279.10
1 4 -0.24160 0.4963  2,7940 25. 86
2 2 0.16610 31,6300 56.8500  1,526.00
2 3 0.78790 17,5000 43.0600 996,90
2 4 0.12670 2. 2080 5.3610 25,11
3 3 3.73700 9.6820 32,6100 430,80
3 4 0.60110 1.2220 4.,0610 50. 34
4 4 0 0.1541 0.5056 49.59

. 09669

The statistic used in testing ngi was computed to be

p - 156 _0.012488 Thus,

2 1-0.012488 0.49 which is much less than FO.05;4, 156"

we do not reject the hypothesis of equal inspector effects. This is the ex~
pected conclusion since both inspectors have 15 years working experience
as aggregate inspectors. '

The statistic used in testing H(03) was computed to be

F= 156 _0.025597 1.03 which is less than the critical value F

4 1-0.025597 0.05;4, 156
Thus, we do not reject the hypothesis of equal sampling method effects.

We present the 95 percent simultaneous confidence intervals SCI) for
the mean and mean difference of the two sampling methods on each type of
measurement in Tables D-7 through D-9. Note that LCL and UCL in these
tables stand for the lower and upper confidence limits, respectively.
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TABLE D-7
95 PERCENT SCI OF AGGREGATE COMPOSITION
OF THE CSM - FIELD TEST

Percent Pasaing Sieves Percent
g Loss-By-
1-in 3/4-in. 3/8~in, No. 8 Washing
Mean 100 94.55 71. 88 45.69 4.95
LCL 100 93.96 70.78 44,83 4.75
UCL 100 95,14 72,98 46.55 5.15
TABLE D-8

95 PERCENT SCI OF AGGREGATE COMPOSITION.
OF THE SRSM - FIELD TEST

Percent Passing Sieves Percent
- Loss~By-
1~in, 3/4-in, 3/8-in, No. 8 Washing
Mean 100 94.72 72.64 46.11 5.00
LCL 100 94,13 71.54 45.25 4,80
UCL 100 95.31 73.74 46,97 5.20
TABLE D-9

95 PERCENT SCI FOR THE DIFFERENCE BETWEEN SAMPLING
METHODS (CSM-SRSM) ON FACH MEASUREMENT

Percent Passing Sieves Percent
- Loss-~-By-
1-in 3/4-in, | 3/8-in. | No. 8 Washing
Mean Difference 0 -0.17 -0.76 -0.42 -0.054
LCL 0 -0.88 -2.09 ~1.486 -0,290
0.54 0.57 0.62 0.185

UCL ]
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Note that every confidence interval in Table D-9 containg zero, which
is consistent with the previous analysis. We also present the estimate of -
the covariance matrix of aggregate composition for each sampling method
in T'able D-10.

TABLE D-10 _
ESTIMATE OF THE COVARIANCE MATRIX OF
AGGREGATE COMPOSITION - FIELD TEST

Sampling Method

Size Combination

CSM SRSM

' 3/4-in. and 3/4-in. . 2,970 2.870

3/4-in. and 3/8-in. 2.670 3.650

3/4-in. and No, 8 1,060 2,320

Covariance 3/4-in, and L.B.W. 0.042 0.088
of Sieve 3/8-in. and 3/8-in. 12,250 13.49¢
Measurements 3/g-in, and No. 8 6.920 8,960
3/8-in, and L.B.W. ~0, 099 0.320

No. 8 and No. 8 6.900 8.670

No. 8 apd L.B.W.- 0.380 0.550

L.B.W. and L.B.W. 0.440 0.300

B. Laboratory Tests

We delete one block in which one sample was missing. Thus, we have
53 blocks in this experiment. The distribution parameters (Appendix A)
ares =1, m=1, and n = 75,5 and, thus, the critical value to test the hy-
potheses at the 0. 05 level is Ty 05:4, 153 = 2.4335. The following results

were obtained by a multivariate analysis of variance computer program.

The statistic used in testing Hg) was computed to be

_ 153 0.024544 .
= "2 1-0.024542 ~ 0. 96 which isless than F0'05;4, 156°

not reject the hypothesis of no inspector and sampling method interaction.

F Thus, we do

- 120 -



- TABLE D-11
MATRIX ELEMENTS FOR THE TWO-WAY
CRB A.O.V. ~ LABORATORY TEST

Treatment Effect

Responses - Error
Inspector Sampling Method | Interaction
1, 1 11,8700 0.2042000 2.8730 © 675.20
1 2 5.0630 1.2350000 1.9090 698.20
1 3 4.4720 0.5071000 5.0940 409,560
1 4 1,7180 -0, 0055880 0.8219 - -1.65
2 2 2,1600 7.4640000 1.2690 1,643.0C
2 3 1.9080 3.0660000 3.3850 1,198.00
2 4 0.7328 -0.0337800 0.5462 45, 86
3 3 1.6850 1,2590000 9.0330  1,210.00
3 4 - 0.6472 -0.0138700 1.4570 . 88,62
4 4 0.2486. 0. 0001528 0.2351 64.41

With the possibility of an interaction dismissed, we can now test the
main effects. The statistic used in testing H%E’ was computed to be

. 153 _0.02844

4 1-0.02844 = 1,12 which is less than FO; 0554, 153.

not reject the hypothesis of equal inspector effects. Again, this is the ex-
pected conclusion since the laboratory inspectors have the same number of
years working experience.

Thus, we do

The statistic used in testing H%’“ was co'mputed to bhe
_ 153 0.0094116 ' . ‘
~ 4 1-0.0094116 0.05;4, 156"
do not reject the hypothesis of equal sampling method effects.

F = 0, 3634 whichis less than F Thus, we

Other related results are presented in Tables D-12 through D-15.

This completes the analysis of the experiment designed to investigate
the effects of sampling method.

Since both inspectors for field tests and laboratory testa are statisti-
cally comparable in measuring aggregate composition, we can pool the test
results of all inspectors toobtain estimations of aggregate composition un-
der the C8SM and under the SRSM. That is, we now have a one-way com-
pletely randomized block design. The statistical analysis, of course, still
shows the same conclusions as before; namely, that the two sampling me~
thods are statistically the same. ‘
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TABLE D-12
95 PERCENT SCI OF AGGREGATE COMPOSITION
OF THE CSM - LABORATORY TEST

Percent Passing Sieves Percent
Loss~By-
1-in, 3/4-in, | 3/8-in, No. 8 Washing
Mean 100 94,30 72.50 " 46.59 4.584
LCL 100 93.50 71.33 " 45,59 4,350
UCL 100 95,05 73.67 47.60 4,820
TABLE D-13

95 PERCENT SCI OF AGGREGATE COMPOSITION
OF THE SRSM - LABORATORY TEST

Percent Passing Sieves Percent
Loss-By-
1-in, 3/4-in. | 3/8-in. No. 8 Washing
Mean 100 94.36 72.88 46,74 4,582
LCL 100 - 93.61 71.71 45.74 4,350
UCL 100 95.11 74.05 47.75 4,810
TABLE D-14

