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SUMMARY

This study was undertaken to upgrade current Michigan highway standard
specifications and acceptance testing procedures where indicated, by deter-
mining realistic tolerances based onstatistical quality assurance concepts.
An examination of historical test results for certain quality characteristics
and limited field experimental studies were to form the bases for any re-
commendations.

The introduction briefly outlipes the purpose, objectives and accomplish-
ments of the study. ‘

A new sampling and testing procedure for concrete flexural strength based
onmodulus-of-rupture is presented. Daily testing of shorter beams is re-
commended. Based on an analysis of historical strength test data, a sam-
ple acceptance level (SAL) is determined. A field study, undertaken to test
the new procedures, indicated that they were workable and would provide
better estimates of concrete strength.

Preformed neoprene joint sealant is the next item investigated. Results of
pastacceptance testing are summarized. Alternative sampling approaches
are discussed and each quality characteristic is classified according to
seriousness should itnot meet specifications. Suggestions for an improved
quality assurance function are given.

A proposed procedure for acceptance testing of Class III Granular Material
is presented. Operating characteristic curves, sample size, warning pro-
cedures, check tests, sample acceptance limits, etc., are described.

A proposal for a 22 A aggregate gradation field experiment is included even
though the study was not carried out. Size and location of experimental
projects, controlled variables, type of tests, and sampling procedure are
all considered.

Phase Iof the project was described in a prior report, which is included as
Appendix A. IHere, specific characteristics of highway materials and cons-
truction for which statistical quality assurance methods would be practical
and advantageous are delineated. From historical records, general operat-
ing levels and variability of these characteristics were determined. Re-
sults provided workable ideas for field experiments under actual job condi-
tions. Historical records are summarized in tabular and graphical form.
Results of a limited field experiment on aggregate gradation are included.
Recommendations primarily involved procedural rather than statistical con-
siderations. Another field study was conducted on the uniformity of transit-
mix concrete. Several parameters were investigated. Performance of
concretes containing different additives is compared.



I
INTRODUCTION

Highway departments exist to provide the public with a system of pave-
ments and bridges constructed and maintained as economically as possible;
adequate to carry vehicles from point to point. To carry out this function,
some form of quality control or quality assurance has always been, and must
continue to be, used by these departments.

The first decisions necessary to the control or assurance of quality
are those concerned withhighway design. After design, there is the major
problem of ensuring conformance of the product tothe design specifications;
and that problem is the subject of this study. Even though products have
been manufactured or constructed to the same specifications, their degree
of conformance may be very different. The capability of a process deter-
mines largely how a product conforms to specifications. For example, if
a concrete mixing process were capable of producing concrete whose com-
pressive strength could be controlled only within + 500 psi, it couldn't pos-
sibly conform well to a specification permitting a tolerance of + 300 psi.
Thus, one major concern of quality control is to determine the capabilities
of processes to meet specifications. Process capability studies are normal-
ly a problem for the producer, while the consumer is interested primarily
in assuring that the goods he accepts meet his specifications., However,
since highway departments (the consumers) may pay wastefully higher prices
if their specifications. are too restrictive, it is important that specifications
be practical and realistic with respect to process capabilities.

Traditionally, specifications did not spell out the actual needs of a
design nor reflect the capabilities. of the construction process or variation
of materials. Quality requirements in such specifications were often based
on judgement and experience. It is apparent that good highways were, and
continue to be, builtusing traditional specifications as applied by experienced
engineers and inspectors, capable of recognizing poor materials and work-
manship. Under traditional procedures, one 'representative'' sample is
taken periodically and the test result is taken as a valid indication of the
quality of the material being inspected. If thetest resultfalls within speci-
fication limits, the material is accepted. If itfalls outside specified limits,
the engineer or inspector decides whether to test again, reject the product,
or accept it on the basis of substantial compliance.

Practical specifications should be clear, unambiguous, and designed
to provide the desired end product at a minimum cost. To be realistic,



specifications mustbe writtento allow for the inevitable variations in mat-
erials and construction or manufacturing processes. ILegally, it isthe res-
ponsibility ofthe originator to make the meaning of each specification clear
and incapable of misrepresentation. It is often impossible, however, to
foresee every contingency;so some judgements must be left to the discre-
tion of the engineer. But for administrative efficiency, and to minimize both
misunderstandings in the field and the additions of contingency items to a
contractor's bid, specifications in all possible cases should be practical,
realistic, and specific.

This study was initiated to develop a quality assurance program that
would minimize the need for intuitive decision making, provide more uni-
formity in acceptance testing procedures, and generate practical and real-
istic specifications in precise legal or contractual terms. It officially began
on dJuly 1, 1963 as a two-year Highway Planning and Research project in
cooperation with the Federal Highway Administration. With FHWA approval,
the project was extended to June 30, 1969. The first two years are called
Phase I and subsequent work is said to be Phase II. The purpose and ob-
jectives of the project as stated in the proposal are as follows:

Purpose

"The general purpose of the project is to upgrade current
MDSH standard specifications where indicated, by the determina-
tion and adoption of realistic tolerances based on statistical con-
cepts, and to develop guidelines to be followed in the development
of future specifications.

The study will be designed and conducted sothat as the work
progressed and significant results were obtained, they would be
presented immediately as recommendations for consideration in
connection with appropriate specification changes. '

Objectives
"l. To delineate specific areas pertaining to highway mat-
erials and construction where the application of quality control con-
cepts will be practical and advantageous.

2. To develop suitable acceptance plans in these areas.

3. To rewrite existing materials and construction speci-
ifications in accordance with approved acceptance plans.



4. To Prepare a Department Manual containing guidelines
for continuing improvements in sampling, testing, and acceptance
in relation to highway construction, maintenance, and operations
and to reduce variability of performance among contractors con-
ducting similar work. "

Research Procedure

Briefly, the research procedure as outlined in the proposal is:

"l. Review of the overall acceptance testing program for
highway materials and construction as required by current Mich-
igan specifications. Also review the decision-making principles
presently practiced by the Department.

2. Establish promising areas for special study and res-
earch from historical data and from recent sources. Determine
where and when improved quality or better job control is needed.

3. Develop practical and meaningful specificationlimits
for improved acceptance sampling.

4, Conduct statistically designed laboratory or fieldex-
periments to determine specificationlimits where proper operat-
ing limits are not known.

5. Startthe development and operationof a Sigma Bank (or
standard deviation bank) to provide values of Sigma (standard de-
viation) that mightbe expected under given field conditions. Sigma
values, together with related material and construction data, will
be stored on IBM cards for rapid recovery in connection with future
specification writing,

A continuing effort will be made to secure more recent con-
struction, laboratory, and field test results. As these test results
become available, they will be analyzed and evaluated. When sig-
nificantresults are obtained, they will be presented as recommen-
dations for upgrading current highway specifications. "

Accomplishments

During the first two-year span of the project, historical data were
analyzed for several materials, and one field test--involving aggregate
grain size analysis--was completed. Data from the analysis of historical



data, and the field test published previously as "Highway Quality Control
Program: Statistical Parameters' (MDSH Research Report No. R-572,
March 1966) are included in this report as Appendix A. There are major
weaknesses in using historical data, e.g., absence of information regard-
ing sources or causes of variations, and the lack of a sound random samp-
ling plan during the time when data were gathered in the field.

In early 1966, a Departmental Advisory Committee was appointed
to assume general administration of the project. Familiarity with statis-
tical quality control procedures was not a prerequisite for membership,
but Committee members were selected on the basis of their expertise in
a field where statistical quality control or assurance might be implement-
ed. The Committee was composed of the following representatives:

Chairman: R. L. Greenman, Testing and Research Engineer
E. A. Finney, Director, Research Laboratory

. T. Oehler, Asst. Director, Research Laboratory

J. Olsen, Director, Testing Laboratory

C. Brehler, Director, Field Testing

. M. Ellis, Asst. to the Bridge Construction Engineer

L. Wickham, Asst. to the Road Construction Engineer

. M. Noble, Manager, Highway Planning and Research

O QSO

The priority list developed by the Committee was as follows:

Concrete modulus-of-rupture testing
Air and slumptests for concrete, with particular emphasis
on slag-aggregate concrete
Dimensions of neoprene seals
Surfacing aggregates: 21A,22B, 22C,22D,22E,23A, and 24A
Bituminous aggregate 20A
Sand 2NS
Thickness of selected subbase (under concrete pavement)
Thickness of concrete pavement
9. Density tests on embankment construction
10. Porous material, Grade A (loss by washing)
11. Surface tolerance on concrete pavements
12. DPenetration of recovered asphalt
13. Height of fence fabric.

R
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This report discusses Priority Items 1 and 3, and parts of Items 4,
and 10; the only ones on the list which were studied during the duration of
this project. Although time did not permit study of the remaining items,
they are listed in order to show where the Advisory Committee believed



emphasis was needed in the area of quality control. Even though it was
relatively low on the list, Item 10 was included in the study because of a
special request from the Construction Division.

For reasons discussed earlierin the report, historical data were not
considered satisfactory for developing realistic acceptance testing plans.
Therefore, a proposal for a large-scale field test investigating grain size
distribution of 22A surfacing aggregate was prepared and submitted to the
Committee for approval. After reviewing the proposal, which is included
inthe report, a majority of the Committee declaredthe suggested field test
redundant and it was not approved.

In the spring of 1969, about eight hours of lectures on "Statistical
Quality Control" were presented by the Research Laboratory to several
engineers in the Construction Division, Their questions and comments in-
dicated thatthe constructionengineers who attended were enthusiastic, and
apparently convinced of the value of statistical quality control. However,
persons attending the class were below the top management levels where
decisions to use statistical methods must utltimately be made.



II
TESTING FOR CONCRETE FLEXURAL STRENGTH
BASED ON MODULUS-OF-RUPTURE
(PRIORITY ITEM 1)

The Committee's Priority Item 1 was the application of quality assur-
ance principles to a modulus-of-rupture test to determine flexural strength
of pavement and bridge concrete. In Michigan, flexural strength tests are
used to gather information concerning concrete mix design and the quality
of its constituents. If further investigation indicates, for example, that
low flexural strength is due to structural or chemical composition of the
aggregate, this will be sufficient reasonfor rejecting aggregate from this
source for further use.

The question immediately arose as to whether concrete flexural
strength was a sufficiently critical material characteristic to warrant im-
position of these new techniques. In reply to this, it can be pointed out
that since concrete strength is presently being checked by the Department
for decision making purposes, statistical methodology can be appropriate-
ly applied inan attempttoincrease confidence inthe test. The methodology
can be used regardless of the purpose of the inspection, i.e., as a check
on contractual conformance or, as presently used, to gather information
on the mix design.

Perhaps the justification for priority consideration is that modulus-
of-rupture testing is one of the least sensitive areas for study in that it
would involve minimum interference with on-going construction. It was
felt that experience gained in the development of a program for this char-
acteristic of relatively minor importance would be beneficial to future plans
for more critical items concerning contractual obligations.

Background

The study began with an analysis of historical modulus-~of-rupture
data; the results of which, along with additional data, were presented in
a Progress Report (MDSH Research Report No. R-550, October 1965).
In June 1967, a proposal (Research Report No, R-583)for revising modu-
lus-of-rupture acceptance procedures was submitted. This proposal was
based on additional historical within-project data analysis and embodied
new sampling and statistical considerations. As aresult of this proposal,
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a field study beginning in 1968 was undertaken, essentially to determine
the operational feasibility of the recommended procedures. Itsintent was
not necessarily to indentify factors influencing concrete strength.

It should be noted that, for the purposes of the field study, consid-
eration was limited to pavement concrete (as opposed to bridge concrete)

and also to seven-day tests.

Initial Considerations

Time Lag - It is difficult todesign a sound quality assurance plan for
concrete strength from the standpoint of taking immediate corrective action
since the tests are made at least seven days after the concrete has been
placed; usually too late to be of any influence on the quality of the related
mix. In addition, any confirmed strength deficiency is not easy to physi-
cally rectify. Nevertheless, we believe more meaningful quality assur-
ance procedures canbe implemented if more reliable estimates of concrete
strength are desired.

Shorter Beams - Application of statistical quality assurance proce-
dures usually involves an increase in sample size relative to current re-
quirements. In order that this be accomplished with a minimum increase
in inconvenience, it was recommended that shorter, single-breakheams
be molded. Moreover, experience has shown that with the heavier, long-
er beams used previously, a number of tests were lost because of broken
beams resulting from the rough handling that goes with more difficult lift-
ing.

Conventional 6- by 6- by 36-in. beams wouldbe abandoned and an in~
creased number of individual 6- by 6~ by 18-in. beams be substituted, thus
allowing more independent tests to be made.

Because of the shorter beam length, certain modifications would be
necessary to the beam breaking frame. Minimum alteration would involve
moving a support roller, further modification could make the test frame
less cumbersome (Fig. 1).

The benefits of 18-in. beams outweigh the inconvenience of having to
handle more beams to achieve an equal number of tests. Advantages in-
clude: easier handling, less chance of damage in handling, and a minimum
loss of information if a beam should be damaged. Also, it would seem to
be more psychologically appealing to base acceptance-rejection decisions
on several sample units. By far the most significant benefit, however, is
the improved quality assurance reliability gained, since the use of smaller
beams allows a larger number to be conveniently tested. In addition, two



separate beams are more desirable since two breaks of the same beam do
not give the scope of information that two breaks of different beams do.
This is especially true if several beams are widely and systematically se-
lected, thereby representing different portions of the concrete mix.

Specifications - It is difficult todetermine sample acceptance limits,
risklevels, desired quality, etc., from anengineering point of view. Stat-
istically based specifications require more information than the current
single-valued specification calls for. We must know, for example, whether
this specification represents a maximum or minimum average, or desired
quality level, and what proportion below desired quality can be tolerated
over the long run,

For modulus-of -rupture, the current specifications call for a seven-
day strength of 550 psi. Is this an absolute minimum value, or would a 550
psi average indicate adequate strength? If a minimum, must eachand -
every test meet or exceed this value, or is there a certain proportion of.
tests below this value that couldbe tolerated ? The design of a statistically
based acceptance procedure must consider these questions and should pro-
vide their answers. ‘

Lot Size - Another difficulty in developing an acceptance and testing
procedure based on modulus-of-rupture measurements is the .establishment
of the amount of concrete production to be represented by a sample. This
problem is complicated by the nature ofthe production process. Since mat-~
erial flow is continuous, discrete lots are not naturally defined, and con-
struction on a specific project is sometimes sporadic.

For strength testing, proper quality assurance procedures require
daily sampling when construction is in progress instead of the current every
other day practice. Daily samples would facilitate the detection of any maj-
or strength differences that might occur due to any day-to-day production
changes. It was decided, then, to focus attentionon a day's productionfor
inspection purposes. Any further division into smaller 'lots' wouldbe
purely arbitrary and, hence, unnecessary.

Operating Characteristic

Based onanalyses of limited historical data, a rough initial estimate
of within-projectstandard deviation was obtained. This estimate was used
as one of the parameters defining the operating characteristic (OC)estab-
lished as a model for the field study. In some cases, data showed esti-
mates of standard deviation to range as high as 95 psi. If OC's are used
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to determine acceptance limits, then the standard deviation is animpor-
tant factor and estimates thereof should be as reliable as possible. There-
fore, continuous analysis of actual testdata would be desirable in order to
confirm or update current estimates.

Several plans are discussed and illustrated by OC curves in the dis-
cussion that follows. They represent various combinations of sample size
for the average of two breaks per beam, and quality levels for aparticu-
lar contractor's risk (&¢= . 05) and consumer'srisk ( # = .10). Other com-
binations of risk levels could be used if appropriate, which might affect
sample size and sample acceptance limit (SAL) or both.

In practice, the procedure would be to compute the average modulus-
of-rupture value of the sample and compare it withthe plan's SAL. Accep-
tance or rejection of the lot is then based on whether or not this level wag
exceeded by the sample average.

It should be noted that for most of the cases described in this report
the OC curves were not designed with a fixed desired quality level (DQL)
in mind. A DQL is a predetermined value of the quality characteristic for
which the probability of acceptance will be set high.

Historical evidence indicates that about 10 percent of the data are
falling below the specificationlimit of 550 psibut are being tolerated. This
is based on the distribution of individual breaks and also the average of two
breaks per beam for accepted results. The curves in Figure 2 were de-
signed with thesefacts inmind; that is, so that the chance of accepting.con-
crete with strength of 550 psi is 10 percent (consumer's risk).
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Figure 2. Operating characteristic curves for three sample sizes (N).

11—



The curves also illustrate the different probabilities of acceptance
for concrete of a given strength with appropriate shifts in the SAL as sam-
ple sizes change, but for a fixed standard deviation. Note that the various
sample acceptance levels are considerably above 550 psi. This means that
more rejections would occur and, thus, more laboratory analyses, etc.,
would be required under any of these plans than was experienced in the past
if the actual strength remained at a level less than the SAL. Currently,
laboratory analyses are supposed to be made on each beam whose flexural
strength is below 550 psi.

Perhaps 550 psi is not the critical lot tolerance (LT) but rather is an
average desired quality level. If this is the case, curves can be designed
fixing the SAL at 550 psi. With the SAL fixed at 550 psi, half of the lots
actually having this modulus -of-rupture value will be accepted and half will
be rejected. Curves for this case and for various sample sizes are shown
in Figure 3. Higher probabilities of accepting lots of less than 550 psi are
quite evident. For comparison purposes, Figure 3 also shows OC curve
'A' illustrating a plan for which the DQL is fixed at 550 psi and the mini-
mum tolerance at 470 psi. Note that the required sample size is 10.
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Figure 3. Operating characteristic curves for three sample sizes
(N) all designed to have a SAL of 550 psi.

