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superscript epsilon (¢) indicates an editorial change since the last revision or reapproval.

1. Scope*

1.1 This practice describes techniques for planning,
conducting, and analyzing the results of an interlaboratory
study (ILS) with the objective of developing the precision
statement of a test method. It is designed to be used in
conjunction with Practice C670. The methods used in this
standard are consistent with those in Practice E691.

1.2 This practice is not intended for use in programs whose
purpose is to develop a test method or to assess the relative
variability of two or more test methods. Refer to Practice
C1067 for procedures to evaluate the ruggedness of a test
method.

1.3 The system of units for this practice has not been
specified. Dimensional quantities in the practice are presented
only in examples of calculations.

1.4 This standard does not purport to address all safety
concerns, if any, associated with its use. It is the responsibility
of the user of this standard to establish appropriate safety and
health practices and determine the applicability of regulatory
limitations prior to use.

1.5 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:*

C109/C109M Test Method for Compressive Strength of
Hydraulic Cement Mortars (Using 2-in. or [S0 mm] Cube
Specimens)

! This practice is under the jurisdiction of ASTM Committee C09 on Concrete
and Concrete Aggregates. This practice was developed jointly by ASTM Committee
C01, C09, D04, and D18, and is endorsed by all four committees.

Current edition approved Dec. 15, 2014. Published June 2015. Originally
approved in 1974. Last previous edition approved in 2009 as C802 — 09A. DOI:
10.1520/C0802-14.

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service@astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.

C136 Test Method for Sieve Analysis of Fine and Coarse
Aggregates

C311/C311M Test Methods for Sampling and Testing Fly
Ash or Natural Pozzolans for Use in Portland-Cement
Concrete

C670 Practice for Preparing Precision and Bias Statements
for Test Methods for Construction Materials

C1067 Practice for Conducting a Ruggedness Evaluation or
Screening Program for Test Methods for Construction
Materials

E105 Guide for Probability Sampling of Materials

E177 Practice for Use of the Terms Precision and Bias in
ASTM Test Methods

E178 Practice for Dealing With Outlying Observations

E456 Terminology Relating to Quality and Statistics

E691 Practice for Conducting an Interlaboratory Study to
Determine the Precision of a Test Method

3. Terminology

3.1 Definitions:

3.1.1 For definitions of general statistical terms, refer to
Terminology E456.

3.1.2 For definitions of terms associated with precision of
test methods for construction materials, refer to Practice C670.

4. Significance and Use

4.1 This practice provides requirements for planning and
conducting an interlaboratory study to obtain data to develop
single-operator and multilaboratory precision statements for a
test method. It includes methods to evaluate data consistency
before carrying out the calculations to develop the precision
statement. The procedures are compatible with those in Prac-
tice E691.

4.2 The ILS data obtained from this practice are intended
for developing the precision values for writing single-operator
and multilaboratory precision statements in accordance with
Practice C670.

4.3 Appendix X1 provides an example to illustrate the
calculations to obtain the precision values of the test method
from the ILS data. This may be used to check a user-developed
electronic spreadsheet for carrying out the calculations.

*A Summary of Changes section appears at the end of this standard
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4.4 Appendix X2 discusses the additional calculations re-
quired for an interlaboratory study of a test method that
includes making test specimens as part of the procedure. In this
case, batch-to-batch variability needs to be considered.

4.5 Appendix X3 discusses the use of analysis of variance
as an alternative approach to obtain the precision values from
the ILS data.

5. General Requirements

5.1 Certain criteria need to be met before undertaking an
interlaboratory study to determine the precision of a test
method. If some conditions are not met or are met
incompletely, the program will become more complicated to
administer and require more work and expense, or may result
in impaired information. The requirements outlined in this
section are intended to ensure that the test method is free of
technical difficulties to the greatest extent possible before an
expensive and time-consuming interlaboratory study is under-
taken.