95 PERCENT SCI FOR THE DIFFERENCE OF THE SAMPLING -
METHODS (CSM-SRSM) ON EACH MEASUREMENT

Percent Passing Sieves Percent

Loss-By~

1-in, | 3/4-in. | 3/8-in. | No. B Washing
Mean Difference 0 -0,06  -0.038 -0.150 0.002
LCL 0 -0, 96 -1,442 -1,355 - -0.276
UCL 0 0.84 1.366 1.055 0.280
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TABLE D-15
ESTIMATE OF THE COVARIANCE MATRIX OF AGGREGATE
COMPOSITION - LABORATORY TEST

Sampling Method

Size Combination

CSM SRSM
3/4-in. and 3/4-in, 4,19 5,12
3/4-in, and 3/8-in. 4.92 6.21
3/4-in. and No, B 3.08 3.37 _
3/4-in. and L.B.W. 0,20 -0.24
Covariance :
of Sieve 3/8-in, and 3/8-in, 13.99 17.18 I
Measurements 3/8-in. and No. 8 10.78 12.17
3/8-in, and L.B.W. . 0,78 0.25
No. 8and No. 8 10, 90 12.30
No. 8 and L.B. W. 1.10 0.65
L.B.W. and L.B. W, 0.49 0.70

- 123 -



APPENDIX E

EQUATIONS FOR ESTIMATING THE PRODUCT .
QUALITY AND FOR DETERMINING THE REQUIRED
SAMPLE SIZE, LOWER AND UPPER ACCEPTANCE

LIMITS OF A VARIABLES TYPE OF PLAN
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1) Mathematical Expression for Estimating '"Product Quality," P

If we denote (Xq,%Xz, X3, X4} tobe theaggregate composition, namely,
the percent passingthe 3/4-in., 3/8-in., and No. 8 sieves, and the percent
loss-by-washing and X5 to be the percent crushed aggregate, then
X = (X, X3, Xa, Xz s Xg ) is approximately distributed according to multi-
normal law with mean vector g = (Mq,....,M5) and covariance matrix
I as was explained in Appendix B. Thus, we can express P in terms of
the following integration function.

100 as 50 8 100

oo J S e

X1=90 Xp=65 X3=30 Xg4=4 X5=25

where F is defined as

N(X; 4,I), O0£X,4£ Xya£ X, £ X £ 100
F(K'Hf)— 0 < x5£100,0<XZ
y &y -

0 , otherwise

and N is multinormal distribution with mean vector #§ and covariance ma-
trix ¥ . We note that the integration limits in Eq. (E-1) are the specifi-
cation limits and the smaller value of P means the better quality product.

If the current sampling method (CSM) is used to sah_nple stockpiled ag-
gregate, then the covariance matrix ¥ of aggregate composition is esti-
mated to be

3.82 3.78 2.06 0.12 ~0. 60
13.11 8.83 0.34 ~2. 47

I = 8.88 0.74 ~1,04 (E-2)
| 0.47 0.56
18. 57

which was obtained in Chapter I~2 (see also Table 4). By substitution ot
various M and the above covariance matrix into Eq. (E-1), we obtain the
following estimates of product quality. We note that each value of P in
Table E-1 for a given mean vector was obtained by a simulation process
based on 600 points which is a large enough data set to obtain reliable ap-
proximation to the integration in Eq. (E-1).
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TABLE E-1
THE RELATIONSHIP BETWEEN
AGGREGATE COMPOSITION AND
PRODUCT QUALITY *

(uls Ug, 113, 114, 115) P

(100.0, 85, 50, 8, 46.57) - 0,7111
( 97.5, 80, 45, 7, 46.57)  0.1420
( 95.0, 75, 40, 6, 46.57) 0.0180
( 92.5, 70, 35, 5, 46.57) 0.2175
( 90.0, 65, 30, 4, 46,57) 0.8175

* The percent crushed is set at
46,57 which was estimated
from the Stillman pit.

2} Acceptance Probability of the Current Plan

For agiven value of product quality P, the lot acceptance probability
Pg of the current plan defined in Chapter I-3 is:

pa=(1—Pj+P(1—PJ=1-P2 (E-3)

3) Equations for the Determination of the Required Sample Size, the Lower
and/or Upper Acceptance Limits for Each Component of Aggregate Com-~
position and Percent Crushed

If a sample of aggregate is taken from an aggregate lot according to
the "Systematic Sampling Method with Random Start" specified in Chapter
[-2, the covariance matrix of aggregate composition and percent crushed
is estimated from Table 2, Chapter I-1 and matrix (E-2} to be

0.8058  1.6762  1.2878  0.0422  ~0.200
© 5,7918  4.7740  0.1108  -1.160
I = 4,7426 0.2160-  -0.540 (E-4)
0.1450 0.220
| 9,375
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By using the concept of simultaneous confidence intervals (see Appendix A)
the required sample size N is:

: 2
| Oii Xexis + Xzg;5)
N = MAXIMUM _ , i =
‘ (ci-bj)?

4 @-5)

Oss Xaccis +X28;5)°

and
(C5-bs5)?2

where UOii is the measurement variance corresponding to the index i, the
(i)P element of the covariance matrix. The valuesof @;, b and ¢; are
specified in Table E-2.

TABLE E-2 ‘
TOLERANCE LIMITS OF AGGREGATE COMPOSITION

Upper Lower The Center of .

i Tolerance 1.imit| Tolerance Limit | the Two Limits
Ay bj Ci

1 100 90 95

2 85 65 175

3 50 30 40

4 -8 4 6

5 - 25 40

Ifwelet U and Li ,i=1, ..., 4, be the upper and lower accep-
tance limits for the percent passing the 3/4-in., 3/8~in., and No. 8 sieves,
and the percent loss~by-washing, respectively, and Lg be the lower accep-
tance limit for percent crushed aggregate, then, U; and L; canbe obtained
from the following equations. '

1) 8 is held at the desired level

T
Q- # -‘XZB;S
= bi""/% Xz8;5

Ui
,i.=1,“"|4 (E"“6)

-
I
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and Ls = bs+ [ 955 Xag;s
N

2y & is held at the desired level

0'..
=Gt N Xeys

Ui = .
1=, 4
O o ®-7)
Li=¢Ci~ Xex;s
| 0i;
and ) _ Lg= Cg~ “ .Xocs

Once the desired sample size, N , and the lower and upper acceptance
limits are determined, the lot acceptcmce probability, Py , can be com-
puted by the following integration:

Uy Uy 100
P =f ..... f f dF(X; 8, L/N)
. (E-8)

where ¥ = (X4,Xz ;----, Xg) , M = (My,>>, Ms) and ¥ is the covariance
matrix.
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APPENDIX F
A STATISTICAL EXPERIMENT TO STUDY THE

EFFECTS OF THE HANDLING AND COMPACTION
' PROCESSES ON AGGREGATE COMPOSITION
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Sampling Methods at the Construction Site

The construction site studied was 5.88 miles long. The gravel base
of the road was 27 ft by 11 in. We defined "Section' as a segment of the
road with dimensions of 13.5 ft (single lane, width) by 11 in. (thick) by 60
ft (length). Every 15 consecutive sections were defined as a "Group."
Thus, we had 60 groupsin total. For sucha stratification, the total amount
of aggregate in one group is approximately equal to one-day's production.
For a section to be sampled, we stratified it into 10 strata as shown in
Figure F-1.