It has been established that there are slight seasonal differences in
the variation of modulus-of-rupture distributions which would affect lot var-
iance andthus requiredifferent sample sizes for each season. Under ideal
conditions, variation should be the same from lot to lot. If the apparent
difference is deemed significant, alternative plans would have tobe followed
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each season. Assuming again that 550 psi is the LT, Figure 4 shows how
the sample acceptance levels change for spring, summer, and fall. With
the sample size fixed, the difference observed is caused by the seasonal
variation. Aplan appearingessentially the same for all three seasons could
be used in whichthe DQLand LT are fixed. However, the sample size re-
quired for this constant degree of protectionmight vary by one or two units
for each different season.
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Figure 4. Operating characteristic curves based on the varia-
bility with each season.

It has beensuggested thatbecause of seasonal differences, a correc-
tion might be applied to non-typical seasonal modulus-of-rupture values.
The correction wouldbe based on curing conditions; primarily temperature.
In view of the complications involved in estimating and administering such
a factor, it appears more practicalto use the alternative plan which would
require taking perhaps one more beam or meeting a slightly higher sample
average. Under either of these procedures, however, the improved power
of discriminationbetween good and bad lots does not seem significant enough
to warrant switching plans between seasons. A uniform plan for all con-
ditions, representing a compromise between administrative difficulty and
the risk incurred, appears more feasible at the present time,

-13-



FIELD STUDY

To determine the feasibility of the proposed new procedures, a field
study was undertaken. This study was conducted over a two-year period
(1968~69) under actual job conditions.

Operating Characteristics

The specific construction projects involved consisted of portions of
1496 in Ingham and Eaton Counties in Michigan. Strength specifications
for the project were not affected by the proposed changes, only the pro-
cedures for sampling were modified.

Figure 5 shows the OC curve for the model sampling plan developed
to give example parameters for this study. The curve is defined by an
estimated standard deviation of modulus-of-rupture values based on past
within-project variations and assumes that 550 psi is a minimum acceptable
strength., This is differentthan estimates defining previous curves which
included between-project and between-year variability.

100
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Figure 5. Operating characteristic curve for field study.

Under this plan, the average modulus-of-rupture of four beams must
be 585 psi or more at the age of seven days. If not, concrete from the
day's pour will be judged deficient instrength and appropriate action taken.
Meanwhile, the pavement would not be opened to traffic pending verification.

The 585 psi is not a new strengthspecification. Rather, it is a SAL
that must be met or exceeded by the sample average in order to have a

14-
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specified degree of confidence that the concrete has at least the required
550 psi flexural strength. In other words, given a sample size of four.
beams, and assuming a standard deviation in strength measurements of
54 psi, thena minimum sample average of 585 psi should be met in order

that the risk of accepting low strength (below 550 psi)pavement never

exceeds 10 percent (in this example) in the long run.

For practical as well as statistical considerations it was determined
that a daily sample size of four beams was satisfactory and feasible. In-
dividual beams of the set of four were to be cast at approximately even
intervals during the day, i.e., early and late morning and early and late
afternoon.

Job Control Specimen

Another aspect of this study was thattwo 18-in. beams were formed
at the same time in existing 36-in. molds. Thus, four beam pairs were
obtained, resulting ineight testbeams perday. The existing 36-in. malds
were modified by placing a transverse partition at the center in order to
provide two separate 18-in. beams.

Following routine identical initial curing (24 hr), the beams were re-
moved from the mold and prepared for final curing. One beam was cured
in the usual manner at the site by burying it in moist sand for the remain-
ing five days. The other beam of the pair (designated a job control speci-
men) was transported to a location indoors expected to be more conducive
to optimum curing conditions. Hypothetically, idealtemperature control
would be achieved. In addition, these beams were sealed in polyethylene
bags to insure moisture retention.

It was hopedthat underthese conditions, the job control beams would
approach the maximum strength for seven days and that comparisons with
field-cured beams would indicate any limitations inthe field method. Also,
if this procedure were feasible, higher strengths, more representative of
ultimate pavement valves, should be observed, thus minimizing (if not
eliminating) the need to justify to the FHWA any low-strength test results
obtained using field-cured beams.

Results
Datawere collected according tothe new procedures during the sum-
mer constructionseasons of 1968 and 1969. For descriptive purposes, the

modulus-of-rupture values were plotted in chronological sequence for each
year-curing method combination as illustrated by Figures 6 and 7.

-15-
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The acceptance limit which appears on the charts is for reference
purposes only, and does not apply to individual breaks. Inpractice, how-
ever, this limit would apply to the average of the four breaks per sample.
Forthe present we canestimate from the chart whether or not the average
would fall below the limit and, if so, if this was caused by a single break
or by the whole sample being low.

Several important observations canimmediately be made. First, by
noting the dates the test samples were molded, the discontinuity of con-
struction is apparent. This may or may not be of any practical signifi-
cance in this case. In general, however, ideal quality control is achieved
when the production process is continuous.

Another observation is that there is a relatively high within-sample
variation. This result is disturbing since it renders more difficult the.
ability to detect real between-lot shifts in concrete strength, which is the
mainobjective of acceptance sampling. It shouldbe evident, however, how
unreliable a single break would be in estimating concrete strength, andat
the same time the superiority of using an average of several breaks.

How much this within-sample variation is due to testing and curing
and how much represents actual strengthdifferences cannotbe determined
from this study. For the 1969 data, however, 12 percent more within-
sample variation was noted® inthe strengths obtained from the beams cured
in polyethylene bags than in the field-cured beams. Since the same concrete
was used for each set, the implication is that the difference is due to fac-
tors other than inherent strength variation, namely, curing or testing or
both. ' '

The fact remains that the variation is present and must be taken into
account when prescribing sample size. A controlled experiment could
serve to isolate the various contributions to this variance. In the case of
modulus-of -rupture testing it is difficult to foresee what practical measures
could be taken which would decrease any assignable error. Hence, the
high within-sample variation will have tobe recognized and mostlikely will
be reflected in an increased sample size requirement.

A comparison of charts for each of the year and cure method com-
binations reveals substantial differences among the overall average levels.
There are reasonable explanations for these differences as mentioned in
the following discussion.

1 As measured by component sum of squared deviations from the sampie
means. '
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It will also be noted that, on some days, construction was limited and
fewer than four beams were obtained. The proposed acceptance plan was
designed for a sample size of four. Theoretically, each different sample
size would have its own different SAL. We feel that this situation would be
unworkable in the field. Therefore, we propose that a minimum of four
beams be molded regardless of the amount of construction on a given day.
The inspector would have to have some advance knowledge, of course, in
order to plan his sampling intervals. If advance notice was not available
as to when construction would be completed, his sample would have to be
fulfilled from the last concrete available.

Anadditional descriptive illustration of the data is shown in Figure .
Here the frequency distributions of the modulus-of-rupture values are pre-
sented for each of the sub-group combinations. From thesedistributions.
an idea of the magnitude of the variation of the data can be obtained as well
as the relative position of the distributions on the modulus-of-rupture . scale.

Although additional data would have been desirable to allow a more
firm conclusion, comparisons between the observed standard deviations
(especially for the field data) and the estimate based on past data (54 psi)
which was used inthe model OC curve indicate relatively close agreement.

Polyethylehe Bag Curing

The scheme involving the final curing in polyethylene bags of one beam
of the 18-in. pair did not work out satisfactorily. According to the initial
proposal, storage and testing was to take place at the Project Engineer's
office or other suitable building near the constructionsite. Insome cases
this involved considerable extra handling and transporting.

As the charts indicate for the tests made in 1968, strengths of the
beams cured inthis manner were, on the average, much lower than those
cured as usual. These results are quite contrary toexpectations. As the
results became known, we felt that the reason might be dueto tears in the
bag or inadequate sealing, allowing the beams to dry toofast. Subsequently,
a cup of water was added to each bag before sealing in order to remedy
the problem, but at too late a date to improve the 1968 findings since con-
struction was discontinued shortly thereafter.

The whole procedure of transporting the beams, placingthem in poly-
ethylene bags, and testing, appears to have turned out to be quite bother-
some tofield personnel and did not generate adequate concern for their care.
It appears that final curing in plastic bags in the field requires too much
delicate care and attention to be a practical routine field practice.
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For the tests made in 1969, the beams designated for the plastic bags
were brought to the Research Laboratory for final curing. Here extreme
care was taken in handling and testing the beams. Water was routinely
added to the bags before sealing. Continuous monitoring of room tempera-
ture and bag integrity were made.

Whenhoused atthe Research Laboratory, strengths were found to be
high; on the average, at ahigher level than comparable beams cured in the
field. As a routine practice, however, final curing at the Research Lab-
oratory isnot feasible due tothe transportation involved. In this study the
construction project was near enough that distance was no problem.

Besides the 1968-69 difference in final curing conditions for beams
sealed in polyethylene bags, concrete with low slump was used in the 1969
constructions. This was required because the slip-form paving technique
was used on the project. Lower slump concrete may have resulted in a
higher overall average modulus-of-rupture but would not seem to totally
account for the large difference (176 psi).

Field Operation

The field operation in and of itself (excluding the plastic bag operation)
seems quite feasible. Minor procedural questions arose such as how many
times to rod the mix in eachsection of the modified 36-in. mold, and the
difficulty in removing the 18-in. beams from the mold due to the .separating
partition. However, operational procedures such as these would be com-
pletely specified when and if this procedure is adopted. For thetime being,
each of the 18-in. sections was rodded half as much as the usual for the
36-in, molds. Also, the use of 18-in. molds in lieu of modified 36-in.
molds will eliminate the removal difficulty.

CONCLUSIONS

The main conclusiondrawn from this limited trial is thatthe proposed
field sampling and testing procedures are workable. Moreover, this plan
would provide better estimates of concrete strength due to increased daily
sample sizes.

Final curing of a duplicate set of beams in sealed polyethylene bags
does not appear practical. The delicate handling required, the transporta-
tioninvolved, and inadequate or unavailable space in field offices--all com-
bined--tend to rule against this practice. Of course, if the value of this
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information is great enough, extreme and costly procedures could be im-
posed to accomplish the desired handling and curing conditions.

Adopting a meaningful quality control program requires more than an
improved sampling scheme. Continuous surveillance and analysis of test
results should also be conducted. Initial estimates of process parameters
may have to be adjusted, desired quality levels may change, or other cir-
cumstances might be altered, any of which could necessitate procedural
changes. Hence, if and when statistical quality assurance plans are imple-
mented, provisions for administrative follow-up studies should also be es—
tablished at the same time for a really effective quality control program.
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III
PREFORMED JOINT SEALANTS

(PRIORITY ITEM 3)

Second in order of priority, as established by the Steering Commit-~
tee, was concrete air content and slump testing. However, historical data
were notsuitable for statistical analysis so, for expediency, it was decided
to investigate the third item of priority, preformed neoprene joint seals.

' Current specifications call for preformed sealer of virgin, crystal-
lization resistantneoprene which is flexible, pliable, and will retain elas-
ticity and other physical properties under temperature and various other
constraint conditions. It must pass several tests ranging from tensile
strength to ozone resistance and, in addition, meet dimensional require-
ments (Table 1).

Designing sampling plans for inspection of neoprene sealer to assure
conformance, presents interesting problems in the economics of measure-
ment, common to most statistical acceptance plans. The problems arise
from considerations concerning classification of the sampling plan as an
attributes or variables plan and the selection of a random sample from a
lot.

The distinction between variables and attributes sampling plans can
be describedbriefly as follows. When a record is made of an actual meas-
ured quality characteristic, such as a dimension expressed in thousandths
of an inch, the quality is said to be expressed by variables. When a record
shows only the number of articles conforming or failing to conform to a
specified requirement, it is said to be a record by attributes. This app-
lies, for example, to many things that may be judged only by visual exam-
ination, or by ''go'" and 'no go' gages. In addition, however, some charac-
teristics that are specified as measurable variables are inspected merely
as conforming or non-conforming to specifications.

The two systems compare roughly as follows:

Characteristic Attribute | Variable
Number of observations for good data many few
Information value per ohservation low high
Overall cost per observation low high
Speed of use fast slow

-23-



TABIE 1
ABRIDGED 1970 MICHIGAN SPECIFICATIONS

1-1/4 in. CONTRACTION SEAL

Overall width, . . . . . . . . . . . . .. v . v+ v v v v+ . .1-1/4 in, min
Operational flat area of each side of seal when compressed to 1 in. . .7/8 in. max ‘
Overall depth of seal when compressedto 1/2in. . .+ + + + +» . . .2 in. max
1-5/8 in. EXPANSION SEAL
Overall width, . . . . . . . . . .. .. ... .+ . v+ .+...1-5/8in. min
Operation flat area of each side of seal in uncompressed condition . . .1 in. min
Overall depth of seal when compressed to 1-1/2in. . . . . . . . . .1-3/8 in. min
Overall depth of seal when compressed to5/8in. . . « . . . . ... .2 in. max
Tensile strength, psi 2,000 min ASTM D412 (die C or D)
Elongation at break, percent 250 min ASTM D412
Hardness, Type A durometer 60+ 5 ASTM D2240
Oven aging, 70 hr @ 212 F
Tensile strength, change, percent 20 max
Elongation, change, percent 20 max
Hardness, points change 0 to 10
Oil swell, 70 hr @ 212 F, ASTM oil 3 ASTM D471
Weight change, percent 45 max
Ozone resistance, 70 hr @ 104 F ASTM D1149
20 percent strain, 300 pphm in air No cracks
Compression recovery, 50 pércent Departmental methods
deflection, percent of original width _
70 hr @ 212 F 85 min2
70 hr @ 14 F 88 min?
22hr @ -20 F 83 min?
Compressive force vs. deflection3 ' Departmental methods
1-1/4 in. Contraction Seal
compressed in 1 in., lb per lin in. 4.0 min
compressed in 1-1/2 in., 1b per lin in, 35. 0 max
1-5/8 in. Expansion Seal
compressed to 1-1/2 in., Ib per-lin in. 4.0 min
compressed to 5/8 in., 1b per lin in. 25,0 max

1 Specimens for the hardness tests shall consist of strips cut from the webs or walls of the
seal., If the specimen is not at least 0.12 in. thick, two or more plies shall be used to
obtain this thickness. :

2 Adhesion between any of the webs or cracking of any of the webs shall mean the sample
has failed the compression recovery test.

3 Compressive force vs. deflection tests made only on transverse seals for concrete
pavement.
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The important advantage of a variables sampling inspection plan over
an attribute sampling inspection plan is that for any desired degree of pro-
tection or risk, fewer items have tobe inspected to judge the acceptability
of a lot. If inspection of the item is costly, requiresa great deal of inspec-
tion labor and expensive equipment, or if the item is damaged or destroyed
by the test, use of a variables plan will be found profitable. Testing neo-
prene joint seal fits all the prerequisites in favor of a variables inspection
plan.

The extent of conformance or non-conformance to the desired value
of a quality characteristic is given weight where variables criteria are
used. This maybe important where there is a margin of safety in the des-
ign specifications, or a zone of indifference between clearly satisfactory
and clearly unsatisfactory product. Finally, variables information usually
gives a betterbasis for guidance toward quality improvement--provided by
control charts for averages.

Perhaps the most serious limitation on the use of variables plans,
however, is that acceptance criteria must be applied separately to each
quality characteristic. And, as mentioned, there are at least 14 quality
characteristics that neoprene joint seal has to meet. If all these charac-
teristics are tobe examined at agiven inspection, a single set of attributes
sampling criteria couldbe applied in the acceptance decision. By contrast,
if each characteristic is subject to variables inspection, 14 different sets
of criteria must be employed.

In practice, however, it is common to group attributes into an allow-
able number of defects of critical major and minor categories and to sam-
ple accordingly. Unless trivial defects are to be given the same weight
as serious ones, it is essentialto have aclassification of defects ora class-
ification of characteristics. Hence, here toowe have multiple criteria to
be applied.

It should be mentioned that not all of the requirements for neoprene
joint seal would seem tobe equally critical. Those most critical, bearing
directly on in-service performance, are perhaps compression-recovery
characteristics and physical dimensions. Others, suchastensile . strength,
might be tested for information only, since joint seal normally undergoes
no appreciable tension in service and joint seal with insufficient strength
is seldom encountered.

This being the case, the test may merely lend additional assurance
regarding the general durability of the material. (Low tensile strength,
for example, may indicate an inadequate cure.) For thisclass of require-
ments, reduced inspection is warranted, possibly on aspot-check basis.
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It will be noted in Tables 3 and 4 that only a small percentage of material
was rejected on the basis of these criterid. '

Classifying Quality Characteristics for Seriousness

In order to determine if any difference exists in the importance of
the various quality characteristics of neoprene joint seal, two experts were
asked to classify them according to the following definitions:=

Class I - Very Serious

a) Willsurely cause an operating failure of the seal in service
which cannot be corrected in the field.
b) Will render seal totally unfit for service.

Class II - Serious

a) Will probably cause operating failure of the seal in service
which cannot be readily corrected in the field.

b) Will surely involve increased maintenance or decreased
life.

c) Will cause increase in installation effort,

Class III - Moderately Serious

a) May possibly cause an operating failure of the seal in ser-
vice. .

b) Likely to cause trouble of less serious nature than operat-
ing failure, such as substandard performance.

c) Likely to involve increased maintenance or decreased life.

d) Will cause minor increase in installation effort.

Class IV - Not Serious

a) Will not affect operation or performance, maintenance, life
of the seal in service.

b) Will not affect installation effort.

c) Minor defects of appearance, finish, or workmanship.

The results of this classification are given in Table 2.