5.2 The first requirement is the existence of a valid and
well-written test method that has been developed in one
laboratory and has been subjected to ruggedness evaluation of
the testing procedure and conditions as described in Practice
C1067. As a result of the screening procedure and some
experience with the test method in the sponsoring laboratory
and one or two others, a written version of the test method has
been developed (but not necessarily published as a standard)
that describes the test procedure in terms that can be followed
by a competent operator in any properly equipped laboratory.
Critical conditions that affect the test results need to be
identified and the proper and realistic degree of control of those
conditions have to be specified in the description of the test
procedure.

5.2.1 The tolerances established for various conditions in a
test method provide reasonable ranges for these conditions and
recognize that precise values with small tolerances may not be
achievable in practice. Variations in test results due to varia-
tions in such conditions contribute to the total variation, which
determines the precision of the test method. If the resulting
variation is so great that uncertainties in average values
obtained by the test method are unacceptably high, the test
method itself is at fault and it will need to be improved or
replaced by a better one. An expensive and time-consuming
interlaboratory study is not recommended for such a test
method.

5.2.2 Apparatus required for performing the test must be
defined clearly and must be available or able to be produced. If
alternative apparatus is permitted, criteria need to be provided
on the performance requirements of the apparatus, such as by
specifying acceptable limits of measurements on standard
reference materials.

5.3 Personnel in laboratories participating in the ILS should
have adequate experience with routine laboratory procedures
so that they are competent to run the test. The importance of
this requirement will vary with the complexity of the method
and the degree to which it departs from familiar procedures.

5.4 It is helpful to have preliminary knowledge about how
changes in materials and conditions affect the test results.

There should be a reasonable degree of certainty that the
single-operator variances are the same in different laboratories,
and that troublesome interactions do not exist. These condi-
tions are investigated in the initial analysis of the data of an
interlaboratory study, and are discussed further in 10.4.

5.5 Facilities and procedures for procurement, preparation,
and distribution of samples or test specimens must be avail-
able.

5.6 Selection of samples or test specimens must be done by
a randomization process, and one person who is familiar with
randomization procedures needs to be responsible for seeing
that an appropriate randomization technique is used. Refer to
Practice E105.

5.7 The precision of the test method should be evaluated on
different materials with a range of the characteristic being
measured that encompasses the typical use of the method in
practice. (See 7.1 and 7.2.)

5.8 Adequate numbers of participating laboratories,
operators, and materials must be available. Requirements in
these areas are specified in Sections 6 and 7.

5.9 The entire interlaboratory test program should be devel-
oped from the beginning with the help and advice of persons
familiar with statistical procedures and with the materials
involved. The ASTM International Interlaboratory Study Pro-
gram can support subcommittees in the development of preci-
sion statements by assisting in the design of an interlaboratory
study, distribution of specimens or samples, data analysis, and
preparation of a draft research report. Additional information
about the ASTM ILS program can be obtained from the ASTM
Website.

5.9.1 It may not always be possible to obtain people who are
familiar with the materials involved and who have a sufficient
knowledge of the proper statistical techniques and their proper
use. In this case, the subcommittee should obtain the services
of a statistician who has experience in practical work with data
from materials testing, and provide that person with an
opportunity for learning something about the particular mate-
rials and test method involved. Planners of an interlaboratory
study need to avoid the pitfall of assuming that the use of
statistical analysis software programs necessarily results in
special expertise in manipulating the data or interpreting the
results.

5.10 It is important to bear in mind that estimates of the
precision of a test method are always based on a particular set
of data obtained at a particular time and precision values need
to be kept up-to-date. As materials, apparatus, and conditions
change, and operators change or gain more experience, the
characteristic precision of the results obtained may change,
especially if the test method is new. In some cases, it may be
desirable to conduct more tests at a later date (though not
necessarily a repetition of the complete interlaboratory study)
in order to provide a check on estimates previously obtained
and either verify them or introduce revisions. When a subcom-
mittee revises a test method, it should consider whether the
proposed changes might affect the precision of the method. If
there is a possibility that precision will be affected, limited
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interlaboratory testing is recommended to evaluate whether the
existing precision statement is still applicable or if a new ILS
needs to be organized to better reflect the precision of the
revised method.