That is, one scoop of aggregate was taken from each of the five basal
strata and the fiveupper strata. Thus, we combine 10 scoops of aggregate
from one section to form a composite sample.

[

oSy

- Figure F-1, The sampling layout of a section of construction road.

Data Preparation

To study the aggregate degradation due to compaction, we randomly
chose 30 groups, then randomly chose two sections fromeach group. From
each chosen section, one composite sample each was taken before and af-
ter compaction. Two samples from one section were randomly assigned
to, randomly ordered, and tested by one inspector who used one set of
sieves to measure the percent passing the 1-in., 1/4-in., 1/2-in., 3/8-
in., No. 4, No, 8, No. 16, No. 30, No. 50, No. 100, and No. 200 sieves,
and the percent loss-by-washing. Consequently, two samples from other
sections of the same group were assigned to, and tested by another inspec~
tor whoused another set of sieves. Thisexperimentation constituted a one-
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way completely randomized block desipn with two treatments and 60 blocks.
Each block is a combination of inspector and group. The reasons that we
did not arrange the above experiment as a two-way completely randomized
block design are as follows:

1) Weknew from the previous experlment that the two inspectors pro-
duce about the same test results

2) Time efficiency

3) Information concerning these two particular sets of sieves is not
important.

We note that two blocks involving missing samples were deleted. Thus,
we have 58 blocks in total. We also note that the percent passing the 1~in.
sieve was always 100, and therefore, was not included in the analysis.

Due to manpower limitations, those samples taken at the job before
compaction for the aggregate degradation study were also used to study the
“effects of the handling process. Thus, at the stockpile, we randomly chose
30 blocks (one day's production) and randomly chose two layers from each
block. - One composite sample was taken from each layer according to the
stratified random sampling method discussed in Chapter I-1. The only
reasonable experiments that could be made to utilize those samples taken
at the job before compaction for both studies (degradation due to compac-
tion and handling process) are two, one-way, completely randomized de-
gigns; one design for each inspector with his own set of sieves. That is,
those samples taken at the stockpile for this study were assigned and tested
by the same two inspectors in the previous experiment such that samples
taken before compaction, together with those taken after compaction, form-
ed a one-way completely randomized block design as explained above.
These, together with samples taken at the stockpile, formed two, one-way
completely randomized designs. We also took one non-composite sample
from each chosen section. That is, two non-composite samples were taken
from each group. One of them was randomly assigned to and tested by one
inspector and the other by the other inspector. These non-composite sam-
ples were collected to study the extent of aggregate uniformity of in-place
aggregate. '

Since liquid calcium chloride was spread over the construction gite to
help the compaction process obtain the required density, the sample weight
of each of the in-place aggregate samples was increased by the amount of
the content of calcium chloride which would be washed away by the washing
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processused in the current aggregate gradation test. In order to measure
the true aggregate composition, the test results of each sample were ad--
justed by the amount of calcium chloride blended into that sample (which
was estimated by a laboratory chemical test procedure).

Data Analysis

The mathematical model forthe observations inthe experiment to study
the effect of compaction on apggregate compogsition is similar to the one
~ pregented in Chapter I-1, and, therefore, will not be repeated here. We
would like to test the hypothesis that the mean aggregate composition be-

fore and after compaction is the same. The distribution parameters (Ap-
pendix A) are:’ '

min 2-1, 11) = 1

w
il

It

m = ( 2-1-11 -1)/2 = 9/2

amd - n - (2(58-1)-58-11)/2 = 45/2

The critical value of the test statistic to test the above hypothesis is
Fp, 05511, 47 €2.0113) at the 0.05 leveland Fy, 91,11, 47 (=2.0863) at the

0.01 level. The observed test statistic was computed to be

_ 47 _0.621916961
11 1-0. 62191961

F = 7.028

which is larger than the critical point at the 0.01 level. So, we reject the
null hypothesis of equal treatment effects. That is, the compaction process
significantly affects the aggregate composition. Since the hypothesis of
equal treatment effects is rejected, we present the estimate of the mean
aggregate composition and the 95 percent simultaneous confidence intervals
of the difference of the mean aggregate composition before and after com-
paction in Tables 7 and 8, Chapter I-4. As we explained before, the loss-
by-washing causes the rejection of the hypothesis of equal treatments.

We would also like to test the following hypothesis.

Hg = The mean aggregate composition of the stockpile is_‘ the same as
that at the construction site before compaction.
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The test statistic for the above hypothesis is the Hotelling T2 statistic
and its critical value at the 0.05 level is 27.359 (basedon N = 28). A com-

puter program is used to compute the observed test statistics which are

56. 65 for the experiment done by one inspector and 112.32 for the experi-
ment doneby the other inspector. Since both computed numbers are larger
than the critical value, we reject the above hypothesis of equal mean ag-
gregate composition. The simultaneous confidence intervals for the mean
‘difference indicate that the mean aggregate composition of the aggregate
material at the stockpile differs only with that of the aggregate at the job
before compaction with respect to the fine aggregate.

Since the two inspectors are the same in performing aggregate testing,
the tested results of the two are pooled to form one experiment. The above
hypothesis is tested againusing this revised data. The conclusion remains
the same, as was expected.
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APPENDIX G
STATISTICAL MODELS FOR ESTIMATING

AGGREGATE COMPOSITION AND
DEGRADATION RATES
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In this appendix, we present statistical models for estimating the com-
position of in-place aggregate after compaction from either that before com-
paction or the stockpile aggregate composition. We also present statistical
models for estimating the degradation rate of each aggregate size due to
handling and compaction. The models' parameters are estimated based on
the data obtained according to the statistical experiments described in Ap-
pendix F.,

Models to Estimate Aggregate Composition After Compaction From Sam-
ples Taken Before Compaction. '

For the purpose of this section, we introduce the following notation.
For a sample taken from the roadbed before compaction, let )(-l be the
percentage retained on sieves corresponding to the index j, j<i, where
the sieve size of indexi, i=1, . .. , 10, is specified in Table G-1. We
denote Y to be the measurement ona sample taken from the roadbed after
compaction. ' '

TABLE G-1
SIEVE SIZE OF EACH INDEX

Index i 1 2 3 4 5 6 7 8 9 10

Steve Size | 3/4~in,{1/2~in, [3/8~in, | No, 4 [No. 8| No. 16{No. 30| No. 50|No. 100 | No., 200