While, admittedly, two judges are a small sample upon which to bhase
conclusions, some observations can be made which, if generally held, ’

2 After J. M. Juran, Quality Control Handbook, McGraw-Hill, New York,
1962, Sec. 8.
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TABLE 2 .
RATINGS OF IMPORTANCE OF CHARACTERISTICS OF NEO-
PRENE JOINT SEAL

Classification*
Quality itudinal Transverse Transverse
Characteristic Longitudina Contr. & Constr, Expansion
€1 | C € Cy C1 | C
. Over II I II II IIT II
Width Under I o i} 11 I I
Over II v II II II I
Depth Under m I I v oI 1o
Tensile strength a1 III I II1 I 111
Elongation at break o 1 111 I I I
Permanent set at break II1 II II1 II I II
Recovery: )
70hr at 212 F I 11T I 111 I 11T
70hr at 14 F i 1| I II I 1I
22hr at -20F I 1I I II I II
Heat aged:
Tensile strength I II1 II 111 II II1
Elongation o II1 I1 I o I11
Hardness I 111 I I II I
Oil swell, 70hr at 212 F I 1 I I II III
o II II I I II

Ozone resistance

* Cq and C2 represent two different judges.,

could have a bearing on acceptance plans. One is that it makes no differ-
ence to these judges whatthe intended use of the seal is (longitudinal, trans-
verse, etc.); a specific characteristic is judged equally serious for each
type of seal. '

Judge C; classified each characteristic almost consistently one level
more serious than Judge C,. Also, with one exception, all characteristics
were rated at least "moderately serious.' Finally, one judge classified
only three characteristics as ''very serious. "

The classification results seem to indicate that all characteristics

are somewhat equally critical. No clear-cut, consistent sub-grouping is
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apparent. This suggests that to establish non-compliance with the speci-
fication for the neoprene joint seal as a whole, it should be both necess ary
and sufficient to establish non-compliance for any single quality charac-
teristic.

Sampling Plans

Since tests made to determine the acceptability of the neoprene joint
sealer for most of the characteristics involve measurement on a continuous
scale, it seems unwise not to take advantage of this information by simply
recording passing or failing. Moreover, there would be no economic gain
as far as the test procedures are concerned if an attributes rather than
variables planwere adopted. Onthe contrary, given the same test methods
and procedures, more tests would be necessary under an attributes plan,
thus increasing overall cost. Ozone resistance is the only characteristic
that would be considered an attribute since the specifications call for the
appearance of '"mo cracks. "

The main task to be accomplished using a variables plan is that of
designing statistically sound acceptance criteria for each of the quality
characteristics. But this is a preliminary consideration. The final ad-
ministration of the variables plan should not be particularly more diffi-
cult than would an attributes plan. Increased difficulty would arise indes-
igning plans if inspection was to be on an attributes basis. The very low
percent defective of most of the characteristics combined with small lot and
sample size, would necessitate assuming non-normal distributions which
would complicate computation of acceptance-rejection limits.

The formation oflots (i.e., groups of reels) and the random selection
of testing samples from the individual, randomly selected reels, present
further difficulties. The irregular way in which the sealer is presented
for inspection complicates adoption of a statistically sound acceptance sam-
pling plan. Presentation is "irregular' in that lots vary in size and vari-
able lengths are on the reels.

Ifthe Department were willing to revise their existing sampling meth-
ods, a procedure could be adopted that would allow a more genuinely ran-
dom selection of test samples from the reels of neoprene seal. Under pre-
sent practices, the manufacturer could conceivably manipulate the quality
by more strictly controlling the production of the seals near each end of
the reel, where he knows the samples will be taken. We cannot, however,
indiscriminately or purely at random, select samples, as this would re-
sult in useless short lengths of seal. Perhaps steps could be. taken to in-
sure a uniform length to be contained on each reel such that samples of

’
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required lengths couldbe systematically taken at intervals that would allow
virtually complete use of the remaining pieces, despite the fact that our
pavement widths are not uniform.

Comparing Table 3 with Table 4 reveals that much improvement has
been achieved in the overall quality of neoprene joint seal since 1965. A
very high percentage now receives unconditional approval and outright re-
jections have been reduced significantly. Expansion jointseal has a poorer
record than contraction joint seal as far as unconditional approvals go.
This appears tobe primarily due to minor deficiencies in elongation prop-
erties. Rejections for this type of seal were low, however.

Regarding dimension-related measurements, here, as well, few pro-
blems were encountered. No rejections were made and only a few measure-
ments did not meet with unconditional approval. New dimensional speci-
fications have evolved and are ineffect which are essentially minimum re-
quirements, i.e., 1.250-in. minimum widthas opposed to the previous
1.250 + 0. 062 in. width. Additionaldepth and operational flat area require-
ments mustbe met whenthe test specimen is under compression. The re-
maining physical requirements remain substantially unchanged in the cur-
rent (1970) specifications from the 1967 requirements.

Conclusions

In order to improve the effectiveness and/or efficiency of the quality
assurance function for preformed neoprene joint seal, certain changes in
procedure couldbe adopted. Whether or notthese changes are warranted
in view of performance history of the sealin service is not examined here.

The changes might include:

1) Establishment of varying sampling rates consistent with the ser-
iousness of the quality characteristic.

2) Some lots are recommended for use even with one or more minor
deficiencies judged to be harmless, It should be determined what effect
any interaction cf the deficiencies might be, and a limit established as to
the number and type allowed if this practice is to continue.

3) Base dimension acceptance criteria on averages and statistically
determined limits rather than an arbitrary number of passing measurements
out of an arbitrary total number of measurements as in the current prac-
tice.

-929-



TABLE 3

SUMMARY OF JOINT SEAL ACCEPTANCE TEST RESULTS

FOR 1965

1-1/4 in. Contraction Material

1-5/8 in. Expansion Material

Manufacturer A

Manufacturer B

Manufacturer C

Manufacturer D

Manufacturer E

Length | Percent| Length| Percent| Length | Percent| Length | Percent| Length|Percent.
ft of total ft of total ft of total ft of total ft of total
Approved 1,497 2.1 ~— —— - ——— 371 4.2 _— ———
Recommended* 50,800  70.0 4,278 80.9 4,965 100.0 6,142 70.0 —— e
Rejected 20,219 27.9 1,010 19.1 ——— ——— 2,264 25.8 800 100.0
Total 72,619 00.0 5,288 100.0 4,965 100.0 8,777 100.0 800 100.0
Physical dimensions 23,511 32.4 250 5.8 - - 1,095 12.5 _— -
Hardness, physical
. dimensions 8,962 12.4 . — —— —— —_—— ——— — ——

Hardness 738 1.0 - -—- ——= -—= -—= -— ——= -—-
Hardness, elongation 238 0.3 - ——= -—= ——— —— ——— ——— ——
Hardness, elongation

depth 732 1.0 — -— -— - — - - —
Hardness, width 10,000 13.8 ——= ——— - ——— ——— ——= —— -
Elongation, depth 575 0.8 - ~—— - - —— ——— ——— ———
Depth 1,145 1.6 - — - — 597 6.8 J— -
Wwidth 1,510 2.1 - - 3,750 75.5 4,270  48.7 - —-
Width, depth -—- ——- - — ——— _— 180 2.0 ——— ——
Width, elongation 825 1.1 - ——— - - - _— — —_—
Recovery 269 . 0.4 - - - -—- -—- - - ———
Recovery, width, depth 2,295 3.2 - - ——- — ——— ——— - —
Recovery, tensile strength

depth - -—- 4,028 76,0  --- - - - ——- ——-
Recovery, depth ——— —— —-— - 1,215 24.5 - —— — —
Physical dimensions 1,682 2,3 —— - — -— — - —- —
Compression, elongation —— - 1,010 19.1 ——- ——— ——= ——— —_— —
Compression, recovery - -—- - - -— - 1,164 13.3 800 100, 0
Depth 15,478  21.4 — - - — — - - -
Width 1,703 2.4 - - - - 203 2.3 - -
Longitudinal cracks 1,356 1.9 -— ——— - ——= 897 10.2 L .

* '"Recommended" sealant had deficiencies minor enough for conditional approval, or met specifications as
revised after the contract was let.

TABLE 4

SUMMARY OF JOINT SEAL ACCEPTANCE TEST RESULTS

FOR 1968-1969

'1-1/4 in, Contraction Material

1-5/8 in, Expansion Material

Manufacturer A

Manufacturer B | Manufacturer C

Manufacturer A

Manufacturer B

Manufacturer C

Length | Percent| Length | Percent| Length | Percent| Length | Percent| Length | Percent Length | Percent
ft of total ft of total ft of total ft of total it of total ft of total

Approved 193,799 90.4 108,117 82,6 55,165 93.3 33,916 70,8 16,228 74.9 7,665 62.5
Recommended * 7,790 3.6 18,629 14,2 575 1.0 13,959 29,2 5,439 25,1 3,050 24,8
Rejected 13,075 6.0 4,220 3.2 3,390 5.7 0 0 0 0 1,550 12,7
Total 214, 664 130, 966 59,130, 47,875 21, 667 12,265
Elongation, depth - - - = — ——- 11,509 24.4 3,909 18,0 - -—
Depth ——— -— 3,743 2.9 75 0,1 ——— — 1,215 5.6 m— ———
Width ——— = 14,886 11,3 ——— ——— - - -— - -— -——
Width, depth 4,290 2.0 - ——— — —— - ——— ——— -— -—- -—
Recovery, width, depth ——- -— = — — -—- ——— -—- 315 1.5 ——— ———
Recovery, depth —— -— —-— = -—= el 2,450 4.8 - —— ——= -—-
Elongation 3,500 1.6 —— ——— 500 0.9 ——- ——— ——— e 3,050 24,8
Compression, elongation  --- - -— -—= 890 1,5 —— ——— —— — 1,550 12,7
Compression 13,075 6.0 —— ——= 2,500 4.2 —_— —— — ——— —— ——
Exposure to Ozone -—- - 4,220 3.2 ——- ——— —— - - -—- - -

* "Recommended" gealant had deficiencies minor enough for conditional

was let,
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4) Examine the possible overlap of certain tests. It may be that a
certain test is in effect duplicating the information gained in another, al-
though different parameters are measured.

5) Consider-changing the current practice of sampling at one (or both)

ends of the reel by devising a sampling procedure that enables samples to
be removed from inner parts of the reel without undue waste.
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v
ACCEPTANCE TESTING OF CLASS III
GRANULAR MATERIAL
(PRIORITY ITEM 10)

On April 22, 1968 the Research Laboratory was asked to develop a
statistical sampling plan for job control of Class III Granular Material.
Because of its variability, the material--being used for bridge abutment
backfill--was not well suited for conventional 'representative' sampling,
and field problems were being experienced as to when to decide to reject
a quantity. Therefore, although it was ranked tenth on the priority list,
attention was immediately given to developing a statistical acceptance test-
ing plan for the loss by washing requirement of Class IIl Granular Material.

The Department's Standard Specifications (1967) provided grading
requirements based on U, S. Standard Sieves as follows:

Total Percent Passing 3-in. Sieve - 100
Total Percent Loss by Washing - 0 to 10

This latter to be determined on that portion of the sample which passes the
1-1/2-in. sieve, inaccordance withthe '"Method of Test for Amount of Mat-
erial Finer than No. 200 Sieve in Aggregate, ' AASHO T-11.

On June 6, 1968 a statistical acceptance testing plan was submitted
to the Testing and Research Engineer. This plan, a test for loss by wash-
ing as originally presented is included.

Since measurement values are takenon a continuous scale to evaluate
the desired properties (gradation), a variables acceptance planwas recom-
mended. Statistical parameters were developed fromdata taken during job
control tests in early 1968. Material tested came from four different
sources used during construction of I 496 in or near Lansing. Frequency
distributions (Fig. 9) show the material to be quite variable so an accept-
ance planbased upon individual test values would be virtually meaningless.
Values of total material passing the No. 200 sieve include weights for both
loss by washing and a subsequent 'dry shake.' It is believed that, given
an adequate supply of wash-water in the field, the material passing the dry
shake would have been washed through. The current upper limit of 10 per-
cent loss by washing was takento be the desired quality level where chances
of rejecting a lot which did not exceed that proportion would be very small.

-33-



8961 Surads ‘96% I “s3s93
[0X3u00 qol [BLI9jRIN JB[NUBID III SSBID ‘g 0IndLg

CLN32d3d 3 3A3IS 002 "ON OSNISSYd TIVIH3ILVW TViOL
og 82 82 v 22 oz el 8l k4! 4] ol e 9 14 4 [+]

R I

ve 2¢€

L8] I SL1$3L JOON

€2°0! NV3IW
$32d4N0S A3NIBNOD

SNOILVYD1dI03dS ] og
LNIYHEND ¥3ONN
3ONVY 378Vv.1d3D0DV
— $$

09

CLN3DY¥3d ) '3A31S 002 *ON ONISSVd TVINILVA TVLOL
vE 2Z2€ 0€ 82

82 T 22 o2 el -1 i 4l ot 4 ? 14 4 0

0
[
“ — o1
: 9€ ISLS3L 40°ON “ I
1wl NV3IN i
N3V IUNOS I
i — 02
I
! sz
o
S
o1
€ ISLS3IL J0°ON i
156 NV3RW 1 — !
VNVa 8 N3TIV 3ounos |
] — 02
|
1 sz
)
S
-
a ol
2
= g% ISL1S3L JO°ON ol
z ve'g - “NV3IW
< I3ZVAS 30MNos ]
- | — oz
z I
< ]
z - sz
@
m
® 0
[=]
S
- | s
m |
4 1
“
© 1 ol
~ |
S§2 :$1S3L 40°ON r b
609 NV3IW | $NOILYD141D3ds
WNVE 32un0s I LN3wun> ¥3ann
" 39NVY 318vLd3o0V | 0F
1

s€

(SLS3L 40 H3IBWNN)I AON3IND3IYI

-34~



It was decided that the plan shouldbe designedto almost always reject mat-
erial whose percent loss by washing was 15 percent or greater.

Figure 10is anoperating characteristic curve for the suggested sam-
pling plan. This curve shows' thatthe sampling plan reduces to only 10 per-
cent the probability of accepting material with a loss by washing of 15 per-
cent. As the loss by washing value increases, the chance of accepting fur-
ther decreases. The plan can also be adjusted if these limits are not ac-
ceptable.

10 i

SAMPLE SIZE: 4
0 =3.6

o(( PRODUCERS RISK) = 0.05

|
[
0.8 |
w
g I
z
g I
u |
Y o6 | SAMPLE
< ) | ACCEPTANCE
oy LEVEL: I3%
° l
> |
£ 0.4}
J l
@ DESIRED MAXIMUM |
3 QUALITY LIMIT: I0 %—\\}
g
a 0.2+

| | | I 1 |
0 2 4 6 14 18 18

TOTAL MATERIAL PASSING NO. 200 SIEVE, PERCENT (LOT AVERAGE)

®
)
N

Figure 10. Operating characteristic curve of sampling plan for
Class III Granular Material.

ACCEPTANCE TEST PLAN FOR LOSS BY WASHING
FOR GRANULAR MATERIAL, CLASS I

a) Four routine test samples shall be taken from each lot. A lot to
be considered one day's production from a given source or a maximum of
10,000 cu yd of material.

b) Each routine test sample shall be taken from an individual truck-
load selected in accordance with a random sampling plan.

¢} Each test sample shall consist of about 25 1b and shall be com-~

posed of not less than three increments taken at random from the selected
truckload of aggregate.
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ROUTINE TESTS

,2,38 4
11.9% 12% 15%
OR To OR

LESS == 14.9% [==

CONTINUE
ROUTINE
TEST
SEQUENCE

AVERAGE FOUR
ROUTINE TESTS

BEGIN
CHECK
TEST

SEQUENCE

CONTINUE
CHECK
TEST
SEQUENCE

A4
AVERAGE RESULTS FROM
THREE CHECK TESTS AND
LAST ROUTINE CHECHK

ACCEPT REJECT
LOT LOT

MATERIAL
IS UNACCEPTABLE

Figure 11, Test procedure for loss by washing Class III Granular Materials.
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d) Individual truckloads willbe sampled at the point of use. Material
will be dumped from the truckto form a pile of uniform height of about 12 in.

e) The four routine test samples and all required check samples shall
be individually tested in accordance with the provisions of AASHO Method
T-27 using sieves with square openings. For loss by washing, material
shall be tested in accordance with the provisions of AASHO Method “T-11.

f){ When check tests are required, test portions shall be taken as
nearly as possible from successive trucks.

g) Testing procedures shall be in accordance with the provisions of
the attached drawing (Fig. 11).

h) Limits for loss by washing shall be as follows:

Lot Tolerance ~ 15 percent
Desired Upper Avg. Quality Limit - 10 percent
Sample Acceptance Limit (Avg. of four tests) - 13 percent

In acceptance testing based on variables, that is, where a quality charac-
teristic is actually measured, material variability makes it necessary to
use three different limits rather than only one limit as used in older test-
ing procedures.

These limits are defined as follows:

Lot Tolerance (LT) - Material withfines exceeding this proportion is con-
sidered to be definitely undesirable. Therefore, the sampling plan is de-
signed so the probability of accepting material with a fines content exceed-
ing the LT is minimal.

Desired Upper Average Quality Limit (DUL) - Material containing a pro-
portion of fines less than or equal to this value is most desired. The sam-
pling plan is designed to insure that almost all the material with an aver-
age fines content equal to or lower than the DUL will be accepted. Mat-
erial with a fines content above the DUL will be rejected with a probability
that rapidly increases between the DUL and the LT.

Sample Acceptance Limit (SAL) - Values from the specified number of sam-
ples from each lot are averaged. Material is rejected if the average value
exceeds the SAL. This insures that the desired DUL and SAL are being
achieved.
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PROPOSED 22A AGGREGATE GRADATION
FIELD EXPERIMENT '

Under Phase I of this study, reported in Appendix A, a limited field
experiment was conducted involving gradation inspection of 22A aggregate.
The Phase I study provided much valuable information but was a short-
term investigation limited to one aggregate source. Therefore, it was pro-
posed that an expanded field study be made over a time span of at least 30
days and involving at least three different aggregate sources. Although
the Research Laboratory believedthat the study would provide a great deal
of additional valuable information, the Advisory Committee vetoed the pro-
posal as being a duplication of effort. The proposal, however, as originally
presented to the Committee is outlined in this section.