6. Laboratories

6.1 Obtaining participating laboratories for an interlabora-
tory study is often one of the most difficult problems connected
with the process. The number of laboratories available is
seldom as extensive as one would like, and if the test method
is new, complicated, or expensive and time-consuming to run,
the problem is further complicated.

6.2 For the purposes of programs using this practice, it is
recommended that at least ten competent laboratories be
included (1, 2).> In cases where it is impossible to obtain ten
laboratories, the effect of an increased number may be obtained
by repeating the program with the same group of laboratories
six months later. If this procedure is followed, it is necessary to
be sure that the same materials are used, and that their
characteristics have not changed in the interim. This approach,
however, may not provide a proper measure of the between-
laboratory component of variance, unless different operators or
equipment, or both, are used for the repeat testing. In any case,
six is the absolute minimum number of laboratories for
evaluating the precision of a test method. This means that at
least seven to eight laboratories should be in the ILS study in
case problems are encountered with the data provided by a
participating laboratory.

6.3 In general, it is recommended that any laboratory that is
considered qualified to run the test in routine testing situations
should be permitted and encouraged to participate. “Qualified”
implies proper laboratory facilities and testing equipment,
competent operators familiar with routine laboratory
techniques, a history of reliable testing work, and sufficient
time and interest to do a good job. It does not mean, however,
that only a select group of laboratories that are considered to be
those best qualified for the interlaboratory study should be
picked. Precision estimates for inclusion in a test method must
be obtained under conditions and through the efforts of
laboratories and personnel that are representative of the situa-
tions in which the test method will be used in practice (2). If a
laboratory satisfies all the other requirements, but its personnel
has had insufficient experience with the method, the operators
in that laboratory should be given an opportunity to familiarize
themselves with the method and to practice its application
before the interlaboratory study starts.

7. Materials

7.1 Number—The number of materials to be included in an
interlaboratory study will depend on the following:

7.1.1 The range of the values of the property that may be
measured in practice and how the precision varies over that
range;

7.1.2 The types of materials to which the test method is to
be applied;

3 The boldface numbers in parentheses refer to the list of references at the end of
this practice.

7.1.3 The difficulty and expense involved in obtaining,
processing, and distributing samples or specimens;

7.1.4 The difficulty of, length of time required for, and
expense of performing the tests; and

7.1.5 The uncertainty of prior information on any of these
points. For example, if it is already known that the precision is
relatively constant or proportional to the average level over the
range of values of interest, a smaller number of materials will
be needed than if it is known that the precision changes
erratically at different levels. A preliminary pilot or screening
program may help to settle some of these questions, and may
often result in the saving of considerable time and expense in
the full interlaboratory study (1).

7.2 In general, at least three materials or three different
average values of the measured test characteristic is considered
acceptable. The materials need to be selected to obtain as broad
a range of the test characteristic as is practicable. If the test
method is used to determine properties that are used for
acceptance testing in a specification, it is particularly important
that materials be included in the ILS whose properties are near
the specification limits.

7.3 Specimen Distribution—The ILS is based on the as-
sumption that all tests are performed on specimens that are as
similar as is possible. Generally, two approaches are used for
making and distributing the specimens or materials for the ILS.

7.3.1 For a test method that does not involve production of
the test specimens as part of the method, specimens are
produced at one location from a homogenous sample and then
distributed to the participating laboratories. The specimens
need to be assigned to the participating laboratories on a
random basis. If the characteristic to be measured changes with
age, specific instructions on test age need to be provided.

7.3.2 For a test method that involves fabrication of test
specimens as part of the method, the raw materials for making
the test specimens are shipped to the participating laboratories.
In this case, samples of the constituent materials are taken from
homogenous blends of the materials. The samples are selected
on a random basis for shipment to the participating laborato-
ries. Facilities are needed that have the proper equipment for
blending the materials.

7.3.3 In some cases, it is not possible to distribute materials
to participating laboratory because of the nature of the material
or effects of transportation or age. This may require operators
from participating laboratories to convene at one location to
test the materials. This procedure is used commonly in devel-
oping precision statements for fresh concrete test methods.