We also denote X, and Y, to be the percent loss-by-washing of the
sample tzken from the roadbed before and after compaction, respectively.
Then, the relationship between X, and Y; can be expressed as:

YR X, si=t. i, (G-1)
where the P; 's are parameters to be estimated,

Let : di=1=P; si=11-+210 (G-2)

The d; can be interpreted as the degradation rate of the aggregate,
the grain size of which will retain on sieves corresponding to the index j,
i<i. Once we know the P 's, the aggregate composition after compac-
tion can be estimated from that before compaction. We present the follow-
ing estimation procedures for the p; 's.
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Model 1: Ratio Estimate
| Taking the expectation on both sides of Eq. (G-1), we have

ECYD=P ECX) ,i=t,..., 0 (G-3)
That is, |

Pi=E(YD/ZECXD ,i=1,...,10 (G-4)
Thus, each p; can be estimated by

$i=?i/§i. P I | (G-5)
where Y; and ¥X; are the sample méans of samplestaken from the road-
bed before and after compaction, respectively. The results are presented
in Table G-2. :
TABLE G-2 -

ESTIMATES OF THE ADJUSTING PARAME TERS, p;'s,
: BY MEANS OF RATIO ESTIMATE

Mean Percentage Retained dard
Sieve Above Each Sieve I ‘3 Sta ard Error
Index i Siz Dy i of the
e Before After Estimate
Compaction|] Compaction
1 3/4-in, 5.1378 4.7452 0.9236 0.0764 2.216
2 1/2-in. 15. 3864 14,8221  0.9633 0.0367 3.412
3 3/8-in. 22,7616 22,3876  0.9836 0,0164 3.791
4 No. 4 37.9126 37.6759  0.9938 0,0062 3.715
5 No. 8 49,5303 49,3500  0.9964 0.0036 3.406
6 No. lg 60. 7581 60,4981  0.9957 0, 0043 3.111
7  No. 30 72.1976 71.7348  0.9936 0, 0064 2,633
8 _No. 50 85,6057 84.8121 0,9907 0.0093 1,725
9 No.100 91,8266 91,0907  0.9920 0.0080 1.305
10 °© No. 200 93,8079 93,1931 0.9935 0.0065 1.170
11  L.B.W. - 5.8193 6.5626  1,1277 - 0.929 -

' )
We note the standard errors of the estimates are confounded with the

sample splitting error (Gilson Sample Splitter). Thus, the actual standard
errors of the estimates should be smaller than those presented in Table
G""Zc . .
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Model 2: Fitting Eq. (G-1) by Using the Least Squares Criterion

Since the data of samples taken before and after compaction are in
pairs (arranged by the experiment described in Appendix F), a non-linear
curving fitting program (basedon the least squares method) wasused to fit
Eq. (G-1) to obtain the following results in Table G-3.

-  TABLE G-3
ESTIMATES OF THE ADJUSTING PARAMETERS, p;'s,
BASED ON THE LEAST SQUARES CRITERION

Index SSi.eve Bi 3 Standarq Error Ac_fual _Esti?ated
ize i of Estimate ¥i ¥i
1 3/4-in. 0.8318 0,1682 2.156 4,7452  4.2734
2 1/2-in, 0,9315 0.0685 '3.375 - 14,8221 14,3330
3  3/8-in., 0.9639 0.0361 3.763 22,3876 21,9409
4 No,4  0,9863 0,0137 3.704 37.6759 37.3940
5 No.8  0.9928 0.0072 3.401 . 49,3500 49,1748
6 No. 16 0.9938 0.0062 3.109 60,4990 60.3816
7 No. 30 0.9927 0,0073 2,632 71,7348 71.6699
8 No. 50 0.9905 0,0095 1.725 84,8121 84,7921
9 No. 100 0.9919 0.0081 1.305  91.0907 91,0799
10 No. 200 0.9934 0,0066 1.170 93.1931 93.1841
11 L.B.W. 1,117 - 0.920 6.5626  6.5716

We note that the standard errors of the estimates of the above two me-
thods are about the same. Since the correlation coefficient between the
- measurements obtained before and after compaction are very high
(= 0.990649) and the p; , it =1, .. ., 10, are so close, it seems that
we only need two adjusting parameters, one for percentage retained above
each sieve and the other for percent loss-by-washing. This will allow a
gimple estimation of the aggregate ‘compogition after compaction from that
before compaction. The estimating procedures are presented in Model 3.

Model 3:
The fitting equations in this model are:

Yi=PX{ +i=1,...,10
Y11= Py X4 (G-6)
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PERCENTAGE RETAINED ABOVE EACH SIEVE AFTER COMPACTION
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Figure G-1. Plot of percentage retained above each seive before and
and after compaction,
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The parameter p is estimated to be 0.9912 and the standard error of
the estimate is 2.8122. The estimate of Py was presented in Model 2. |
The actual versus estimated mean percentage retained above each sieve is ‘
presented in Table G-4. Figure G-1 is the plot of Xi versus Y|, .
i=1, ..., 10. Figure G-2 is the plot of X1 versus Y . : r

- TABLE G-4 |
ACTUAL VERSUS ESTIMATED MEAN
PERCENTAGE RETAINED ABOVE
EACH SIEVE, p = 0,9912 and pyy = 1.1175

Index | Sieve Size | Actual y; Estimated?i

1 3/4~in, 4,7452 5.0926
2 1/2-in.  14.8221 15,2509
3  3/8-in, 22,3876 22,5611
4 No. 4 37,6759 37.5787
5 No. 8 49,3500 49,0940
6 No.16  60.4990 60,2229
7  No. 30 71,7348 71,5617
8  No. 50 84,8121 84,8517
9 No.100 91.0907 91,0178
10 No. 200 93,1931 = 92,9814
11  L.B.W.  6.5626 6.5716

Comparing the standard errors and the actual versus the estimated
values of the above three models, we conclude that they have the same pre-
cision in estimating aggregate composition after compaction from that be-
fore compaction. The choice between Model 1 {(or Model 2) and Model 3
probably should depend on the type of aggregate.