Current 22A Aggregate Inspection Practices

Aggregate 22A for base course construction may consist of crushed
stone, crushed gravel, or blast furnace slag, which conforms to the limits
of grading, crushed material content, and abrasion resistance requiredby
MDSH specifications. Specifications require a25 percent minimum of crush-
ed material for gravel and, based on AASHO T-4, 20 and 30 percent maxi-
mum wear for crushed and uncrushed gravel, respectively, and 30 per-
cent maximum wear for stone. These limits are specified because of their
effects on stability and abrasion resistance of the aggregate. Gradation
or particle size distribution of an aggregate is determined by sieve analysis.
Standard sieves (with square openings)for 22A aggregate required by cur-
rent specification limits are as follows:

Sieve Size Percent Passing
1 inch 100
3/4 inch : 90-100
3/8 inch 65-86
No. 8 30-50
No. 200 (loss by washing) 3-7

Grading limits and maximum size are specified because of their effects
on size of aggregate voids, degradation and permeability, frostaction, seg-
regation, and economy. Gradationspecifications for 22A aggregate require
that all tests from representative samples fall within the specified limits.
A representative sample is one which, in the opinion of the inspector, re-
presents an average condition of the material being sampled.
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When acceptance of 22A aggregate is based upon visual and sampling
inspection at the site of production or at the project, the trained aggregate
inspector--under the supervisionof the District Materials Supervisor--in-
sures that the aggregate materials meet specifications and that proper meth-
ods of handling and stockpiling are used. He becomes familiar with plant
processing and production problems and records the characteristics and
location of the materials. If he gets a sample that does not meet specifi-
cations, he notifies the producer and tests another sample from the fol-
lowing production. If this sample still does not meetspecifications, stock-
piled material represented by the two faulty samples is rejected. If the
result from either test falls within the specified limits, the material is ac-
cepted. MDSH specifications require one complete gradation analysis for
each two hours of plant operation. Four or five tests per day will cover the
production from an average gravel plant producing about 1,500 tons per
8-hr day. The inspector takes a representative sample by gathering mat-
erial fromdifferent areas of the stockpile and combining it into a composite
sample of about 60 to 80 Ib. When the producer increases the production
rate of 22 A aggregate and the field inspector is unable totest the increased
number ofsamples, he reports at once to his supervisor, who decides what
action is to be taken.

Each composite or average sample is reduced by a Gilson Sample

Splitter toa size (about 4, 000g) suitable for testing for loss by washing (or
passing the No., 200 sieve) and sieve analysis.

Proposed Field Study

Based on statistical concepts, a field study of gradation analysis has
been designed to achieve the following objectives:

1) Toestablish the relative performance between the existing inspec-
tion practices and the suggested acceptance inspections based on random
sampling.

2) To estimate variance components introduced into screening re-
sults by changes in aggregate materials, sampling, and testing procedures.

3) To further developpractical and meaningful acceptance limits for
sieve analysis of 22A aggregate.

The proposed research projectwill be divided into three stages. The

first stage is to develop a sampling plan to provide data that realistically
represent the desired quality of the aggregate submitted for .acceptance.
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This will require proper recording and appraisal of the random data col-
lected. This information, compared with that obtained by regular field in-
spectors, should disclose the relative difference between the two sampling
procedures. The second stage is to evaluate the effects of changes in ag-
gregate materials and in sampling and testing procedures. Well-trained
inspectors assigned to this project must faithfully follow the instructions
given inthe proposed plan. The third stage is to compare the random sam-
pling results of the first two stages with those obtained by current inspec-
tion practices. This should provide afirm ground for designing a practical
and economical specificationfor sieve analysis of 22A aggregate. It should
also provide some guidance for specifying gradation tolerances of other sur-
facing aggregates,

This study is not intended to: a) estimate process control of gravel
plants, nor relative efficiency among gravel producers; b) evaluate re-
lative performance among aggregate inspectors nor relative effects of dif-
ferent sample size, sampling, and testing equipment.

Research Procedure

All routine job control tests will be carried out in the normal manner.,
Additional tests recommended in this study will be carried out by special
personnel without interference with normal job control, The suggested test-
ing plan includes the following considerations:

A - Size and Location of Experimental Projects

In selecting the test site, it is important to consider different aggre-
gate sources, contractor's procedures--including materials control, hand-
ling and stockpiling methods -- considered representative throughout the
State. In addition, the testing program requires:

1) At least three similar projects with average gravel plants
producing about 1,500 tons per 8-hr day to establish the des-
ired statistical parameters.

2) At least 100 random duplicated samples per each project to
obtain reliable results.

3) Studies on projects or jobs with inexperienced contractors
or with unusual materials should be avoided.
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B - Controlled Variables

Those factors that mustbe known and recorded during the experiment
include the aggregate source, type of commercial plant, production methods,
and control procedures; including type of equipment for handling and stock-
piling the finished product.

C - Type of Tests

Random samples from flat-layered stockpiles will be used to deter-
mine gradation and crushed material of 22A aggregate. Standard sieves to
be used are 1 in., 3/4 in., 3/8 in., No. 8, and No. 200, Gradation tests
are to be determinedby the current method, AASHO T-27. Loss by wash-
ing is to be determined by AASHO T-11, currently appliedtoaggregate mat-
erial finer than the No. 200 sieve. Grading results are to be reported to
one decimal place on standard form Nos. 1900 and 1901. Sieves are to be
calibrated before being used by research persomnel. Furthermore, the
No. 8 and No. 200 sieves are to be periodically calibrated in accordance
with E 11. Sieves compared with the Standard Sieve, should agree within
5 percent. Sieves with deviations exceeding 10 percent should not be used
in this experiment,

Percentage of crushed material is to be determined as specified for
surfacing aggregate, Article 7.02.02 ofthe Michigan 1967 Standard Speci-
fications.

D - Sampling Procedure

The significance of the proposed experiment depends on how objective-
ly and consistently the random sampling plan is applied during continuous
production of 22A aggregate. Sampling and testing are to be conducted by
well-trained inspectors under the supervision of the Research Laboratory.
Sampling and testing for the study will be in addition to, and not interfere
with, job control carried on in the conventional manner by regular aggre-
gate inspectors. :

A random sample (or probability sample) is one in which each incre-
ment of material from a lot has an equal chance of being included in the
sample. A lot is defined as "...a day's production of the same aggregate
material from the same source, produced under the same operating con-
~ditions and stockpiled according to a specified construction procedure. "

Regardless of the sampling procedure being used, the aggregate in-
spector knows that successive samples taken from the same stockpile are
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Figure 12, Plan view of random sampling layouts for flat-layered stock-
piles (approximately 150 ft by 24 ft) with 10 sampling locations for selec-
ting a composite sample of 22A aggregate.
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usually different. He alsoknows that aggregate materials tend to segregate.
and that, despite sampling variations and segregation, his problem is to
make correct inferences about the quality of the aggregate source from which
the sample is drawn. Thus, it is extremely important when making up a
random sample, that each increment of stockpiled material have an equal
likelihood of being included in the composite sample. In this connection,
it is difficult to apply the probability concept - whenever increments of mat-
erials cannot be taken from the interior of the stockpile. However, the
probability concept may be approximated by selecting, at random, incre-
ments of materials from flat horizontal layers withthickness not exceeding
6 in. in depth.

Increments of random sampling locations shall be selected from 100
different sampling layout cards designedby the Research Laboratory. Five
“typical layout cards are shown in Figure 12. When a flat-layered stock-
pile is tobe sampled (approximately 150 ft by 24 ft), the inspector willdraw
at random a three-digit number from Table 5. Suppose this number is 081;
the last two digits (81) correspond to the number of the layout to be used.
Layout No. 81 will be used to determine ten locations for sampling, Each
inspector will use two bags for gathering duplicate samples. At eachloca-
tion, one scoop (about 6 1b) of gravel will be placed into each bag. Thus,
each bag will contain about 60 1b of gravel as a complete sample. Each
composite sample will be reduced by a Gilson Sample Splitter to approxi-
mately 4, 000g todetermine loss by washing (or passing No. 200 sieve) and
for a sieve analysis (Fig. 13).

Figure 14 shows the sequence of testing operations. A minimum of
two duplicate samples (a total of four samples) are taken daily, at random,
from 6-in. deep flat layers (Fig. 12) being stockpiled from a continuous
production of 22A aggregate. Layers tobe sampled will be selected at ran-
dom using Table 5. It is estimated that each layer will weigh about 117
tons. Two samples are sent to the laboratory to be tested. The other two
samples are immediately tested in the field, using current equipment and
testing procedures (Fig. 13). The random sampling plan is continued until
the aggregate production is ended, or untila minimum of 200 gradation tests
(representing 100 samples) are run in the field from each aggregate source
under study.

Minimum requirements for conducting the investigation are listed be-
low. If all requirements cannot be fulfilled, the investigationwill be mod-

ified as necessary. Requirements are:

1) At least three different gravel pits producing about 1,500 tons per
8~hr day.
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STOCKPILE BEING SAMPLED
(300 TONS OF 22A AGGREGATE SAMPLE)

ONE 60 LB. SAMPLE SELECTED ,é
FROM 10 RANDOM SPOTS OF A /%
FLAT-LAYERED STOCKPILE

SAMPLE WASHED OVER A
NO. 200 SIEVE
AASHQO DESIGNATION T-1

WASHED AGGREGATE DRIED
TO A CONSTANT WEIGHT

COMPOSITE SAMPLE REDUCED
TO APPROX. 4000 GRAMS BY
A GILSON SAMPLE SPLITTER

4000 GRAM SAMPLE DRIED
TO A CONSTANT WEIGHT

SIEVE ANALYSIS

AGGREGATE RETAINED ON
EACH SIEVE SIZE IS WEIGHED
AND RESULTS COMPUTED
TO ONE DECIMAL PLACE.
A.ASHOQ. DESIGNATION T-27

Figure 13, Flow chart for sampling and screening coarse aggregates.
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AGGREGATE SOURCE

ABOUT 1,500 TONS /DAY
CAT LEAST 30 DAYS-PRODUCTION)

RANDOM SAMPLES
SELECT AT LEAST
2 DUPLICATE SAMPLES DAILY
(A TOTAL OF 4 SAMPLES)

| 1
LAB TESTING
TESTING SEQUENCE TO BE IDENTICAL

FIELD TESTING

(TO BE DONE TO FIELD TESTS BUT TO BE DONE
IMMEDIATELY) AS TIME PERMITS

DUPLICATE SAMPLES

DUPLICATE | DUPLICATE 2
SPLIT TO SPLIT TO
TEST SIZE TEST SIZE
L | | |
GRADATION GRADATION GRADATION GRADATION
TEST | TEST 2 TEST | TEST 2

Figure 14. Controlled experiment for gradation analysis of 22A aggregate.
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TABLE 5
RANDOM NUMBERS

. 976 .730 .430 . 754 271 .870 .732 .721 . 998 .239
. 892 . 948 .858 . 025 . 935 . 114 . 1563 . 508 . 749 .291
. 669 .726 .501 . 402 .231 . 505 . 009 .420 . 517 .858
. 609 . 482 . 809 . 140 . 396 .025 . 937 . 310 .253 .761
971 . 824 . 902 .470 . 997 . 392 . 892 . 957 . 640 .463
.053 . 899 . 554 . 627 427 . 760 . 470 . 040 . 904 .993
. 810 . 1569 .225 . 163 . 549 405 . 285 . 542 . 231 .919
.081 .27 .035 .039 . 860 . 507 . 081 . 538 . 986 501
. 982 . 468 . 334 .921 . 690 .806 .879 .414 . 106 .031
. 095 .801 . 576 417 2581 . 884 . 522 .235 . 398 .222
. 509 .025 .794 | .850 . 917 . 887 751 . 608 . 698 . 683
.371 . 059 . 164 . 838 . 289 . 169 . 569 L9T77 .796 . 996
. 165 . 996 . 3566 . 375 . 654 . 979 . 815 . 592 . 348 . 743
47T . 535 . 137 . 155 767 . 187 . 579 . 787 . 358 . 595
. 788 .101 .434 . 638 021 . 894 . 324 .871 . 698 . 539
. 566 .815 . 622 . 548 . 947 . 169 . 817 .472 . 864 .466
. 901 . 342 .873 . 964 . 942 . 985 . 123 . 086 . 335 .212
. 470 . 682 412 . 064 . 150 . 962 . 925 . 3595 . 909 .019
. 068 . 242 . 667 . 306 . 195 .313 | .396 . 460 . 740 . 247
. 874 420 127 .284 . 448 .215 . 833 . 652 .601 . 326
. 897 877 .209 . 862 . 428 117 . 100 .259 .425 . 284
.875 . 969 . 109 . 843 . 759 .239 . 890 . 317 .428 .802
. 190 . 696 L7567 . 283 . 666 .491 . 523 . 665 . 919 . 146
. 341 . 688 . 587 . 908 . 865 . 333 . 928 . 404 . 892 . 696
. 846 . 355 .831 .218 . 945 . 364 . 673 . 305 . 195 . 887
. 882 .227 . 5562 077 .454 .731 716 . 265 .058 .075
. 464 . 658 . 629 . 269 . 069 . 998 . 917 217 . 220 . 659
. 123 L791 . 503 . 447 . 659 . 463 . 994 . 307 . 631 . 422
. 116 120 L7221 . 137 .263 . 176 . 798 . 879 . 432 .391
. 836 .206 .914 . 574 .870 . 390 . 104 .7565 . 082 . 939
. 636 . 195 . 614 . 486 629 . 663 .619 . 007 . 296 . 456
. 630 . 673 . 665 . 666 . 399 . 592 . 441 . 649 .270 .612
. 804 112 . 331 . 606 . 551 . 928 . 830 .841 . 602 . 183
. 360 . 193 181 . 399 . 564 772 . 890 . 062 .919 | .875
. 183 .651 . 1567 . 150 . 800 .875 .205 . 446 . 648 . 685
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2) At least 30 days of aggregate production for each gravel pit.
3) Atleast three laboratory aides to perform the required field tests.
4) For each project, regular testing equipment as follows:

Gilson Sample Splitter
set coarse aggregate sieves
set fine aggregate sieves
washing pans
burners
100-1b gas tank per week
trowel, counterbrush, scoop, spoon, round file, sample pail,
screenbrush, slide rule, mechanical analysisbook, daily ag-
gregate reports, envelopes, stamps, pencils
1 balance with pans, set of weights, 1 g to 1 kg, extrakilogram
weights.
60 sample sacks.

P e =L S = S
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VvV .
RECOMMENDATIONS AND CONCLUSIONS

Organization for Quality Control

This research study has been active for several years and has result-
ed in the development of a number of statistical acceptance testing plans;
it has not produced any significant changes in Michigan's quality control
program. Among the apparent reasons for the refusal to adopt any signi-
ficant statistically based plans are the emphasis on statistical methods which
are unfamiliar to most Department personnel, plus a general resistance to
leaving the security of familiar methods for something strange and not fully
comprehended. However, these objections to the program might be over-
come if sufficient and competent effort were put into educating key people
and selling the concept of statistical control.

There is currently no formal quality control organization in the De-
partment. Rather, scattered personnel--having other competing respon-
sibilities--develop proposals and plans but haven'tthe time nor opportunity
to promote them.

Recommendations

Large industries reacha pointin their growth whenthey must formal-
ly organize a quality control program. FEach industry, because of its own
unique problems, must tailor their quality control organizationto suit their
individualneeds. Such quality control organizations function only to develop
and implement quality control methods and, to be effective, they must have
the support of higher management.

If this Highway Department is to implement an effective quality control
program, it too must develop and supporta separate quality control group.
The nucleus for such a group could involve an engineer and a statistician,
knowledgeable and experienced in statistical quality control methods, and
could be supplemented with persons having considerable field experience.
This group could be developed within an existing Departmental Section or
Division, but its support would have to come directly and distinctly from
higher management.

Such a quality control group would servé in a staff capacity and would

have authority to define, coordinate, and standardize Departmental job con-
trol and acceptance testing procedures and methods. It would not assume
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responsibility for all quality control or assurance functions now carried on
in various divisions. However, the group would have the obligation and
authority to review and make recommendations for all programs dealing
with quality of materials, finished products, or controlled experiments
dealing with quality.

Specific duties of the group would include:
1) Design sampling plans for general use and specific situations.

2) Design means for measuring accuracy and quality of inspection
work,

3) Design and recommend experiments to secure maximum informa-
tion about a quality characteristic.

4) Draft Departmental policy on quality.
5) Conduct quality audits and surveys.
6) Prepare periodic reports on quality performance.

7) Design and conduct appropriate training programs, as i'equired,
for all levels of personnel.

8) Provide consultation on statistical methods for quality control.

9) Review specifications and test procedures.

Conclusions

Although no portion of this study has been incorporated into the De-
partment's operating procedures, experience has been gained which should
be valuable as statistical methods are adopted in the future. Objective 1
was met to a partial extent, for it was felt that some areas were found to
be amenable tothe application of quality control techniques;these are listed
in the Introduction, and three areas are specifically treated in Sections II,
III, and IV. In these three areas, Objective 2 was met to the extent that
acceptance plans were developed. Objective 2, the development of suitable
acceptance plans, could not be pursued to the extent that the plans could be
refined since none of them were actually incorporated intothe Departmental
procedure. Due to this fact, Objective 3, rewriting existing specifications
in the light of these plans, could notbe fulfilled--although tentative sugges-
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tions are given in the three areas specifically treated as to possible revi-
sions. The final Objective, number 4, could not be attempted since the
inertia evidenced toward the proposed plans precluded the writing of a De-
partmental Manual.