8. Estimates of Precision

8.1 In accordance with Practice C670, the procedure de-
scribed in this practice is designed to provide data to develop
two basic estimates of the precision of a test method: (a)
single-operator precision, and (b) multilaboratory precision (1).
(See Note 1.)

8.2 Single-operator precision provides estimates of the
inherent variability of the test method and the maximum
difference that may be expected between replicate measure-
ments made on the same material in the same laboratory by the
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same operator using the same apparatus within a time span of
a few days. The words “may be expected” mean that there is 5
% likelihood that the difference will exceed the stated maxi-
mum difference, even if testing conforms to the test method. In
Practice C670, the maximum acceptable difference is referred
to as the “difference limit (d2s)” or “difference limit (d2s%)” if
the coefficient of variation is the appropriate measure of
precision.

8.3 Multilaboratory precision provides estimates of the
variability among laboratories and the maximum difference
that may be expected between measurements made on the same
material in two different laboratories.

8.4 If estimates of precision due to other factors are required
for the test method, the ILS needs to be planned to provide data
to develop the appropriate statistics for the systems of causes
being considered and the appropriate combination of modifiers
given in Practice E177 should be used to describe those
statistics. The advice of a statistical consultant is recommended
for these cases.

Note 1—Appendix X2, for example, explains how to analyze ILS data
for developing the single-operator, multi-batch precision of a test method
that involves making the test specimens as part of the procedure. Another

example is developing the single-operator, multi-day precision, which
would involve the additional variability due to testing on different days.

9. Collection of Data

9.1 In order to minimize the problems concerned with
analysis of data, a definite form and instructions for obtaining
and recording the data have to be developed and distributed to
all participating laboratories.

9.2 Directions to Laboratories—The directions to the labo-
ratories should deal mainly with reporting of data. No special
instructions for performing the tests that differ from those
given in the test method should be included. The laboratories
must be instructed to conduct tests and report results exactly as
specified in the test method, with the one exception as noted in
9.2.2. Often data are disseminated in digital form, but labora-
tories need to maintain hard-copies of their data to provide
documentation in the event of digital data corruption.

9.2.1 Averaging Test Determinations—Laboratories should
particularly be cautioned against practices such as running a
number of tests and selecting the “best” ones or reporting the
average of several determinations, except as such averaging is
specified in the test method. For example, Test Method
C109/C109M specifies three or more test specimens, and
requires that the strength of all acceptable test specimens made
from the same batch and tested at the same period shall be
averaged and reported. In this case, the directions for the
interlaboratory study must specify the number of individual

determinations to be obtained and reported. If a test result is
defined, either in the test method or in the instructions to
laboratories participating in an interlaboratory test program, as
the average of a particular number of determinations, the
individual determinations shall always be reported, in addition
to the averages.

9.2.2 Rounding of Data:

9.2.2.1 Generally, laboratories need to report all figures
obtained in making the measurements, rather than rounding the
results before recording them. In some cases, this may result in
recording of more digits than is customary or even more than
the test method calls for in the section on Reporting. This is
necessary because the variation from which information about
the precision of the test method comes is contained in the least
significant digits, which are often discarded in reporting the
results of routine testing (3). For example, Test Method C136
calls for reporting the percentage retained on a sieve to the
nearest whole number. This is adequate for the usual reporting
purposes, but for purposes of determining precision, at least
one decimal place is needed. It is better to require the reporting
of too many decimal places than too few, because a decision
about rounding all data can be made when the analysis is done.
If too few places are reported, however, valuable information
may be irretrievably lost, and the result might well be the
impairment of the entire program.

9.2.2.2 If a test determination is the result of a calculation
based on two or more measured quantities, the basic measure-
ments should be used in the calculations without any rounding.
The planners of the interlaboratory program will then have to
determine how many places need to be reported in order to
retain the essential information for determining variability.
Sometimes it is advisable to ask the laboratories to report the
basic quantities measured instead of, or in addition to, the final
calculated result. This enables the final result to be checked, or
changes in decisions about the test results to be made, when the
data are analyzed. An example would be a strength test for
which the measured specimen dimensions along with the
ultimate load should be reported so that the reported strength
can be verified.