Before turning toanother subject, we would like to add some comments
concernirg estimation of the percent loss-by-washing., From the theoreti-
cal point of view, we know that

1) Yy2Xazo

2) when X44=0, Yyu=0
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PERCENT LOSS BY WASHING AFTER COMPACTION
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Figure G-2. Plot of the percent loss by washing before and
after compaction. -

-144 -

X




Since the range of ¥,y is from 3 to 8 percent inour data, we could not
determine the functional relation of Y1 and Xy , when X, isnear zero.
Thus, the linear expression of Yi4 as Xp in the above models might not
be proper, especially, when Xy is near the zero. For this reason, we
present the following two models for estimating the percent loss-by-wash-
ing;:

Model 4:

The functional relationbetween X3 and Yis , Y4¢= FOX19)isnon-linear
when Xit is near the zero, but almost linear when Xj is not zero, with
Y4 =X, as an asymptotic line of Y= fF(X1)., TLet a=tan 6. The above
concept is graphically presented in the Figure G-3. '

et~ O

B Xy

Figure G-3. The functional relation of X,, and Y,, .
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Tigure G-4. The functional relationship of the percent loss by washing

before and after compaction.
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If we use the line Yy = aX,. as the new abscissa X'y and rotate the
original ordinate 6 degrees, Y’yy (the functional relation between Xy and
Yy in terms of the new coordinate system) can be expressed as
Y= 0 Y= be~C(X1¥, or Y4, = b(xii)ce_dxﬁ , ete.
1t
It turns out that the first typeis the best among those fitted to the data.
A non-linear curve fitting the computer program is used to obtain the fol-

lowing estimates: a = 1.07958 and b = 7. 05605.

By convertingthe ( X4 , Y’ ) coordinate system tothe ( Xy , Yy )
coordinate system, we obtain the following fitted equation.

_Ca2-1) Xy JC1-a2) X2 +aafaxZ +b(1+a2)]
2a

"

(G-T)

The standard error of the estimate obtained from the above equation is
0.734. The estimated mean percent loss-by-washing is 6.6256 compared
to the actual value 6.5626. The functional curve of Eq. (G-7) is presented
in Figure G-4.
Model 5:
Denote W to be
W=(100-Y10) ~ Y11 (G-8)
W stands for the difference of the percent passing the No. 200 sieve
and the percent loss-by-washing. We have observed from this project that
the variance of W is quite small. That is, the percent loss-by-washing af-
ter compaction can be estimated as:
A —
¥y =(100-Pyg X 19) =W

where W is the estimate of W.

It is computed from our data that W is 0.24431. Thus,

¥44=(100-93.1841) - 0.24431 = 6.57159

The above estimated value is very close to the actual mean percent loss-
by-washing after compaction which is 6.56259.
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The above models show the same precision in estimating the percent
loss-by~washing after compaction when the range of the percent loss~by-
washing before compaction is 4 to 8 percent. Without extra knowledge to
support the functional relation between the percent loss-by-washing before
and after compaction, we must conclude that Model 5 is the most desirable
in estimating the percent loss-by-washing after compaction from that be-
fore compaction.

Model for Determining the Degradation Rate of Each Aggregate Size Due
to Compaction

We have demonstrated in the previous section several models to esti-
mate parameters, p;, foradjusting the aggregate compositionbefore com-
paction to that after compaction.

The (1 - p; }),i=1, ..., 10, areinterpreted as the degradation rate
of the aggregate the grain size of which will retain on sieves corresponding
to theindex j» j<i However, there is noinformation on how much the ag-
gregate retained on each sieve degrades. To answerthis question, we con-
gider the following model. '

Due to computer limitation, and since the actual specification of 22A
aggregate only involves the percent passing the 1-in., 3/4-in., 3/8-in.,
and No. 8 sieves, and the percent loss-by-washing, we pregent the follow-
ing model dealing with three sieves, 3/4~in., 3/8-in., and No. 8.

Let Bi and A; be the percentage retained on the sieve corresponding
to the index i, before and after compaction, respectively. The relation of
the index i and the sieve size is specified in the following table.

TABLE G-5
SIEVE SIZE OF EACH INDEX

Index i 1 2 - 3

Sieve Size { 3/4-in. |3/8-in. | No. 8

Then, the relation between B; and A{ can be expressed as

Ay =P41By4
Az=pi2B1+P22B2
A3=pPi3B1+P23B2+P33B3 (G-9)
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where P;;» 1€i<3, is the proportion of aggregate retained on the sieve
corresponding to index i after compaction, Pij» 1 <i<i%3,is the proportion
of aggregate retained on the sieve corresponding to the index i before com-
paction degraded in size tothat retainedon the sieve corresponding to index
j after compaction and p;,:1<1<3, isthe proportionof aggregates retained
on the sieve corresponding to the index i degraded in size to that passing
the No. 8 sieve. Thus, Pi;'| =i, .. ., 4, is the degradation distribu-
tion of the aggregates retained on the sieve corresponding to index i. It is
obvious that

4 .
L Pij=t (G-10)

The first expression in Eq. (G-9) is obvious. The second expression in
Eq. (G-9) can be interpreted as follows: -

The percentage retained on the 3/8-in. sieve after compaction = (the
percent of 3/4-in. aggregates degraded due to compaction to that retained
on the 3/8-in. sieve). '

+ (the percent of 3/‘8-in. aggregates remainingon the 3/8-in. sieve af-
ter compaction}. '

Thé third expression in Eq. (G-9) is interpreted in a similar way.

Again, a non-linear curve fitting computer program is used to fit Eq.
(G-9) to the actual data. The fitted results are:

Py =0.948877
A

Pyp =0.051123"
Rl (G-11)
Pia =0

Prq=0

Pap=0.975332
P23=0.024668" . - (G-12)
Pag=0%

A

P = (0.97058

3 (G-13)
P34=0.02942
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The standard error of the estimate is 2.46. The actual and the esti-
mated mean percentage retained oneach sieve are presented in the follow-
ing table.

. TABLE G-6
ACTUAL AND ESTIMATED
MEAN PERCENTAGE RETAINED
ON EACH SIEVE

Sieve Size | 3/4-in, | 3/8-in.| No, B

Actual
percentage
Estimated
percentage

4,7452 { 17,6424 26,9624

4.8751 | 17.4517}26.4256

\

As one can see, the estimated values are veryclose to the actual ones.
The major finding of the model is that aggregate retained on each sieve
degrade only tothe size of aggregate retained on thenext size of sieve when
degradation is due to compaction. The model estimates that about 5.1,
2.5, and 2,9 percent of the total percentages retained on the 3/4-in., 3/8-
in., and No. 8 sieves, respectively, degrade due to compaction.

Model to Estimate Aggregate Composition Before Compaction From That
of the Stockpile

Since there is no way to pair the samples from the roadbed and the
stockpile, Model 1 isthe only way that can beused toestimate the composi-
tion of in-place aggregate before compaction from that of the stockpile.
The results are shown in Table G-7.