It was felt, however, that treatment of the three specific areas, mod-
ulus-of-rupture, neoprene joint seal, and 22A aggregate, did show the val-
ue and practicability of statistical testing, despite the factthatmanagement
could not be convinced sufficiently to change existing procedures, or even
allow the expansion of pilot programs in these areas.

A steering committee consisting of persons unfamiliar with statisti-
cal quality control has proven unwieldy. As suggested in the Recommenda-
tions, it is felt that if expertise is needed in a particular area, it should
be obtained as needed by the quality control group.

The opinions, findings, and conclusions expressed in this publication
are those of the authors and not necessarily those of the Federal Highway
Administration.
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INTRODUCTION

This report has been prepared to summarize statistical analyses that
have been conducted on various highway materials and construction proced-
ures. This summary is in accordance with a Bureau of Public Roads mem-
orandum from F. B. Farrell, Bureau of Public Roads Regional Engineer,
to Division Engineers in Indiana, Michigan, and Wisconsin on January 13,
1966, titled "Statistical Parameters - Quality Control Program.' The in-
formation gatheredto-date on Phases I and IIof the Department's HPR pro-
gram on Highway Quality Control has been screened to present all available
data requested in this memorandum.

The data in this report arise from two sources: 1) random sampling
of past field construction records of job control testing, and 2) a statisti-
cally designed experiment on field testing of aggregate gradation conducted
to determine, if possible, specific causes for testing variation. For the
first setof data, it was possible to obtain only the following statistical para-
meters requested in the Bureau's memorandum: the number of test meas-
urements, the arithmetic mean and overall variance, and the overall stan-
dard deviation. Thus, specific causes for variation cannot be assigned.
For the second set of data, deriving from the experimental program, some
informationwas available on sampling and testing variance due to different
inspectors and different equipment (screening sieves). However, the ex-
perimental design was not set up to differentiate between material and exper-
imental variance. In every case, the specification requirements are il-
lustrated or discussed along with the data, and therefore, the separate
transmittal of specifications suggested in the Bureau's memorandum is
deemed unnecessary.



AGGREGATE GRADATION—RECORDS SURVEY

The chief sources of information were daily job controlrecords of ag-
gregate field testing covering the period 1959 through 1961. About120 high-
way projects were classified by finding, counting, and identifying daily
records; types of aggregate; and producers. Thetypes of aggregate mater-
ials involved in this study were limestone, gravel, and slag. Detailed an-
alysis of the data established proper sampling procedures and the computa-
tions required for appropriate statistical evaluation.

It should be noted that the data analyzed and shown in Table 1 did not
include the percents passing for all sieve size requirements of the speci-
fications, but did include representative sieve sizes for each aggregate.
In addition, it should be noted that Table 1 consists exclusively of data from
accepted batches of material. The 4A, 6A, 6AA, and 10A aggregates are
used for coarse aggregate in portland cement concrete for either pavements
or structures; the 9A aggregate for bituminous base and binder courses;
20A for bituminous aggregate surface courses; 22Afor aggregate base and
surface courses, aggregate shoulders, and aggregate resurfacing; 23A for
aggregate shoulders and aggregate approaches; 24A for selected subbase;
25A for bituminous concrete wearing course; 26B for bituminous non-skid
surface treatment; and 2NS sand for portland cement concrete. These mat-
erials were produced in accordance with then current Michigan specifica-
tions; however, in the 1965 edition of the Michigan Standard Specifications,
certain revisions were made which changed the requirements for some of
these aggregates, and two classifications (10A and 26B) no longer exist.

Since the Table 1 data consisted only of results from accepted batches,
a study was subsequently made to determine the proportion of accepted-to-
rejected material, and how the inclusion of data from the rejected mater-
ial would influence the overall distribution. Aggregate type22A was selected
for this study since from experience it was noted that this type generally
has alarger proportionate amount of rejected material than other aggregate
types. Data from 11 projects were studied with the results summarized in
Table 2. Approximately 3.7 percent of the material tested was rejected
for one or more deviations from specification requirements. For the 104
rejected results, 42 (or 40. 4 percent) failed to pass the No. 10 sieve within
requirements, 22 (or 21.1 percent) failed to meet requirements on loss
by washing (No. 200 sieve), 8 (or 7.7 percent) failed to meet 3/8-in. sieve
requirements, while 16 (or 15.4 percent) failed to meet the requirements
for more than one sieve, and 16 (or 15.4 percent) failed for other reasons
than gradation,



TABLE 1
SUMMARY OF GRADATION TESTS ON ACCEPTED
MATERIAL OF DIFFERENT AGGREGATE TYPES

I Type 1A
Ma:;lal tem Sicve Size and Spee. Limits, % I.oss_by
Producer 2-1/2in. | 2in, [ 1-1/2in. | 1 in. 1/2in, | 8/81in, | Washing

0.8 % max,
100 95-100 65-90 10-40 0-20 0-5 :
Avg, Gradation,% 7.8 22.2 2.2 1.1
Std. Deviation,% 8.0 8.1 1.8 1.0
Gravel % of Tests:
Producer A Within Specs., % 95,3 97,0 100.0 99,3
(300 Tests) Above,% 0.7 2,0 0.0 0.7
Below, % 4,0 1.0 0.0 0.0
Avg. Gradation,% 80.6 26,1 3.7 1.4
Std. Deviation,% 7.0 7.0 3.1 1.5
Gravel % of Tests:
Producer B Within Specs., % 97.6 95.7 100.0 96,7
(300 Tests) Above,% 1.7 3.3 0.0 3.3
Below,% 0.7 1.0 0.0 0.0
Avg. Gradation,% o o 74.7 23.8 0.7
Std. Deviation,'% g i 6.4 8.1 1.1 g
Gravel % of Tests: %’ o Fl
Producer C Within Specs., % 2 2 96.0 98,0 100.0 100, 0 4
(300 Tests) Above,% 3 2 1.0 1.7 0.0 0.0 2
Below, % Z z 3.0 0.3 0.0 0.0 z
Avg. Gradation,% 75,6 29.8 5.2 1.9
Std, Deviation,% 7.9 8.8 3.8 1.7
Gravel % of Tests:
Producer D Within Specs., % 92,3 93.0 99,7 94,3
(300 Tests) Above,% 1.7 7.0 0.3 5.7
Below, % 6.0 0.0 0.0 0.0
Avg. Gradation,% 80, 2 22,9 5.1 2.4
Std. Deviation,% 7.1 7.0 4,2 2.1
Gravel % of Tests:
Producer E Within Specs., % 95.0 97.4 99,0 92,3
(300 Tests) Above,% 3.3 2.3 1.0 7.7
Below, % 1.7 0.3 0.0 0,0
Type 4A (Cont.)
Material Sieve Size and Spec, Limits, % Loss by
and Item Washing
Producer 2-1/2 in. 2 in, 1-1/2 in. 1in, 1/2 in, 3/8 in. 1.5 % max
100 95-100 65-90 10-40 0-20 0-5 : '
Avg. Gradation,% 74.0 28,17 1,0 0.7
Std. Deviation,% 5.9 6.2 0.9 0.6
Stone % of Tests:
Producer F Within Specs., % 99.7 99,7 100.0 100.0
(300 Tests) Above,% 0.0 0.3 0.0 0.0
Below,% 0.3 0.0 0.0 0.0
Avg. Gradation,% .2 25.9 3.2 1.7
Std. Deviation,% 7.6 8.6 4.6 1.7
Stone % of Tests:
Producer G Within Specs,, % 97.0 96,7 100.0 95.0
(300 Tests) Above,% 3 k 0.7 2.3 0.0 5.0 3
Below,% 3 3 2.3 1.0 0.0 0.0 B
i1 7 i—
Avg. Gradation,% < < 1.4 19.6 2.9 1.7 <
Std. Deviation, 2 2 . . X . 3
Stone o T:m' % 2 2 7.2 7.8 2.6 2.5 2
gro‘())d‘;i‘z;){ Within Specs., % 94.7 95.4 100.0 94.0
Above,% 2,0 0.3 0.0 6.0
Below, % 3.3 4,3 0.0 0.0
Avg. Gradation,% 76,1 21.8 1.9 1.3
Slag Std. Deviat‘ion,% 7.0 4.7 1.2 0.8
Producer I % of Tests:
300 Tests Within Specs., % 96.3 99,7 100.0 100.0
{ ests) Above, % 0.0 0.0 0.0 0.0
Below, % 3.7 0.3 0.0 0.0

NOTE: Method of sampling was by proportional allocation of daily job control records of materials which were accepted, Sizes of
samples as indicated in first column for each material and producer. Current Specificationa (1365 Edition) are different than those
shown, as follows:

4A--Unchanged 9A--Changed 22A--Changed Somewhat 25A--Changed Significantly
6A--Changed 10A~-No Longer Exista 23A--Changed Slightly 26B--No Longer Exists
6AA--Changed 20A--Changed 24A--Changed 2NS--~-Unchanged



TABLE 1 (cont.)
SUMMARY OF GRADATION TESTS ON ACCEPTED
MATERIAL OF DIF FERENT AGGREGATE TYPES

i Type 6A
SR Material Ltem Sleve Size and Spec. Limits, % Loss by
Profucer 2-1/21n. | 2in. |1-1/2in. | Lin. 1/2 in. ow:"%h‘;ix
100 95-100 90-100 60-90 25-55 ' ’
Avg. Gradation,% 99,8 77.3 37.3
Gravel Std. Deviation,% 0.7 6.3 6.9
Producer A % of Teats:
(300 Tests) Within Specs., % 100.0 99.3 99,3 100.0
Above,% 0.0 0.7 0.0 0.0
Below, % 0.0 0.0 0.7 0.0
Avg. Gradation,% 2 ] 99.9 79.1 34.5 0.8 7
Gravel Std. Deviation,% g & 0.4 6. 7.1 0.8 g
Producer U % of Tests: 'g 'E
(226 Tests) Within Specs., % 2 100.0 99,1 95.6 0.0 &
Above,% 3 3 0.0 0.9 0.9 0.0 3
Below,% k4 Z 0.0 0.0 a,6 0.0 k4
Avg. Gradation,% 98.6 72.4 33.7 2.5
Gravel Std. Devlatlon,’% 1.6 1.5 7.4 1.6
Producer V % of Tests:
(222 Tests) Withln Specs., % 100.0 96.8 94,6 0.0
Above,% 0.0 0.9 0.0 0.0
Below, % 0.0 2.3 5.4 0.0
Material Iype 5aA
and Item Sieve Slze and Spec. Limits, % Iﬂﬂ:lby
Producer 1-1/2i. [ 11n, 1/2 In, No. 4 ow;f% e
100 95-100 30-60 0-8 - © % max.
Avg. Gradation,% 2 99.9 47.4 3.5 o
Gravel Std. Deviation,% 8 0.5 6.3 1.6 E
Producer 8 % of Teats: E E
(89 Tests) Within Specs., % < 100.0 98.9 100.0 =
Above,% 5 0.0 1.1 0.0 2
Below,% z 0.0 0.0 0.0 z
Material Type 94
and Item Sleve Size and Spec. Limits, % Loss by
Producer 1-1/41n. | 3/4in. | 3/8 in. No. 4 | Washing
100 45-65 0-25 0-10 |3 % max.
Crushed Avg. Gradation,% 54.8 4.5 1.0
Gravel std. Deviation,% 5.5 3.1 0.6
Producer A % of Tests:
(147 Tests) Within Soecs., % 97.9 100.0 100.0
: Above,% 0.7 0.0 0.0
Below, % 1.4 0.0 0.0
Avg. Gradation,% 51.6 8.3 3.0 3
Stone Std, Deviation,% ?, 6.3 4,7 1.8 N
i % of Tests: 2 =
: Producer H E E|
| (108 Tests) Within Specs., % g 90.7 100.0 100.0 2
; Above,% 2 1.9 0.0 0.0 <
Below,% Z 7.4 0.0 0.0 Z
Avg. Gradation,% 52,7 3.0 1.6
Ca‘;zng Std. Deviation,'%h 5.5 1.9 1.0
Producer T % of Tests:
(80 Tests) Within Specs., % 95.0 100, 0 100, 0
Above,% 0.0 0.0 0.0
Below, % 5.0 0.0 0.0
{



TABLE 1 (cont.)
SUMMARY OF GRADATION TESTS ON ACCEPTED
MATERIAL OF DIFFERENT AGGREGATE TYPES

Type 10A
Material
and Item Sieve Size and Spec. Limits, % \I‘;)ss:uby
i o1 ashing .
Producer 1-1/2 in, 1 in, 1/2 in, No., 4 0.8 % max. .
100 95-100 . 35~65 0-8 !
Avg. Gradation,% 98.6 47.8 0.9
Gravel Std. Deviation,% 1.6 8.3 0.8
Producer A % of Teals: !
(300 Tests) Within Specs., % 98.7 96.3 100.0 ;
Above,% 0.0 1,0 0.0
Below, % 1.3 2.7 0.0
Avg. Gradation,% 99,2 50.5 2,2
Gravel Std. Deviation,% 1.3 7.5 2.2
Producer B % of Tests:
(300 Tests) Within Specs., % 99.7 98.3 98.3
Above,% 9 0.0 0.7 1.7 3
Below,% B 0.3 1.0 0.0 %’.
] —
Avg. Gradation,% < 99.6 50.3 3.2 ‘j
. o
Gravel Std. Deviation,% 2 1.0 8.1 2.4 2
Producer C % of :I‘est.s:
(300 Tests) Within Specs., & 99.7 96.3 98.3
Above,% 0.0 2.0 1.7
Below, % 0.3 1.7 0.0
Avg. Gradation,% 97.9 46.4 1.8
Gravel Std. Deviation,% 1.7 7.4 1.8
Producer D % of Tests:
(300 Tests) Within Specs., % 96.3 96.7 100.0
Above, % 0.0 0.3 0.0 )
Below, % 3.7 3.0 0.0
Materiﬂ Type 10A (Coat,)
and Item Sieve Size and Spec. Limits, % Loss.by
Producer 1-121n, | 1in. 1/2 in. No, ¢ | Washing
100 95-100 35-65 0-8 |1.5 % max.
Avg. Gradation,% 99.0 47.2
Gravel Std. Deviation,% 1.7 8.4
Producer E % of Tests:
(300 Tests) Within Specs., % 97.0 93.4 100.0
Above,'Z 0.0 1.3 0.0 :
Below,% 3.0 5.3 0.0 ;
Avg. Gradation,% 99. 99 44.4 2.2
Stone Std. Deviation,% 0.1 7.5 1.7
Producer F % of Tesm:
(219 Tests) Within Specs., % 100.0 100. 0 98.6 .
Above,% 3 0.0 0.0 1.4 3
Below,% 3 0.0 0.0 0.0 }j,
g g —
Avg. Gradation,% < 99.5 47.5 3.4 <
Stone Std. Deviation,% 2 1.1 8.3 1.9 E .
Producer G % of Tests:
(300 Tests) Within Specs., % 99.7 95.7 98.0
Above,% 0.0 0.0 2.0
Below,% 0.3 4.3 0.0
Avg. Gradation,% 98.7 45.5
Slag Std. Deviation,% 1.2 6.7
Producer I % of Tests:
(271 Tests) Within Specs., & 99.6 98.2 99.6
Above,% 0.0 0.0 0.4
Below, % 0.4 1.8 0.0




TABLE 1 (cont. )
SUMMARY OF GRADATION TESTS ON ACCEPTED
MATERIAL OF DIFFERENT AGGREGATE TYPES

20
Material Lype 204
and Item Sieve Size and Spec, Limits, % Loss by
Producer 3/4in, | 3/8in. | No.10 | No. 40 | No. 200 “gﬂﬂhlng
i 100 60-80 | a40-50 | 15-30 0-5 5%
Avg. Gradation,% 75.0 44,2 22,6 3.1
Gravel Std. Deviation,% 4,7 3.0 3.7 0.7
i Producer K % of Tests:
[ (140 Tests) Within Specs., % 90.0 73.6 98.6 99.3
Above,% 10.0 10.7 1.4 0.7
Below, % 0.0 15.7 0.0 0.0
Avg. Gradation,% o 77.9 43.7 17.1 4,1 -
Std. Deviation,% K] 2.5 3.3 2.6 0.6 Q
Gravel I 8
% of Tests: ol >
Producer N N q ]
(172 Tests) Within Specs., % g 87.8 90.7 93.0 95.3 g
Above,% < 12.2 8.1 0.0 4.7 -
Below,% z 0 1.2 7.0 0.0 2
Avg. Gradation,% 77.0 43.5 17.8 4.1
Gravel Std, Deviation,'% 3.0 3.8 2.6 0.6
Producer O % of Tests:
(193 Tests) Within Spees., % 91.7 85.5 96.4 96.4
Above,% 8.3 3.1 0.0 3.%
Below, % 0.0 11.4 3.6 0.0
R Type 22A
Ma:\’;al Item Sieve Size and Spec. Limits, % TLoss by
: . Producer 1 in. 3/4in. | 3/8in. | No. 10 | Washing
; 100 90-100 | 65-85 30-45 3-1%
Y Avg. Gradation,% 96.5 71.7 40.8
[ Gravel Std. Deviation,% 2.1 4.5 4.3
; ; Producer C % of Tests:
(300 Tests) Within Specs., % 100.0 94.7 87.3
| Above,% 0.0 0.0 11.7
| Below, % 0.0 5.3 1.0
Avg. Gradation,% 95.5 72.8 39.6
Gravel Std. Deviation,% 2.6 4,6 3.7
Producer J % of Tests:
(300 Tests) Within Specs., % 98.0 97.0 92.4
Above,% 0.0 0.0 7.3
. Below, % 2.0 3.0 0.3
Avg. Gradation,% - 96.2 70.6 40.1 o
. {ation, ' 2.7 4.7 4.0
Gravel Std. Dev nt. on,% E’ E
Producer M | % of Testa: c ]
(300 Tests) Within Specs., % & 99.7 95,3 92,7 g
Above,% 3 0.0 0.0 7.3 2
Below, % z 0.3 4.7 0.0 Z
Avg. Gradation,% 97.3 71,8 38.3
Gravel Std. Deviation,% 2.2 5.4 5.1
Producer P % of Tests:
(300 Tests) Within Specs., % 100.0 9.7 91,7
Above, % 0.0 0.3 4.3
Below, % 0.0 8.0 4.0
. Avg. Gradation,% : 98.0 70.4 38.9
| : Gravel Std. Deviation,% 2.2 4.5 4.1
i b Producer R % of Telsts:
(300 Tests) Within Specs., % 100. 0 93.3 96.0
Above, % 0.0 0.0 3.0
Below, % 0.0 6.7 1.0