9.3 The Data Sheet—This practice is based on the following
assumptions: p laboratories each have made n replicate deter-
minations on each of ¢ materials (4). Table 1 and Table 2 are
examples of data sheets for an individual laboratory and for a
summary of data for the entire ILS program with: p = ten
laboratories, n = four replicate determinations, and g = five
materials. These data sheets suggest the format to be used if an
individual determination constitutes a test result. If individual
determinations are averaged or otherwise subjected to calcula-
tion to produce a test result, the format of the individual

TABLE 1 Data Sheet for an Interlaboratory Test Program for an ASTM Test Method

Laboratory: XX

Material

Replicate

C D E

a
b
c
d
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TABLE 2 Summary Data Sheet for an Interlaboratory Test Program for an ASTM Test Method

Material
Laboratory Replicate
A B C D E
1 a I - -
b - - - - -
c . . . . -
d - - - - -
2 a - [ - -
b - - - - -
c - - - - -
d . . . . -
3 a - I - I -
b . . . . -
c - - - - -
d - - - - -
4 a I - -
b - - - - -
c . . . . -
d - - - - -
5 a - - - I -
b - - - - -
c - - - - -
d . . . . -
6 a - I [ R -
b . . - . .
c - - . . .
d - - - - -
7 a i HEE - - -
b - - - - -
c s = _ w - -
d $9/] AR O . .
8 a - I - I [
b PaWal | Al B NEXT . .
c A A A il A &~ VV - -
d - - - - -
9 a onn - I -
b - — - - -
c ndawedc N0 4 onen AT £ /o a4
d - - - - -
10 a . [ - -
b - - - - -
c - - - - -
d - - . . .

laboratory data sheet may be altered or a secondary sheet
provided to permit recording the fundamental measurements
and the test results.

9.4 Number of Replicates—Even if the test method calls for
a single determination as a test result, replicate determinations
are required in the ILS in order to obtain information for
calculating the single-operator precision.

9.4.1 The number of replicate determinations to be made on
each material in each laboratory depends largely on the number
of laboratories participating, on the homogeneity of the
material, and on the expense, difficulty, and time involved in
increasing the number of determinations. In order to obtain the
necessary information to write a meaningful precision
statement, it is often necessary to use more replicates in the
interlaboratory study than is required for routine use of the test
method. An increase in the number of replicates improves the

estimates of single-operator precision but has no effect on
between-laboratory precision (2). It is recommended that, for
10 to 15 participating laboratories, at least three replicates are
required. If it is not possible to obtain 10 participating
laboratories, the number of replicates, n, should be at least
(30/p) + 1. If 30 is not a multiple of p, 30/p is rounded to the
next higher integer. For more than 15 laboratories, the number
of replicates may be reduced to two. This will give an adequate
estimate of single-operator precision, but information about
multilaboratory precision is not as good as desired with fewer
than 10 laboratories.

9.4.2 The variation among replicate determinations is sup-
posed to be representative of the irreducible error variance
characteristic of the test method. In some cases, it is possible to
take supposedly replicate measurements in such a manner that
there is little or no opportunity for chance variation; and the
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measurements are in effect simply repetitions of the same
measurement. For example, in making a chemical analysis by
atomic absorption or some other kind of automatic measuring
device, laboratories have been known to take three readings of
the meter on the same sample in quick succession. The three
readings so taken were almost identical, but were still reported
as replicate readings. In cases such as this, three separate
readings with different portions of the sample or with separate
specimens should be obtained, with the same operator and
apparatus to provide meaningful replicate measurements.