Model for Determiningthe Degradation Rate of Each Aggregate Size Due to
Handling

The model represented in Eq. (G-9) is no longer usable for this case
because samples taken from the stockpile and construction site are not in
pairs. However, based on the information obtained from the compaction
process, it i8 reasonable to assume that each aggregate size degrades only
to the next size. With this assumption, Eq. (G-9) can be modified to be:

A - -

Pﬁz‘l_A]/ B]

A —_ A = -
Pez=1-(Az-P1By)/ B2
P33=1-(Z3-P2262)/ﬁ3

(G-14)
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The A; in Eq. (G-14) is the average percentage retained on the sieve cor-
responding to the index i, of samples taken from the roadbed before com-
paction. The B; isfor the measurement for samples taken from the stock-
pile. By using Eq. (G-1.4), we obtain the following estimates that 27.83,
20,51, and 14.42 percen: of the total percentages retained on the 3/4-in.,
3/8-in., and No. 8 sieves, respectively, degrade due to handling,

ESTIMATES OF THE ADJUSTING PARAMETERS, p.'s,

TABLE G-7

BY MEANS OF RATIO ESTIMATE

Mean Percentage Retained

Index i} Sieve Size Above Each Sieve f) 31
Before 1
Stockpile | oompaction

1 3/4-in, 7.15 5.16 ° 0.7217 0.2783
2 1/2-in, 18,81 15.41 0,8192 0.1808
3 3/8-in. 26.85 22,81  0.8495 0.1505
4 No. 4 42.01 33.98 0.8089 0.1911
5 No, 8 53,42 49.59 0.9283 0.0717 -
6  No. 18 64.33 60. 81 0.9453 0.0547
7  No. 30 75.34 72.22 0.9586 0.0414
8  No. 50 88. 08 85.61 0.9720 0.0280
9  No. 100 93.59 91,81 0,9810 0,0190
10 No. 200 95.30 93,78 0.9841 0,0159
11 L.B.W. 4,56 5.84 1.2800 --
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APPENDIX H
EQUATIONS FOR DESIGNING SINGLE SAMPLING

FRACTION DEFECTIVE SAMPLING PLAN AND
WALD'S SEQUENTIAL PROBABILITY RATIO PLAN
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In this appendix, we summarize the related equations for designing an
aggregate inspection plan of so-called "acceptance samplingby attributing, "
such as the "single sampling fraction defective sampling plan' (SS¥FD) and
- the "Wald's truncated sequential probability ratio plan" (TSPR).

Basically, we desire a plan such that the lot acceptance probability is
4 - oc for material of Po qualityand is 8 for material of Pg quality, The
o and g are called the producer's and consumer's risk, respectively.
The Pg. and PB are, respectively, called the acceptable and rejected pro-
duct quality level. Details of each type of plan arediscussed in the follow-
ing.

Single Sampling Fraction Defective Sampling Plan (SSFD)

This type of plan specifies the sample size N that should be taken and
the acceptance number, C , of the defective items that are allowed for lot
acceptance. The desired N and C should satisfy the following equations:

C

1]
T
f

it b

I (V)rL cr-pNT |
i=0 : @-1)

(':J)Pé (1-pgIN7
o]

O
1]
™

i

For aplan ( N and C ) determined by Eq. (H-1), the lot acceptance
probability Pa for each given value of product quality P can be computed
by the following equation.

C . .
Pa= T () praa-pN=i (H-2)

In the actual inspection procedure, the number of defective samples
might be greaterthan C before all N samples are tested. Thus, the actual
sample size needed to reach a decision (acceptance or rejection) is less
than or equal to N . If we denote ASN to be the average sampling size,
then

N .
ASN = I iP; - (H~3)
i=C#+1
where
P_l=(i(-:1) P (1-p)i Tl i m e N1,
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and
N -1
Py=1-X P
N i=ce

Wald's Sequential Probability Ratic Plan (SPR)

We describe this type of plan as follows. One sample is taken at a
time. The cumulated sample results are plotted consecutively in a chart
(Fig. H~1). For each point the abscissa N is the total number of samples
drawn up to that time and the ordinate X is the total number of these sam-
ples that are defective. If the plotted points stay within a zone marked by
parallel lines, the sampling is continued without a decision. As soon as a
point falls cutside that zone, we accept the lot if that point is on or below
the lower line, and reject the lot if that point is on or above the upper line,

Figure H-1. Acceptance , rejection and
contimie sampling zone of a SPR plan.

Eqguations of the two parallel lines derived by Wald are presented in
the following. ' '

The lower line X = Sn - h, (H~4)
The upper line x =5SN + hp (H-5)
where
: Pp{1-Pg) - '
1o 8 =
h, = LOG [ —5— /LOG —_— -6
: (F) {qu PBJ] (H-6)
1_8 PB“_PC:)
= — —_— H-7
ha LOG( = )/ LOG [ch“'Pﬂ) (H-17)
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and

. 1_Pq PB(1-P<I) -8
5= L0OG (1_PB)_/LOG [-—PG(1—PB) | (H-8)

For a given value of e , the following équations give the product quality
P and the acceptance probability Pq .

1-Pg\®
1=\

(BY- ()
ocfo] /e (2] w

The sample size in this typé of plan isnot fixed and depends heavily on
the product quality. However, the average sampling number ASN can be
computed from the following equation derived by Wald.

and

B - e 1-8
Pq LOG o + 1 PQ)LOG?

ASN = i 8
1_
F’LOGP + (1~ P)Y LOG _P

(H-11)

Wald's Truncated Sequential Probability Ratio Plan (TSPR)

This type of plan is the same as the SPR plan except that it includes a
new rule for the acceptance or rejection at the Ng th t1ial if the SPR pro-
cedures did not lead to a final decision for N = ‘ Ny . For a fixed No )
one method suggested by Wald is to accept the lot at the Ng th tria) if

NO '
F(X;, Pg)
z LOG _}..:.__.B_ é O

H-12
i=1 FX;, P ! ( )

where
f(xi,P)= P if X =1

=1- P if x=0
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otherwise, the lot is rejected. That isf'1 the lot will be rejected if the total
number of defective items at the N th {ria1 is less than or equal to Cgq

defined below. ' 1-Pg
Ng LOG =P
o
= -13
Co = TPy Pg (H-13)
LOCG 1—_3; - LOG P_cx.

Now, denote P; to be the probability that a lot is accepted at the ith
trial and. x; to be the total number of defective items up to the ith trial,
Then, the acceptance probability Pq is

(H-14)

where
P, = P(Xq£58-h)),

P, = P(KS ~hy< Xy <KS +hy K=, -+, i=1,AND X| £iS-hy),i=2,"" ,No~1

and
. - e -1 Z
_PNO—P(KS hy < Xk < KS+hz, K=1, , Ng =1, AND XNO_CO)

Applying the above equations tothe four TSPR plaus defined in Chapter
I-5, we obtain the following results.