TABLE 1 (cont.)
SUMMARY OF GRADATION TESTS ON ACCEPTED
MATERIAL OF DIFFERENT AGGREGATE TYPES

Material Type 234
aterid
and ltem Sieve Size and Spec. Limits, % | Loss by
Producer 1 in. 3/81n, | No. 10 | Washing
100 60-85 25-50 | 7-15%
Avg. Gradation,'% 73.3 41,2
Gravel Std. Deviation,% 5.7 7.5
Producer C % of Tests:
(282 Tests) Within Specs., % 98,6 90.0
Above, 7. 0.0 8.9
Below, % 1.4 1.1
Avg. Gradation,% o 74.8 46.3 o
Gravel Std. Deviation,% 2 4.4 4.4 @
% of Tests: 2 2
Producer J ; : d d
(300 Tests) Within Specs., % & 99.7 86.0 2
Above,% 2 0.3 14.0 2
Below,% Z 0.0 0.0 Z
Avg. Gradation,% 78.2 43,5
Gravel Std. Deviation,!} 4.9 6,1
Producer I, | % of Tests:
(300 Tests) Within Specs., % 93.3 86.0
Above,% 6.7 4.0
Below, % 0.0 0.0
Type 24A
M“"e':ul e Sieve Size and Spee. Limits, Loss by
an m X
Producer 1in, 3/8 in. No. 10 | Washing
100 60-85 30-50 3-7"%
Avg. Gradation, 75.2 43.6
Gravel Std. Deviation,% 4.9 1.0
Producer J % of Tests:
(.;]00 Tests) Within Specs., & 99. 4 95.7
Above,% 0.3 1.3
Below.% 0.3 0.0
Avg. Gradalion,7 - 74.5 44.3 -
Gravel Std. Deviation,% 2 6.1 5.8 g
Producer K % of Tests: El el
. Within Specs., % 2 98.0 90.3 z
(300 Tests) Above,4 = 2,0 9.0 =
Below,% Z 0.0 0.7 2
Avg. Gradation,% G3.6 1.4
Gravel Std. Deviation,'s 5.2 5.5
Producer M % of Tests:
100 Tests Within Specs., % 98,3 96,0
{ ests) Above,% 0.0 2.3
Below, 4 1.7 1.7
L Type 25A
Materia T
’ , . Sicve Sive and Spee. Limits, 0 Loss by
and Item Washing
Producer 5/8 in. 1 2in. 3/R8in. No., 4 No. 10 4 o K
100 $0-100 50-30 10-25 0-10 B oG mas.
i Avg. Gradation,% 96.6 60,9 16.2 4.0
Crushed std. Deviation,% 1.8 6.7 3.6 1.5
Gravel % of Tests:
Producer A Within Specs., % 99,7 98,0 99,4 100.0
(300 Tests) Above,d 0.0 0.0 0.3 0.0
Below, % 0.3 2.0 0.3 0.0
Avg. Gradation,% = 94, 6 8.3 14.0 2.6 -
Std. Deviation,% g 2.2 6.2 3.3 1.1 3
Stone % of Tests: '5 1
Producer G Within Specs., % i 98.5 99.2 96.2 100.0 g
(133 Tests) Above,% 2 0.0 0.0 0.0 0.0 =
Below, % Z 1.5 0.8 3.8 0.0 2
Avg. Gradation,7 92,5 61.5 14.7 2,5
. Std. Deviation,'i 2,1 6. 3.2 1.0
Stone S of Tests:
Producer Q Within Spees., % 97.6 99.2 98.8 100.0
(248 Tests) Above, 0.0 0.0 0.0 0.0
Below, 7 2.4 0.8 1.2 0.0




TABLE 1 (cont.)
SUMMARY OF GRADATION TESTS ON ACCEPTED
MATERIAL OF DIFFERENT AGGREGATE TY PES

Matertal Type 26B
;,; Item Sieve Size and Spec. Limits, % \I;,ossmby
Producer 5/81n: | 1/2in. | 8/81in. No. 4 No. 10 | czsm:f
100 90-100 60-85 10-35 0-10 ’
Avg. Gradation,% 97.7 70.9 17.0 2.1
Std. Deviation,% 1.6 7.7 4,5 1.3
Gravel % of Tests:
Producer A Within Specs., % 100. 0 92.4 97.5 100.0
(157 Tests) Above,% 0.0 0.6 0.0 0.0
Below,% 0.0 7.0 2.5 0.0
Avg. Gradation,% o 97.5 72.7 20.2 4.9 o
Std. Deviation,% 8 1.4 8.2 5.9 2.5 ]
Gravel % of Tests: %‘ %'
Producer B Within Specs, % | 5 100.0 97,7 99.2 95,4 &
{151 Tests) Above,% » 0.0 0.0 0.8 4.6 8
Below,% Z 0.0 2.3 0.0 0.0 Z
Avg. Gradation,% 97.2 75.3 22,6 1.8
std. Deviation,% 1.9 7.4 6.3 1.9
Gravel % of Tests:
Producer C Within Specs., ® 100.0 90.1 98.2 100.0
(163 Tests) Above,% 0.0 7.4 1.2 0.0
Below, % 0.0 2.5 0.6 0.0
| Type ZNS
Mﬂ':;lml item Sieve Size and Spec. Limits, % Loss by
Producer 3/8 in, No. 4 No, 8 No. 16 | No. 30 No. 50 No. 100 | Washing
100 95-100 86-95 35-75 20-55 10-30 0-10 3 % max.
Avg. Gradation,% 86.4 69.3 18,0 2.6
Sand Std. Deviation,% 3.0 3.2 3.5 1.2
Producer A % of Tests:
(300 Tests) Within Specs., % 100.0 99,0 100.0 100.0
Above,% 0.0 1.0 0.0 0.0
2 . . . .
Below,% 0.0 0.0 0.0 0.0
Avg. Gradation,% 86.3 61.9 16.1 3.2
Sand Std. Deviation,% _ 4,3 3.5 3,2 0.9
Producer B % of :I‘est.e:
(300 Tests) Within Specs., % . 100,0 100.0 99,0 100. 0
Above,% 0.0 0.0 0.0 0.0
Below,% 0.0 0.0 1.0 0.0
Avg. Gradation,% o 3 80.6 55.9 13.5 2.7 -
Sand Std. Deviation,% E s 3.4 6.3 § 3.4 0.9 ]
Producer C % of Tests: El g § g
(300 Tests) Within Specs., % 2 1000 100.0 g 98,7 1000 g
Above,% 3 3 0.0 0.0 2 0.3 0.0 2
Below, % “ “ 0.0 0.0 z 1.0 0.0 z
Avg. Gradation,% 80,7 66.1 13.3 3.2
Sand Std. Deviation,% 2.8 3.2 2.8 1.2
Producer b | ® of Tests:
(300 Tests) Within Specs., % 100.0 100,0 98,3 100.0
Above, % 0.0 0.0 0,0 0.0
Below, % 0.0 0.0 1.7 0.0
Avg. Gradation,% 89.6 69,4 18,6 3.3
Sand Std. Deviation,% 2.5 3.4 2.9 0.8
Producer E % of Tests: )
(300 Tests) Within Specs., & 100.0 99,0 100.0 100, 0
Above,% 0.0 1.0 0.0 0.0
Below,% 0.0 0.0 0.0 0.0
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Figure 1. Distribution of percent passing 3/4-in. sieve for accepted material,
rejected material, and the combination for 22A aggregate.
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TABLE 2 :
SUMMARY OF ACCE PTED AND REJECTED
22A AGGREGATE BATCHES

. Number of Test Results
Project
Total Accepted Rejected
1 311 307 4
2 319 306 13
3 338 319 19
4 313 313 0
5 245 210 ' 35
6 136 136 0
7 79 79 0
8 207 202 5
9 169 166 3
10 461 454 7
11 246 228 18
2824 2720 104

Figures 1, 2, and 3 show the effect of rejected material on frequency
distributions of percents passing the 3/4- and 3/8-in., and No. 10 sieves,
respectively.

Although tests were studied for 104 lots of 150 tons each of rejected
material (outof 2,824 lots), the plotting of the distribution of percents pas-
sing certain sieves was confined to 60 samples selected at random from the
104. This reduction was made to maintain the approximate proportions of
accepted and rejected material. The three graphs show that inclusion of
rejected material in the statistical analysis at the rate of approximately
3. 7percent, as encountered for 22A aggregate, would not significantly alter
the averages or standarddeviations given in Table 1. Thus, for at least this
one case, the overalldistribution is not significantly changed by this inclu-
sion of rejected material.

Figure 4 shows the distribution of non-conforming tests by type of ag-
gregate, producer, and various sieve sizes for gravel, stone, and slag.
The non-conforming tests shown are those only withinthe population of ac-
cepted material— that is, the same data given in Table 1. For4A aggregate
and 2NS sand, the distribution of the percents passing is indicated for various
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140 |—
SPECIFICATION
130 |— LIMITS
120 —
ACCEPTED PLUS
10— REJECTED MATERIAL\\
N = 1560 TESTS
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3/8 IN.
SIEVE
90 |—
80 |—
ACCEPTED MATERIAL —_|
N = 1500 TESTS
70 |— X =715
C=4.8
60 |—
50 f—
NORMALIZED
40 — 7 CURVE
FROM
STATISTICAL
30 [— / DATA
REJECTED MATERIAL \
20 — N= 60 TESTS / \
X=174.2 / ‘\
o |- o= 7.6 // \ /
L AT |
40 45 50 55 60 65 70 75 80 85 90 95 100

PERCENT PASSING

Figure 2. Distribution of percent passing 3/8-in. sieve for accepted material,
rejected material, and the combination for 22A aggregate.
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140 —
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110 p—
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80 — g = 4,5
70 |—
ACCEPTED MATERIAL
60 (— N =1500 TESTS
X =390.7
g= 4.4
50 |—
NORMALIZED
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40 I— FROM
REJECTED MATERIAL STATISTICAL
N =60 TESTS N DATA
30 — X =422
= 7.2
20 —
o |- 4 \
/ My .
o | | | | 24 - [ | %ﬁ
o 5 10 15 20 25 30 35 40 45 50 55 60
PERCENT PASSING
Figure 3. Distribution of percent passing No., 10 sieve for accepted material,

rejected material, and the combination for 22A aggregate.
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Figure 4. Variability of fractions defective (nonconforming tests) among
aggregate producers for materials passing various sieve sizes.
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sieve sizes. For 4A aggregate (Fig. 5), the distribution of percent pas-
sing the 1/2- and 3/8-in. sieves tends tobe close to the lower specification
limit, For2NSsand (Fig. 5), the distribution of percents passing the Nos. 8
and 16 sieves bunch toward the upper specification limit, for the No. 50 it
is pretty well centered, but for the No. 100 sieve the results definitely
bunch toward the lower specification limit of zero. Table 1 illustrates the
inherent distribution characteristics within the specification limits for the
other type aggregates.
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FINENESS MODULUS

Fineness modulus of either fine or coarse aggregate is a measure of
the degree of uniformity of its grading. It is used as an index of coarse-
ness or fineness— the higher the modulus, the coarser the aggregate. In
Michigan, fineness modulus is computed only for sand, by adding the cumu-
lative percentages by weight of the material retained on the 3/8-in., Nos. 4,
8, 16, 30, 50, and 100sieves, and dividing the sum by 100. The base fine-
ness modulus for each pit is determined from the average of a continued
period of production of acceptable fine aggregate. The specifications for
gradation of fine aggregate (2NS sand) require control of grading so that the
fineness modulus of representative samples should not vary more than +0.20
from the average fineness modulus of all samples previously taken from
the same source.

From daily records of aggregate field testing, covering the period of
1962 through 1963, ten projects were sampled at random to study relative
variability of the fineness modulus of 2NS sand. Approximately 20 samples
of 2NS gradings were randomly selected from each of the ten to compute the
modulus according to specifications. The results of these computations are
summarized in Table 3.

In addition, Figure 6 shows several daily fineness modulus averages
on natural (2NS) sand, plotted in chronological order. These samples were
all taken from one belt. Starting with Report No. 9, a base modulus of
3.06 was established using the running average of the first six tests, with
limits of +0.20 (indicated by the darker shading at center). The average
of the entire group is 2.98. However, a clear downward trend is evident
after Report No. 13 and again after Report No. 14, with the material be-
coming progressively finer through Report No. 23; production was stopped
for the winter after Report No. 25. Of interest here is the wide variation
in daily results from a given pit.

, Corresponding information from a different pit is shown in Figure 7 for
samples taken from one stockpile. Considerably more uniformity is evi-
dent here. A baseof 2,81 was established from results of the first 13 re-
ports, which were taken prior to the tests graphed in Figure 7.
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TABLE 3
SUMMARY OF TEST RESULTS ON FINENESS MODULUS
FOR GRADATION OF 2NS SAND

Number Fineness
Project No. of . Modulus
And Date Tests Average Star}da_rd
Deviation
?1710—15151—51(; to 9-6-62) 20 2.85 0.11
?13—02854—’655;:0 8-29-62) 20 2.817 0.11
((;43—0;0153’2 ?01010-11—62) 13 2.79 0.10
?51-027.‘;1—’6;10 10-18-62) 24 2.94 0.11
((;;—12773—’6§%o 7-18-62) 20 2. 83 0.06
4(177—01173-’62??0 10-1-62) 21 3.26 0. 32
4(119(;);2:—’65%5 8-19-63) 20 2.89 0.27
?17(;)?155_221,:0 10-18-62) 20 3.31 0.12
L(Lll(g)-zfi,eszcto 6-3-63) 20 2.88 0.08
63101A, C1 ’s - -

(10-19-62 to 7-2-63)
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FLEXURAL STRENGTH OF CONCRETE BEAMS

Flexural strength of concrete beams was studied from field records of
all 1959-1961 Michigan projects using Grade A concrete for both pavement
and bridge construction. Hundreds of field tests found inproject files were
condensed on special form sheets and punched on data cards for computer
processing. Frequency distributions were grouped and analyzed for both
road and bridge concrete beam specimens 7, 14, and 28 days old. The an-
alysis involved computing the mean value or sample average X, the sampling
variability or standard deviation S, and the relative variability or coeffic-
ient of variation V. The relative variability here was computed by the ex-
pression:

V =100 (1)

1 1)

which is useful for indicating the degree of uniformity in flexural strength
tests on concrete beam specimens. From these computations the percent-
age of tests below the specified minimum limits (fraction defective) was
estimated. The estimated values were checked against actual defective val-
ues found from the cumulative frequency distributions.

The results covering approximately three years of construction work
under varying weather conditions are summarized in Table 4 for both pave-
ment and bridge projects. Variations in strength within single beams were
computed by multiplyingthe average range of several groups of two breaks
per beam by a constant of 0.8865, as given in the literature. Results are
summarized in Table 5 for both pavement and bridge projects. For this
table, within-test relative variation V; was computed as follows:

Vi = 100% and Si=B- (2)

da

within-test standard deviation

where:

il

0.8865 from statistical tables

= average range of groups of two breaks per beam
average strength.

it 1 [ o

According to present specifications for flexural strength (modulus-of-
rupture), the steel molds in which the beams are cast are nominally 6 by
6 by 36 in. A set of four beams is made on alternate days when the pave-
ment is placed; for concrete structures, one setof beams is made from the
first concrete pour at the job site, and a set for each succeeding 200 cu yd
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TABLE 4
SUMMARY OF FLEXURAL STRENGTH TESTS

ON 1959-61 CONCRETE BEAM SPECIMENS

Individual Values

Average Values of

Minimum Values Within

ancies between columns. Results are presented in this way so that the reader may select the information of interest.