For TSPR 1:
Pi=o0, i=1,-, 23,25, ", 36,
Poy = (1-pP)yR4 , {(H-15)
Py; = 24(1-P)3 p

For TSPR 2:

P12 = (1-p)12 _ (H-16)
P,g = 12P(1-P)!7
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For TSPR 3:

PI. = 0, i=‘|’--..' 6,8"""11,
Py = (1-pPY H-17)
Pa=701-P) P
For TSPR 4:
Pi=0,i=1,"",6,8,9,
Pp= =P (H-18)

Pio= 7(1-P)? P - -

In order to compute the average sampling size ASN, we first need to com-
pute R; , which is the probability of rejecting a lot at the ith trial,
i=1, ... ,Ng . Following the same pattern as before, it can be shown
that

TFor TSPR 1:

~

0 i=1, 20

(L-1)(1-p)i"2 p2 =2, 19,
Es(i—20)+(i-20)(i-zl)/2 (1-PY"3p3 | =2, 24

Ri:ﬁ |:153+ 77(i—25)](1—|=>)i‘3_ p3 , =25, 35 (H19)
1005(1-P)33 P33+ 1082 (1-P)34 P2 , i=36
| 2a01-P)¥ p2 , =37
For TSPR 2:
(o ,iz=1, 1
(i-n(-pyi=2p2 ,i= 2,410
R, =4 [(K-I3)I(K~13)+(K—1z)+1o{|<—11):|(1—P)K'3P3_,i=|z,----,le ‘
69(1-P)14pP3+81(1-P)>5 P2 ,i=17  (H-20)
7L42(1~P)15P2 ,i=18,

where I(X) =0 3 x££ o0, =1 j X>0.
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For TSPR 3:

-
0 ,i.=|’8
Gi-1)(-pyi 2 p2 yi= 2,0, T
Ri= { 7(-8)(1-P)i=3p3 , 1= 9,10 #H-21)
853 ¥ p?2 =
21(1-P)®p3+28(1 -P)’P° , i=1n
7 (1-P)10p2 , =12
For TSPR 4:
o} ,i=1,10
Ri=< (i=0)(1-p)'2P2  |i=2, .8 (t-22)
Rg ) si =89

Once P; and R; arecomputed foreach i,i=1, . .. , Ng , theaver-
apge sampling size ASN can be easily computed by the following equation.
No

i=1
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APPENDIX 1

STATISTICAL EVALUATION OF THE
PROPOSED AGGREGATE TESTING METHOD
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We proposed anaggregate testing method in Part III. In this appendix,
we provide the statistical evaluation of that proposed testing method in es-
timating the aggregate composition.

A Simple Concept in Estimating Aggregate Composition

What could be the difference in aggregate composition measured by the
current and the proposed testing methods ? It is apparent that the percent-
age retained on each sieve measured by the proposed testing method is at
least larger than that measured by the current testing method because fine
aggregate which would be eliminated by the washing process could attach to
aggregate retained on each sieve. Thus, to estimate the aggregate com-
position we must first estimate the amount of fine aggregate which ordi-
narily would be washed out and attach to aggregate retained on each sieve.
Thus, the additional measurement needed is the percent loss-by-washing.
This can be done with the help of a very fine sieve, say the No. 200 sieve,
becausethe percent passing this sieve is very close to the percent loss-by-
washing calculated by the current testing method. Moreover, the difference
of thesetwo measurements isnearlya constant. We present the above con-
cepts in the following mathematical and statistical formulation.

For a sample of aggregates, let Xj+ j=1, ..., 5, be the percent-
age retained on the 1-in., 3/4-in., 3/8-in., No. 8, and No. 200 sieves,
respectively; let Xg be the percent passing the No. 200 sieve, and X7 be
the percent loss-by-washing measured by the current testing method. De-
fine

A=Xg—X7 | (I-1)

The random quantity A is the percent passing the No. 200 sieve, excluding
the percent loss-by-washing. Thus, A is a non-negative random variable
and, in general, has gmall variance. If we define Yj as Xj»j=1, ...,
6, measured by the proposed testing method, then wehave the following re-
lation, '

Yj—)(j'=Bj+e],j=1,...,5 o . (I_z)

where each B; stands for the fine aggregate attached to aggregate retained
on the sieve corresponding to the index j, which will be washed out if the
current testing method is used, and the €; 's are random errors. By de-
finition, Bj is a non-negative random variable, therefore the expected
value, E(B;j) of each B; is non-negative.
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In practice, each sample can be tested only by either one or the other
of the two testing methods. Therefore, we use a Gilson Sample Splitter to
- split each sample into two sub-samples. We then randomly assign each
sub~sample to one or the other of the testing methods. Further, if we de-
note Wi ag the true percentage retained on the sieve corresponding to the
index j of sample i, i =1, 2, then the €j inEq. (I-2) can beexpressed as:

e =Wy ~Wa; )

'Underthese conditions, the €| 's are random errors introduced by the Gil-
son Sample Splitter. If the above randomization takes place, it is expected
that the expected value, E(€;), is zero. Therefore,

ECY;-X))=E(8]) 20 @)

and

The random error €; can be reduced toa negligible amount with pro-
per sample splitting technique. That is, Ed. (I-2) can be rewritten as:

YjTXj =8 (1-6)

If the random quantity B; is ""eontrollable’ or 'predictable' in the
sense that the variance of Bj is very small or the Bj is proportional to
Xj or Yj , the aggregate composition measured by the proposed testing
method can be accurately adjusted tothat obtainable with the current testing
method. One of the simplest estimation procedures suggested by Eq. (I-6)
is touse the expected value of B; which isestimated by the sample average
of the quantity X; - Y; as the adjusting parameter. That is, the X;,
i=1, . .., b, are estimated to be:

A —_
Xj=Y;-Bj -7)

and X7 , the percent logs-by-washing, is estimated to be:

Bij* Yo A (1-8)

‘M

A
1=

1

The feasibility of the above estimating method for various types of ag-
gregate is now discussed.
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1) Sandy Aggregate - Since this type of aggregate is not sticky, the
amount of fine aggregate attached to the coarse aggregate is negligible re-
lative to sampling error, testing error, etc. Moreover, the variance of
B;j for each j will be small. For this aggregate type, the estimated per-
centage is expected to be close to the actual percentage. Therefore, the
proposed testing method is expected to be superior to the current method
because of superior cost and testing efficiency.

2) Clayey Aggregate - For this type of aggregate, each Bj might be

quite large, but should still have small variance. That is, the above esti-

mating procedures are again good enough to be used to adjust the aggregate
composition measured by the proposed testing method to that obtainable
with the current testing method.

3) Mixture of Types (1) and (2) - Each B;j might have a sizable vari-
ance. If the variance is not large, the above crude estimation should still
be satisfactory, and should be used because of its simplicity. Otherwise,
other types of estimating procedures should be developed to fit the particu-
lar need.

Unless the aggregate type ina production pit varies greatly from sam-
pleto sample, the above method ghould give satisfactory estimates relative
to other errors introduced by sampling methods, testing methods, sample
splitter, ete. '

We note that the variance of B ] could be large even for the sandy or
clayey type of aggregate if the aggregate production process is not stable,
i.e., the variance of X; or Y; isquite large. If thisis the case, the above
estimating method would still be good for estimating the mean aggregate
composition, but not good enough for estimating aggregate composition of
individual samples. For the latter case, other methods should be develop-
ed. For example, expressing X as: ' '

Xj=PjYj (E-9)
where the P i 's are parameters to be estimated.