29 =

ltem Two Breaks per Beams Two Breaks per Beam
Spring I Summer "Fall Spring ] Summer ' Fall Spring | Summer Fall
Number of tests 713 1904 701 354 942 345 354 942 345
ol 8 Average strength, psi 654.9 652.17 644.8 655.3 6563.3 645.3 632.7 631.9 619.6
ES @
L)
gl 2| R . ;
o 0| 5| Retative variation, 12.9 13,9 15.5 11.9 13.1 14.7 12.0 13.2 15.3
sl ot 3 pereent
al &ty
S|le|T
S Percent less than 8.0 9.0 16.5 5.5 7.0 15.0 11,0 1.0 22,0
ol @ 550 psi
B w
|
A 1=
1
g § Number of tests 601 1604 596 300 792 294 300 792 294
<
a % Average strength, psi 749.3 750.4 740.6 749.6 751.2 741.7 726.9 729.3 714.6
S| &
3| s : -—
g| §| Helative variation, 12.3 18.1 15.5 11.6 17.7 14.7 12.2 17.8 15.5
6’ 1 percent
<
— .
Percent less than 3.0 5.5 1.5 2.5 4.5 10.0 6.5 9.0 15.0
600 psi
. Average Values of Minimum Values Within
Item Individual Values Two Breaks per Beam Two Breaks per Beam
Spring ISummer | Fall | Winter | Spring |Summar I Fall l Winter | Spring l Summerl Fall ] Winter
Number of tests 635 778 474 181 317 388 236 89 317 388 236 89
-g' @ | Average strength, psi 654.1 661.7 620.7 590.9 654.3 661,7 620,1 593.0 633.4 639.5 600.5 565.7
Cle Relative variation, 13.8 15.0 4.2 25.2 13.1 14.3 13.2 24.1 13.4  14.2 13.5 25.0
& a percent
A
[ -
Percent less than
£ ot 1 10 19 34 11 9 21 28 16 14 27 42
o psi
[=;]
“
:_" Number of tests 608 742 467 156 304 371 233 78 304 371 233 78
]
a @ | Average strength, psi 814.2 802.0 777.7 726.3 814, 2 802,0 777.9 727.0 793.4 778.1 754.6 700.3
| &
R i riati
8| g | 5| Relative variation, 13.3 13,8 136 17,2 | 128  13.2 13,0  16.4 | 13.0 135  13.4  16.6
21318 percent
g1%|2
o N
(&) Percent less than
2, 650 psi 5 6 10 20 5 5 9 19 8 9 13 25
]
&
q
Number of tests 294 459 262 153 147 221 130 76 147 221 130 76
B 8| Average strength, psi 614.8 626.8 591.9 571.4 615.1 628, 8 591.8 570. 4 592.9 607.1 572.4 549.3
o », | Relative variation,
g S percent 15.2 13.8 15.9 23.5 14.3 13.1 15.3 23.0 14.1 13.5 15.6 23.3
ERES
9 Percent less than
:: 550 psi 23 18 29 a7 21 13 26 39 28 22 34 50
T
i
§ Number of tests 283 462 252 174 141 231 126 87 141 231 126 87
3
2] g Average strength, psi 795.9 762.5 756.6 709.2 796.6 762.5 756.6 709.2 771.6 741.1 734.2 684.6
-
o )
‘a [; Relatlve varlation, 5.6 15.6 1.8 X
8 B; percent . 16.4 12.9 1!?.1 13.2 15.6 13.8 13.3 13.5 16.2
8
Percent less than
850 pel 9 156 16 28 6 13 15 25 12 19 19 33
NOTE: There are normally two breaks per beam. In this survey, an occasional report gave only one break, or only one was legible, resulting in slight discrep-




TABLE 5

WITHIN-TEST RELATIVE VARIATIONS FOR FLEXURAL STRENGTH

1959-61 Concrete Beam Specimens

Item Spring Summer Fall Winter
o
: Number of ‘tests 100 100 100 -
1]
ol o] 8| Avg. strength, psi 655. 3 653.3 645.3 ——-
wl 0} M
g f:‘ g, Average range, psi 42.5 38.4 51.8 ——
4 ,
g 81 7| Relative variation,
Ol n] 5.7 5.2 7.1 —-——
S I percent
g1 =
E [fe]
21 &| u| Number of tests 100 100 100 ---
« o 17
R § [2 Average strength, psi 749.6 751,2 741,17 ———
e
5 g’ Average range, psi 44,0 46.5 58.4 ——
aé ",_'} Relative variation,
3 percent 5.2 5.5 7.0 T
S o | Number of tests 100 100 100 89
=
°| 2| Average strength, psi 654. 3 661.7 620. 1 593.0
0| H
ﬁ' B Average range; psi 39.9 39.9 39.8 54.3
4
9 LQL Relative variation, 4 53 5 8.1
8 percent 5. . .7 .
w
v | w| Number of tests 100 100 100 100
ol '
§ é Average strength, psi 814.2 802.0 777.9 727.0
P
2 E’ Average range, psi 37.4 45.9 39.7 51.4
Q| © ‘
= ] s . N
o g ® Relative variation, 4.1 5.1 4.5 6.3
g10 percent
o
YT
_% 21 | Number of tests 100 100 100 76
’ )
Bl o| 8| Average strength, psi 615,1 628. 8 591, 8 570.4
QfH
E‘ | Average range, psi 46.0 39.8 42.17 41.0
o 8; Relative variation,
7 6.6 5.6 6.4 6.4
“ percent
©
I
Bl oa Number of tests 100 100 100 100
-
-~
3 é Average strength, psi 796.6 762.5 756.6 709.2
[
5 § Average range, psi 49,0 47.4 46,1 48.6
o
8| & | Relative variation,
8 N percent 5.5 5.5 5.4 6.1
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Figure 8. TFlexural strength of concrete beams, reflecting
influence of seasonal testing conditions on field results.
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poured. For pavements, two beams are tested at 7‘and 14 days, and for
bridges, two beams are tested at 7 and 28 days. Michigan uses the canti-
lever type of loading, with two breaks per beam.

The minimum values (lower acceptance limits) required for flexural
strength when concrete specimens are properly cured under moist conditions
at 60 and 80 F are 550 psi at 7 days, 600 psi at 14 days, and 650 psi at 28
days for cement factors of 5.5 or 5.9 sacks per cu yd of concrete.

Twofacts were noted in connection with the resulting frequency distri-
butions. First, the grouped data from both pavements and bridges followed
closely symmetrical distributions. Second, the grouped data reflected the
influence of seasonal testing conditions. This can be explained in terms of
fluctuations of relative variation for individual and average values of two
breaks per beam as shown in Table4. Values for percent of nonconforming
tests, for example, were significantly higher infall than in spring for pave-
ment projects, and higher in winter than in spring for bridge projects, as
shown in Figure 8. Some generalizations may be made from Tables 4 and
5 regarding effects of the flexural strength average, the relative variation,
and the specified lower acceptance limits required in flexural strength tests:

1) Strength tests for pavement concrete in seasons other than spring,
with approximately the same average value but greater relative variation
than those recorded in spring, show a greater proportion of values falling
below the lower limit.

2) Fluctuations in relative variations within single beams reflect the
influence of seasonal curing conditions.
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THICKNESS OF CONCRETE PAVEMENTS

The study of thickness of portland cement concrete pavements was based
on 15 projects sampled at random from field records covering the period
of 1959-1961. From these data, 656 tests were grouped and analyzed to
estimate standard statistical parameters as well as the percentage of tests
outside the specified limits. Specifications require that thickness of the
completed pavementbe controlled so thatthe average depth of each concrete
core should not be more than 1/2-in. under the designthickness. One core is
taken at random from each 1,000-ft length of pour in accord with plan sta-
tioning. The depth of each core is found using a depth-gage from the cen-
ter of the upper end of the specimen and from eight other points equally
spaced around the center. The individual measurements are recorded to
the nearest 0.05 in., and the average of these nine measurements expres-
sed to the nearest 0.10 in. is considered the core depth.

The frequency distribution of measured pavement thickness as obtained
from the average depth of each 656 concrete cores is shown in Figure 9.
While the nominal pavement thickness is 9 in., the average depth measured
was 9.2 in. and one standard deviation was +0.28 in. The distribution is
quite symmetrical and approximates anormal distribution. Only two cores
out of 656 were below the minimum specification depth of 8.5 in., or ap-
proximately 0. 3 percent.
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FREQUENCY, PERCENT

22

NOMINAL THICKNESS 9 IN. -.‘

-

ONE STANDARD

: : DEVIATION T 0.28 IN.

e———— AVERAGE THICKNESS 9.2 IN.

MIN. THICKNESS 8.5 IN.
(SPECIFICATION REQ.)

NORMALIZED CURVE FROM
STATISTICAL DATA.

Figure 9.

8.7 8.9 9.1 9.3 9.5 9.7 9.9
CONCRETE PAVEMENT THICKNESS, INCHES

Frequency distribution of concrete pavement thickness: 1959-61.
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AIR CONTENT OF FRESH PAVEMENT CONCRETE

Analysis of field data dealing with air content of fresh pavement con-
crete was based on 60 projects sampled at random from files covering the
period from 1959-1961. From the selected projects 4, 065 tests were grouped
and analyzed to estimate important characteristics of the data, such as the
degree of normality, average, and standard deviation of the test results,
Michigan requires an average air content between4 and 7 percent for con-
crete pavement. Periodic tests for air content of freshly mixed concrete
are made at the job site by the standard pressure meter method.

As shown in Figure 10, the frequency distribution shows acceptable
normality for this condition of symmetrical control limits, and the average
of 5.65 percent is very close to the midpoint of the specification (5.5 per-
cent). Slightly over 90 percent of the tests fall withinthe specification limit,
with 2.9 percent below and 6.3 percent above the lower and upper limits,
respectively. ’
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MOISTURE AND DENSITY OF.
AGGREGATE BASE COURSE AND SAND SUBBASE

Field data dealing with moisture content and density of subbase for pave-
ments were analyzed, covering the 1961 and 1962 construction periods on
the basis of 132 projects sampled at random from the files. In Figure 11,
frequency distributions of moisture content for aggregate base course and
sand subbase are shown. For the former, the average moisture content is
5.1 and for the latter 6.3 percent, while standard deviations are +1.6 and
+2.6 percent, respectively. In both cases, a slightly unsymmetrical dis-
tribution may be noted with the long tail always at the higher end of the
moisture content,

For aggregate base course and sand subbase, the Michigan Cone Test
is used to obtain the maximum unit weight of the material and the Rainhart
test is used routinely to determine actual density of the material as placed
and compacted on the grade. Department specifications require a minimum
of 100 percent of the maximum unit weight for aggregate base course and 95
percent for sand subbase. Routine inspection procedure calls for testing
at locations giving evidence of being the least compacted. If the test indi-
cates that the compaction does not meetthe particular specification require-
ment (95 or 100 percent of the maximum unit weight) then further compac-
tion of the area is required and a second test is made.

It should be noted that the frequency distributions shown in Figure 12
for aggregate base course and sand subbase are only for final or accepted
tests—that is, tests meeting the specification and representing accepted
compacted areas. The average density values for 1961 and 1962 construc-
tion seasons were nearly identical, being 102.2 and 102, 1 percent, respec-
tively, for 1961 and 1962 aggregate base course, and 98.2 and 98.4 per-
cent for sand subbase for 1961 and 1962. Standard deviations for sand sub-
base were nearly identical in 1961 and 1962, being 2.16 and 2. 14 percent.
However, the standard deviation for aggregate base course increased from
2. 05 percent in 1961 to 2. 62 percent in 1962. Both materials and each year
of construction presented frequency distributions with the long tail at the
high end of the compaction range.

The preceding data were based on accepted tests only and, therefore,
for a more complete picture of the total density distributions likely to be
experienced, some additional density data were analyzed from a 1965 con-
struction project near Lansing. On this project, 502 initial density meas-
urements were made on the clay embankment, with 143 being below the 95
percentdensity requirement and 359 tests acceptable (95 percent or greater).
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FREQUENCY, PERCENT

FREQUENCY, PERCENT
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Figure 11. Frequency distributions of moisture content for aggregate base course

(802 tests) and sand subbase (800 tests).
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Figure 12. Frequency distributions of percent compaction for aggregate base

course and sand subbase, for final or accepted tests only.
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This density distribution is illustrated in Figure 13. For all grade areas
represented by unacceptable test results, additional compaction was required
until further testing indicated that the grade was compacted to the minimum
95 percent of maximum unit weight. Figure 13 also illustrates similar
density distributions of initial test results for selected subbase and sand
subbase. For selected subbase, 2.9 percent were initially unacceptable,
and for sand subbase 3. 05 percent.

Onthis same project some random density tests were made of the sel-
ected subbase and sand subbase on grades already accepted on the basis of
standard sampling and testing procedures. Figure 14 illustrates that the
density distributionfor accepted selected subbase varied from 90.8t0103. 8
percent of maximum unit weight, with approximately 20 percent of the ran-
dom tests fallingbelow the minimum requirement of 95-percent compaction.
A similar distribution of random tests from previously accepted sand sub-
base gradeis alsoillustrated in Figure 14, where approximately 34 percent
of the test results were below the specification requirement of 95 percent
of the maximum unit weight.
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AGGREGATE GRADATION— FIELD EXPERIMENT

The field records survey for aggregate gradation indicated that sam-
pling and testing procedures now in use for acceptance or rejection of such
materials allow many possibilities for introduction of deviations.

A field experiment was carefully planned to determine what part ag-
gregate inspectors, screening sieves, and sampling methods play in the
uniformity of gradationresults. This required an experimental design which
may be discussed in terms of the following mathematical equation:

X=G+I+M+S+IM+ IS+ MS+IMS +E (3)

where: X = an individual test
G = the overall mean
I, M, S = effects due to inspectors, sampling
methods, and screening kits, res-
pectively.
IM, IS, MS, IMS = effects due to various interactions.
E = random error

Based on this model and other algebraic identities the following variances
may be determined:

Vi = overall variance of the gradation results

V, = variance attributable to different aggregate inspectors

variance attributable to different screening sieves

Vs = variance attributable to different sampling procedures

=variance attributable to inherent material and experi-
mental deviations.,

=
[

=
I

In planning the experimental work, consideration was given tothe avail-
ability of manpower and testing equipment, and the type and location of the
aggregate materials being produced, thus largely limiting the experiment
to a fixed statistical model.

The experiment was expected to indicate:

1) Whether aggregate inspectors require further training in sampling
and testing of aggregate materials.

2) Whether testing equipment requires periodic calibration or more
careful maintenance.

3) Whether improved precision is feasible in gradation analysis.
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STOCKPILE BEING SAMPLED
(150 TONS OF 22A AGGREGATE)

-
ONE 100~ LB SAMPLE SELECTED
SEPARATELY BY METHODS M| AND
Mo FROM VARIOUS POINTS OF A
STOCKPILE

SAMPLE WASHED OVER A NO. 200
SIEVE

COMPOSITE SAMPLE REDUCED TO
APPROX, 4000 GRAMS BY THE QUAR-
TERING METHOD

WASHED AGGREGATE DRIED TO A
CONSTANT WEIGHT

4000 ~GRAM SAMPLE DRIED TO A
CONSTANT WEIGHT

SIEVE ANALYSIS

AGGREGATE RETAINED ON EACH
SIEVE SIZE IS WEIGHED AND
RESULTS COMPUTED TO ONE
DECIMAL PLACE

Figure 15. Flow chart for sampling and screening coarse aggregates.




4) Whether significant interactions (i.e., combined effects produced
by several factors, exceeding the total of their individual effects) are oc-
curring in the experimental work.

Experimental Procedure

A portable plant was selected, producing 22A aggregate for base and
surface courses near Maple Rapids, Michigan. For this type of material
the 1963 specifications required the following grading limits:

, . Percent passing

Sieve size. 0
(cumulative)

1-in, 100

3/4~in. 90 to 100

3/8-in. 65 to 85

No. 10 30 to 45

No. 2001 3to 10

() 10ss by washing.

The experimental design requiredthree aggregate inspectors selected
from a number of well-trained personnel from differentlocations, and three
screeningkits also selected from sieves available from the Testing Labor-
atory Division.

Each of the three aggregate inspectors used each screening kit equally
often, and sampled and tested 60 samples for about four weeks of aggregate
production. During the course of the experiment, a regular aggregate in-
spector informed testing personnel as to the status of the material being
produced. The specifications require as a standard one complete gradation
analysis for each 150 tons of coarse aggregate. Four orfive tests per day
cover the production from an average gravel plant. The regular inspector
takes a representative sample by sampling from different areas of the stock-
pile and combining into a composite sample of about 100 lb of aggregate
material. The composite or average sample is then reduced by quartering
to a size suitable for testing for loss by washing (or passing No. 200) and
sieve analysis. These field operations are illustrated by the flow chart

in Figure 15.
In addition, the three inspectors performing the experimental testing

obtained their samples from the same stockpile tested by the regular in-
spector. Both groups of inspectors took their samples prior to any additional
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production being placed on the stockpile. The inspectors performing the
experimental testing obtained their samplesby the standard sampling pro-
cedure (shown schematically in Figure 16) and also by selected random

- sampling so that each sampling location from the stockpile would have an

equal likelihood of being included in the composite samples. A random
sampling pattern involving ten locations is also shown in Figure 16. Values
for length X and width Y of the stockpile were computed from a table listing
random numbers in decimal fractions and on actual stockpile dimensions
of 150 by 24 ft. In both cases, the dotted lines show paths followed by the
inspectors over the sampling areas.

Thus, two different sampling methods were included as part of the ex-
perimental design. To avoid unnecessary delay during the field testing,
necessary space, equipment, and materials were furnished in a mobile
laboratory truck parked near the project site. The experiment was conducted
onaccepted 22A aggregate without interference with the regular inspector's
duties nor with aggregate plant operation. After following the sampling and
testing procedures outlined in the design, the selected inspectors recorded
their field observations on special form sheets. At the bottom of this form
were coding letters for the inspector's name, testing equipment used, lo-
cation of the material being sampled, the time of sampling, and the date.
Then the data were punched on cards for computer processing.

Selection of Samples

Cost, labor, facilities, and time available all limited the sample size
to 10 gradation tests for each combination of inspector-screening kit-samp-
ling-method, as shown in Figure 17.

where: n = 10 gradation analyses per cell
I, I, I; = three aggregate inspectors chosen at ran-
dom from a large group
51555, S = three screening kits, also chosen from sev-
eral that were available
M; = regular or standard method of sampling
M, = random method of sampling.

Survey records covering 22A aggregate indicate that for a randomized
survey sample size of 10 gradation tests, a 20-percent risk of failing to
detect genuine changes in the average value passing the 3/8-in. sieve was
tolerated; with a 5-percent chance of erroneously recording nonexistent
changes. On the other hand, for the same sample size, the risks of mis-
sing genuine changes in the average values passing Nos. 10 and 200 were
close to 5 and 12 percent, respectively, with a probable error of 5 percent
in recording nonexistent changes.
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The experimental results are summarizedbelow separately for each of
the three sieve sizes involved. In all cases, extensive use was made of
analysis of variance, a statistical technique for estimating how much of the
total variationin gradation results can be significantly attributed to aggre-
gate inspectors, screening sieves, sampling methods, or their interactions.
The remaining variation due to other relatively non-significant causes is
classed as residual variation, made up of inherent material and experimental
variation,

M 1 M 9
I1 IZ I3 I1 IZ I3
Sl n n n n n n
S 9 n n n n n n
83 n n n n n n

Figure 17, Experimental design involving
three main factors: sampling methods,
aggregate inspectors, and screening
sieves,

Aggregate Passing 3/8-in. Sieve

The results of the analysis of variance (Table 6) indicate that the main
effects of both M and I are highly significant— at the 1-percent level— but
that there is no significant effect due to S. The results also show that the
interaction MIS 1is significant at the 5-percent level. The possibility that
this interaction might really occur is questionable since the 3/8-in. sieves
seemed identical in physical appearance before and after cleaning inthe field.
On the other hand, the results may be interpreted better in terms of main
effects M and I as summarized in Table 7 and shown graphically in Figure
18. Allthree inspectors obtained higher values when using the regular sam-
pling method, but inspector I, was fairly stable with both methods, since he
showed the smallestdeviationfrom the grand average of 70. 13 percent pas-
sing. This is reasonable because I, was the most experienced inspector
of the three involved in the experiment.
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TABLE 6
TABLE OF ANALYSIS OF VARIANCE FOR PASSING 3/8 IN, SIEVE

Nat S
ature ource Sum Degrees Variance F Tests
of of of of Estimat F
Effect Variance | Squares | Freedom tmate F 0.05 F 0.01
Main M 162,64 1 162.64 15.00** 3,90 6.81
Factors I 106,64 2 53.32 4.92%* 3,06 4.75
S 21,20 2 10.60 0.98 3.06 4.75
Interaétions MI 60.23 2 30.11 2.78 3.06 4,75
Amon MS 28.14 2 14,07 1.30 3.06 4.75
aotors IS 76. 96 4 19.24 177 2.43 3.45
MIS 124, 96 4 31.24 2.88% 2,43 3.45
Replication Resgidual 1756, 14 162 10.84
Total 2336. 92 179 13.06
Legend: ** Significant at the 1 and 5-percent levels (highly significant)
* Significant at the 5-percent level
M Sampling Methods
1 Aggregate Inspectors
S Screening Kits

NOTE: Deviations are significant when they are large enough to make the assumption
of equal performance unlikely. They are significant when the number in the "F"
column is larger than the corresponding number in the "F 0.05" subcolumn, and
highly significant when larger than the corresponding number in the "F 0.01" sub-
column.

Thus, inspectors and methods of sampling independently affected the
gradation results passing the 3/8-in. sieve. A possible explanation for
obtaining a lower average with a random sampling method is that a more
representative sample can be expected by using this method as compared to.
regular sampling. Statisticaltheory statesthata randomized sampling pro-
cedure increases the likelihood of getting samples representative of the lot,
thus reducing or eliminating sampling as a source of bias. The investiga-
tion indicates that the bias is more likely to be on the higher side of the
average whenthe standard sampling procedure is used. On the other hand,
since both main factors M and I proved tobe highly significant, interest would
then center on how much of the overall variation in gradation results is due
to discrepancy between the sampling methods and how much is due to dis-
crepancy among different inspectors. Ananalysis of components of variance
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TABLE 7
SUMMARY OF GRADATION TESTS
ON 22A AGGREGATE PASSING 3/8-IN, SIEVE

Regular Method

Random Method

t
Inspector Item of Sampling, M1 of Sampling M2

No of Tests 30 30
I1 Avg. Gradation, % 70.52 67.57
Std. Deviation, % 3.42 3.52

No. of Tests 30 30
I2 Avg. Gradation, % 71.79 69. 33
Std. Deviation, % 2.82 3.41

No. of Tests 30 30
I3 Avg. Gradation, % 70.92 70.63
Std. Deviation, % 3.09 4.00
Total No. of Tests 90 90
and Avg. Gradation, % 71.08 69.17
Average Std. Deviation, % 3.13 3.83

PASSING 3/8 -IN. SIEVE, PERCENT

67 '

l

b — =

M

Figure 18.

M2
SAMPLING METHODS

as well as inspectors.

44~

IZ
INSPECTORS

Significant variations due to sampling methods




gave an estimated value of 6 percent of the total variance attributable to
sampling methods, and about 4 percent attributable to different inspectors.
The remaining 90 percent of the total variance was due to residual variations
including inherent material variation and experimental variations. Assum-
ing thatdiscrepancies of sampling methods and by inspectors could be elim-
inated or reduced by teaching better sampling procedures or developing
more rigorous training programs, these estimated values indicate that much
could be gained by such action.

TABLE 8
TABLE OF ANALYSIS OF VARIANCE FOR PASSING NO. 10 SIEVE

Nature Sourc S
e um Degrees Variance F Tests
of of of of Estimat F
Effect Variance | Squares| Freedom| : > ™at€ F0.05 | F0.01
. M 97.98 1 97.98 10,67 % 3.90 6.81
Main
Factors I 39.10 2 19.55 2.12 3.06 4.75
S 14. 06 2 7.03 0.77 3.06 4,75
. MI 25.29 2 12.64 1.38 3.06 4.75
Int tions ‘
ﬁi;g MS 3.61 2 1.80  0.20 3.06  4.75
Factors S 280.20 4 70.05 7.63%% 2.43 3.45
MIS 98.81 4 24,70 2,69%* 2.43 3.45
Replication Residual 1487, 32 162 9.18
Total 2046. 36 179 11.43

i

Legend: ** Significant at the 1 and 5- percent levels (highly significant)
Significant at the 5-percent level

Sampling Methods

Aggregate Inspectors

Screening Kits

UJ'—'g*

Aggregate Passing No. 10 Sieve

The results of the analysis of variance (Table 8) indicate that the pres-
ence of interaction effects is significant enough to reduce the accuracy of
the main effect comparisons. Here, the analysis must be supplemented by
a detailed examination of the nature of such interactions. The combined
influence (interaction) of inspectors with screening kits, significantly affect-
ing the gradation results, is shown in Table 9 and Figure 19. Some com-
binations of the two factors (inspectors and screening kits) were better or
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worse than would be expectedunder existing conditions. Thus, from Figure
19, it appears thateach inspector found a different kit that gave results with
smallest deviation from the grand average of 43.20 percent passing. In fact,
for better results, screening kit S, could have been assigned to inspector
Ly, kitS, to inspector Iy, and kit S, to inspector I;. However, under existing
conditions, little couldbe gained by taking the trouble of assigning particular
screening kits to particular inspectors.

| TABLE 9
| SUMMARY OF GRADATION TESTS
| ON 22A AGGREGATE PASSING NO. 10 SIEVE

Screening Kits
Inspector Items

Sl SZ SS

No. of Tests 20 20 20
Il Avg. Gradation, % 41.27 43.88 42.55
Std. Deviation, % 3.72 3.21 3.03

No. of Tests 20 20 20
I2 Avg. Gradation, % 43. 96 41.91 45,09
Std. Deviation, % 2.52 4.12 3.08

No. of Tests 20 20 20
13 Avg. Gradation, % 45,40 42.79 42,07
Std. Deviation, % 2.01 3.10 3.22

Total No. of Tests 60 60 60
and Avg. Gradation, % 43.54 42,86 43.23
Average Std. Deviation, % 3.28 3.54 3. 34

Possible reasons for such interactions might include: a) the inspector's
practice of rearranging aggregate particles retained on the No. 10 sieve so
they may pass; b) inspector's fatigue caused by shaking aggregate test sam-
ples by hand under field operating conditions; c) serious discrepancies in
sieve openings over the same screening area caused by improper care of
testing kits as used in the field.
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AGGREGATE PASSING NO. 10 SIEVE, PERCENT -

Sy Sa S3 L Iz Iy

SCREENING KITS FIELD INSPECTORS

Figure 19. Combined influence (or interaction) of two factors
(screening kits-inspectors) affecting gradation results.

On the other hand, the difference between the two sampling methods M,
and M, was of sufficient magnitude in some cases to be of practical impor-
tance. As shown in Table 10 and Figure 20, relative performance of ag-
gregate inspectors was not consistent for all kits, particularly when the
two sampling methods are compared. For example, the best combinations
were 1, -M;-8;, L-M,-S,, L-M,-S,, and L,-M,-S, because these were closest
to the grand average of 43.20 percent.

When interactions are significant, the standard procedure for analyzing
the components of variance is carried out for each factor separately. The
results are as follows:

) Inspectors
Source of Variance I i i
1 2 3
Sampling Methods, percent 8 6 -
Screening Kits, percent 7 11 18
Residual Deviations, percent 85 83 82
Total 100 100 100
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TABLE 10

SUMMARY OF GRADATION TESTS
ON 22A AGGREGATE PASSING NO, 10 SIEVE
USING TWO SAMPLING METHODS

Screening Kits

Sampling
Methods Inspector Item 3 S 3
1 2 3
No. of Tests 10 10 10
Il Avg. Gradation, % 43.27 43,97 43,68
Std. Deviation, % 3.50 3.43 2,97
Regular
Samg[;lling No. of Tests 10 10 10
Method 12 Avg. Gradation, % 44,47 42,20 47,05
M Std. Deviation, % 2.46 3.62 1.78
1
No. of Tests 10 10 10
13 Avg. Gradation, % 45,31 44, 02 41.56
Std. Deviation, % 2.12 1.81 3.56
No. of Tests 10 10 10
I Avg. Gradation, % 39.27 43.78 41.42
1 Std. Deviation, % 2.84 3.16 2.79
Random
Sampling No. of Tests 10 10 10
Method 12 Avg. Gradation, 9 43.44 41.62 43,12
M Std. Deviation, % 2.61 4.74 2.88
2
No. of Tests 10 10 10
13 Avg. Gradation, % 45, 48 41.55 42.57
Std. Deviation, % 2.00 3.68 2.93

For example, inspector I, always using the same calibrated kit and
always sampling and testing in the same manner, might get gradation results
with a constant bias, but the total variance of individual readings would be
reduced by 15 percent. On the other hand, inspector L, beingthe most ex-
perienced, by always using the same calibrated kit might reduce the total

variance by 18 percent.

of aggregate inspectors selected for this experiment.

-49-
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TABLE 11
TABLE OF ANALYSIS OF VARIANCE FOR PASSING NO, 200 SIEVE

t Sou '
Nature ource Sum Degrees Variance F Tests
of of of of Estimat F
Effect Variance | Squares | Freedom| > At F0.05 | FO0.01
. M 2.45 1 2.45 2.21 3.90 6.81
Main
Factors I 6.77 2 3.39 3.05 3.06 4.75
S 0.26 2 0.13 0.12 3.06 4.75
Interactions MI 0.02 2 0.01 0.01 3.06 4.75
Amon MS 5.567 2 2.79 2.51 3.06 4.75
Factof; 1S 62. 35 4 15.59  14.04** 2.43  3.45
MIS 2.95 4 0.74 0.67 2.43 3.45
Replication Residual 179,82 162 1.11
Total 260.19 179 1.45
Legend: ** Significant at the 1 and 5-percent levels (highly significant)
M Sampling Methods
I Aggregate Inspectors
S Screening Kits

TABLE 12
SUMMARY OF GRADATION TESTS
ON 22A AGGREGATE PASSING NO, 200 SIEVE

Screening Kits
Inspector Items

S 5 53

No. of Tests 20 20 20
Il Avg. Gradation, % 7.58 9.07 7.93
Std. Deviation, % 1.08 0.91 1.33

No. of Tests 20 20 20
12 Avg. Gradation, % 8.28 8. 34 9.38
Std. Deviation, % 1.06 1.38 0.73

No. of Tests 20 20 20
I3 Avg. Gradation, % 9.27 7.99 7.92
Std. Deviation, % 0.72 1.11 0.98

Total No. of Tests 60 60 60
and Avg. Gradation, % 8. 37 8.46 8.41
Average Std. Deviation, % 1.18 1.22 1.24

-50-



Aggregate Passing No, 200 Sieve

The analysis of variance (Table 11) indicates that highly significant
interactions occurred between inspectors and kits during the experimental
work. In fact, the combination of these two factors markedly affected the
uniformity of gradation results as shown in Table 12 and Figure 21. The
interpretation of these interrelated factors is somewhat similar to the results
for material passing the No. 10 sieve. For example, it appears that some
particular combinations (such as S,-I,, S;-L,, and S,-I, or S, -I,) were better
than others under experimental conditions. These interactions might occur
for two principal reasons:

1) Thedifficulty in obtaining uniform effective sieve openings after the
No. 200 mesh has been normally used in field work. .

2) Variationamong individual inspectors in their procedure of agitating
and washing an aggregate test sample over a No. 200 gsieve,

The nature of these interactions may be examined in detail in Table 13
and Figure 22 for each separate kit. Here, the best combinations were
L-My-8,, I,-M;-S;, and I~M,-S;, because they were closest to the grand
average of 8.40percent passing the No. 200 sieve. In addition, these situ-
ations reveal that variations in sampling procedures were not significant,
and thus such variations could be expected under typical field conditions.

Since interactions were significant in this case, the procedure for an-
alyzing the components of variance are exactly the same as for aggregate
passing the No. 10 sieve. The results are as follows:

Inspectors
Source of Variance I I I
1 2 3
Sampling Methods, percent - -- -
Screening Kits, percent 23 15 28
Experimental Deviations, percent 77 85 72
Total 100 100 100

These estimated values would indicate how much more precision in
gradation results might beattained by training inspectors to work alike, or
by more careful calibration and maintenance of testing sieves.
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TABLE 13
SUMMARY OF GRADATION TESTS
ON 22A AGGREGATE PASSING NO. 200 SIEVE,
USING TWO SAMPLING METHODS

s 1i Screening Kits
ampling Inspector Item
Methods Sl S S
2 3
No. of Tests 10 10 10
I1 Avg. Gradation, % 8.06 8.99 7.90
Std. Deviation, % 1.06 0.76 1.30
Regul
Sa;g;;r No. of Tests 10 10 10
Mothe dg I, Avg. Gradation, % 8.66 8.18 9.46
M Std. Deviation, % 1.28 0.88 0.62
1
No. of Tests 10 10 10
13 Avg. Gradation, % 9.49 8.24 7.79
Std. Deviation, % 0.76 0.93 0.85
No. of Tests 10 10 10
I1 Avg. Gradation, 7.09 9.14 7.95
Std. Deviation, % 0.91 1.07 1.44
Sf;ifdﬁgl No. of Tests 10 10 10
Mefho dg 1, Avg. Gradation, %  7.89 8.49 9.29
M Std. Deviation, % 0.63 1.79 0.85
2
No. of Tests 10 10 10
13 Avg. Gradation, % 9.04 7.74 8.04
Std. Deviation, % 0.64 1.26 1.13

Control Charts for 22A Aggregate

For detecting process variation during continuous production of 22A
aggregate, control charts for a regular inspector and three inspectors who
workedunder experimental conditions are shown in Figure23. The regular
inspector and the inspectors performing the experiment obtained their sam-
ples at the same time from the same stockpile. Since the No. 10 sieve oc-
casionally causes trouble to producers, this sieve was selected to illustrate
relative performance of the inspectors in relation to acceptability of the
material. The control charts showdaily average results passing the No. 10
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Figure 23. Relative performance of aggregate
inspectors using standard and random sampling
methods.
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sieve during 11 consecutive days of acceptable aggregate production. These
charts disclose the following: ‘

1) Daily average values fell consistently above the specification mean.
In addition, all four charts show an increasing trend, suggesting that pro-
duction conditions were changing and that an investigation of production
problems might well be justified at this point,

2) Because of this increasing trend, inspectors I, I, and L, probably
would have rejected about 20, 40, and 10 percent, respectively, of the total
aggregate material already accepted by the regular inspector IR. Here,
definite decision rules might be desirable regarding the acceptability of
material whenever successive average values show increasing or decreas-
ing trends on the same side of the specified mean.

3) In general, lower average values were obtained with the random
sampling method than with the standard procedure. Furthermore, the dif-
ference between the two sampling methods was remarkably consistent for
inspector ;. This finding supports the results of the analysis of variance,
as previously explained.

Results of the Field Experiment

Briefly, the results of the field study are as follows:

1) Inspectors and methods of sampling independently affected gradation
results passing the 3/8-in. sieve. An analysis of components of variance
gave an estimated value of 4 percent of the total variance attributable to
different inspectors, 6 percent attributable to sampling methods, and the -
remaining 90 percent attributable to inherent material and experimental
deviations.

2) The test data on passing No. 10 sieve showed the presence of sig-
nificant interaction effects among the main factors involved in the experi-
ment. Analysis of components of variance was carried out for each inspector
separately with the vollowing results:

a) Variance due to different ways of selecting the sample ranged
from 0 to 8 percent.

b) Variance dueto different screening sieves ranged from 7 to 18
percent.

c¢) Theremaining variance of 85 percent is attributable to inherent
material and experimental deviations.
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3) Similarly, the test data on passing the No. 200 sieve were affected
by significant interactions between inspectors and kits during the experi-
mental work. Analysis of components of variance was carried out for each
inspector separately with the following results:

a) Variance due todifferent screeningkits covered 15 to 28 percent.

b) Variance dueto inherent material and experimental deviations
was 72 to 85 percent.

c) Variations in sampling procedures were not significant.
4) Control charts for 22A aggregate disclosed at least four significant

features not covered by current conventional records-keeping methods, but
nevertheless inportant in an efficient sampling acceptance procedure:

a) Daily average values fell consistently above the specified mean.
b) Daily average results showed a gradual upward trend.

c) Test inspectors would have reached different decisions on ac-
ceptance or rejection of the material already accepted by the regular
inspector.

d) Ingeneral, higher values were obtained with the standard method
of sampling than with the random sampling procedure. Also, inspector
I; appearedto maintain a consistent difference between the two sampling
methods.
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