Each P; in Eq. (I-9) can be estimated as:

or estimated by ordinary least squares techniques. Intuitively, this esti-
mating method should be better thanthat presentedin Eq. (I-7) andis there-
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fore recommended. However, since the purpose of this study is to demon-~
gtrate the feasibility of the proposed test method in estimating aggregate
composition, we shall use the simpler approachpresented in Egs. (I-7) and
(I-8). If the simplest method works for the purpose, better methods would
definitely work as well.

To support the above theoreﬁcal arguments concerning the feasibility

of the proposed test method, a statistical experiment was conducted to ac~
quire and test samples by both test methods as follows.

Data Preparation

Twenty-eight samples were taken from a stockpile in which aggregate
can be considered as sandy (Type 1). In addition, 14 samples were taken

from the construction site; this could he congidered as clayey (Type 2) be-

cause it was blended with liquid calcium chloride. These 42 samples to-
gether could be considered as samples of Type 3. Each sample was divided
in two sub-samples with a Gilson Sample Splitter. The first sub-sample
was randomly assigned either the current or the proposed testing method.
The other sub-sample was assigned the remaining method. Every sample

was tested in the Laboratory by one inspector using one set of sieves to '

measure the percentage retained on the 1-in., 3/4-in., 3/8-in., No. 8,
and No. 200 sieves; the percent passing the No. 200 sieve and the percent
loss-by-washing (current testing method only). 8Since the percentage re-
tained on the 1-in, sieve is always zero in this experiment, this measure-
ment was not included in the analysis. The above experiment constitutes
a one-way completely randomized block design.

Data Analysis

The statistical model for the above experiment is the same as that
gpecified in Chapter I-2, and, therefore, will not be described here. We
are interested in testing the hypothesis of equal testing method effects.
That is, we are testing whether or not the aggregate composition measured
by thetwo testing methods arethe same. The analysis shows that the mean
aggregate compositions measured by both methods are not the same. We
present estimates of the aggregate composition measured by both testing
methode in Table I-1. We also present the 95 percent simultaneous confi-
dence intervals (SCI) for the mean differences between the two testing me-
thods in Table I-2.
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TABLE I-1 .
ESTIMATES OF AGGREGATE COMPOSITION MEASURED
BY THE PROPOSED AND CURRENT TEST METHODS

Percentage Retained on

Each Sieve Difference
Index | Sieve Size

Proposed Current -
Testing Method | Testing Method

2 3/4-in. 5.88 5.65 | 0.22

3 3/8-in. 17.74 18.44 -0.40

4 No. 8 26.57 25.59 0.98

5 No. 200 47,90 45,20 2.70
TABLE I-2

95 -PERCENT SCI FOR THE MEAN DIFFERENCES ON EACH
MEASUREMENT BETWEEN TWO TESTING METHODS

Sieve Size 3/4-in. 3/8-in. No. 8 No. 200
LCL -1.12 -1.92 -0.47 0.83
UCL 1.57 1.11 2.42 4,58

Since the confidence interval for the percentage retained onthe No. 200
gieve is the only one that does not cover zero, we conclude that the two
testing methods disagree only in measuring the retained percentage on the
fine sieves. ' '

Before turning to other subjects, the folloWing observations should be
noted.

1) The differences between the test results of the two testing methods
are not always positive, thus indicating that the random disturbance intro-
duced by a Gilson Sample Splitter is much larger than the true difference
between the two testing methods.

- 167 -




2) We see from Table I-1 that B3 is negative, and this contradicts
Eq. (I-4). This situation can occur in any of the following circumstances:

a) The sample sizeis not large enough for complete randomization
to take place.

b) The two samples obtained from a Gilson Sample Splitter are not
randomly ordered and assigned to each testing method.

¢) Recording error on some particular samples occurred.
At the present time we do not know the cause of the negative B3 in

Table I-1. However, this is not a serious problem for the purpose of this
representation,

Evaluation of the Estimation Procedures Based on the Conducted Experi-
ment : :

We know that
Table I-1. Thus,

B = 0. The éj fori=2, ..., 5, were presented in
5 _

¥ Bj=3.50. The sample mean and standard deviation
=t '
of A defined in Eq. (I-1) were computed as:
A =0.165

and ‘
STDVLA) =0.0241

Since the Gilson Sample Splitter is always used in the field operation
to reduce a sample to test size, a random disturbance due to the splitter
always exists. This fact, together with the conclusion of the previous
analyses, suggests that there is noneed to convert most of the test results
of the proposed testing method to those obtainable with the current method.
That is, we probably can consider the percentage retained on the 3/4-in.,
3/8-in., and No. 8 sieves as the estimates of those obtainable with the cur-

rent testing method. The only measurement requiring estimation is the

percent loss-by-washing. This is accomplished by using Eq. (I-8) as fol~
lows: -

The estimated percent loss-by-washing for each observation is

A
X7=

M n

Bj+Ye-A=Yg+3.50-0.165 1-11)
1
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After this calculation a new data set is obtained in which the percent-
ages retained on the 3/4-in., 3/8-in., and No. 8 sieves are obtained by
using the proposed testing method, and the percent logs-hy-washing is ob-
tained by Eq. (I-11). This revised data set is compared with the one ob-
tained by the current testing method. The statistical analysis shows that
the aggregate composition of these two data sets is comparable. This in-
dicates that the estimating procedures presented in Eqgs. (I-7) and (I-8) are
reasonably accurate.

Since the only measurement that was estimated is the percent loss-by-
washing, let us look at this measurement more closely.

1) In-Place Samples ( N = 14): The adjusting factors computed from
the 14 pairs of samples taken from the construction site are:

5 _ 5
I B;=4.62 WITH STDV(L Bj)=1.28
i= =1

and A =0.163571 WITH STDV(A)=0.0247

Thus, the estimated percent loss-by-washing is:
X7 =Yg +4.620.163571
for each observation Yeg .
It is computed that the standard error of the estimating method for the
percent loss-by-washing is 0.637. The actual standard error should be
smaller than the above figure which is confounded with the error due to the

sample splitter.

~ 2) Stockpile Samples ( N = 28): The adjusting factors computed from
the 28 pairs of samples taken from the stockpile are: :

5 : 5
) 'éj:a.ga WITH STDV(ZX Bj):'o.gs
=1 i=1

and A=0.166 WITH STDV(A)=0.0242

Thus, the estimated percent loss-by-washing is:

A )
X7=VYg+293-0.166
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for each obéervation Ye -
The standard error in this case is computed to be 0.577.

From apractical point of view, 0.637 and 0,577 are not large relative
to other errors caused by sampling, testing, and splitting methods. That
is, the estimated percent loss-by-washing is accepted as a good estimate
of the true measurement obtained by the current test method.

Based on above analyseé we conclude that the proposed testing method,

together with the estimation procedures, appear to be as good as the cur-
rent testing method for measuring aggregate composition.
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