9.5 Outliers—Section 10.4 describes a procedure for iden-
tifying test determinations that have unexpected variations
from those obtained by other participants in the ILS. In general,
the practice of discarding individual test determinations, which
appear to differ by suspiciously large amounts from the others,
is to be avoided unless there is clear evidence that there was
some physical reason to consider the determination faulty.
Discarding results with unexpected deviations but without a
proper basis or an assignable cause for the deviations may
result in unrealistic precision values that may not be relevant to
the test method. On the other hand, retaining invalid results
with unexpectedly large variations may result in precision
values that tolerate less careful testing. Laboratories must be
instructed to report all results in their proper place and include
notes describing the conditions surrounding those results that
are suspected of being faulty. Sometimes if a test really went
wrong, a laboratory should discard the results and repeat the
test. Tests are not to be repeated, however, just because the
results don’t look good. Further guidance on dealing with
outliers is given in Practice E178 and in Refs (2, 5).

9.6 Missing Data—The method of data analysis used in this
practices assumes a balanced set of data, which means that
each laboratory provides the required number of determina-
tions for all materials. Sometimes individual determinations
are missing from the summary because they were discarded,
failed to be supplied by a laboratory, or for other reasons. In
general, if the number of missing data items from all labora-
tories constitutes no more than about 3 % of the total number
of items, the analysis may be conducted as though the missing
items were present. For example, if one out of four required
replicate determinations on a given material from laboratory, i,
out of 10 laboratories is missing, the three reported determi-
nations should be added and divided by three to obtain the

average, X, The single-operator variance, s, should be

i ri

calculated using three for the number of determinations. From
then on, both values should be used as though they were based

Laboratory

Between-laboratory component of variance = Sf = 5% -—

1 2 3 P
Replicates a b n a b n a b n a b n

on four determinations. If the number of missing results
exceeds 3 % of the total, some of the tests should be repeated
in order to obtain proper measurements for the missing values.
Missing values handled in this way must be individual values
distributed throughout the mass of data, and are not to be
concentrated as a group in one laboratory-material cell (see
Note 2). If the latter occurs, the laboratory should provide
another group of measurements on the material in question.

Note 2—A cell refers to the group of replicate test determinations for
a particular combination of laboratory and material. Appendix X3
describes an analysis-of-variance procedure that can be used to analyze
unbalanced sets of data. The advice of a statistical consultant should be
obtained if such procedures are used.

10. Analysis of Data

10.1 An ILS is a type of experiment design known as a
nested design or a hierarchal design (6). The general purpose of
a nested design is to identify and quantify the sources of
variation in a process. In the case of the ILS, the objective is to
quantify the single-operator and between-laboratory compo-
nents of variance. Fig. 1 is a diagram of a single-stage nested
design that is representative of the basic ILS described in this
practice. The laboratories participating in the ILS are the first
stage representing the factor “laboratory.” For each laboratory,
there are n replicate determinations. The replicate determina-
tions are considered to be “nested” within the factor “labora-
tory.”

10.2 The procedure described herein is simplified, and
statistical terms are avoided to the greatest extent possible in
order to make the practice usable by persons with little
statistical background. This exposes the practice to the danger
that, although the technique recommended is widely applicable
to many situations using many kinds of data, it may be used
mechanically in situations for which it is not applicable. For
this reason, it is recommended to seek the advice of a person
who is familiar with the statistical procedures before undertak-
ing analysis of ILS data by this or any other published
procedure. An example of the procedure is given in Appendix
X1. For further description of the method, see Ref (1). The

52

2
r

n

FIG. 1 Diagram of a Single-Stage Nested Experiment Design
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TABLE 3 Single-Operator and Between-Laboratory Analysis for Material A*

Data (Replicates) Average, Single-Operator
Laboratory v A
a b d Xia Variance, s2,,

1 — — — Xia s

2 _ _ — )_(ZA %4

3 _ — — )_(3A S%a

4 — — — Xaa St

5 _ _ — )_(SA S%a

6 _ _ — )fsA SZa

7 - - - )_(7A S%a

8 — — — )_(SA S%a

9 — — - 2(9/1 %4
10 — — — Xi0a s2

A p = 10 laboratories
n = 4 replicate test determinations on each material in each laboratory

o IXy,
Overall average X,=——
s2,
Pooled single-operator variance = s2,=—-
p
iy iy 2
: 2 _Z(X/‘A - XA)
Variance of laboratory averages = s = o1
A =
SZ
Between-laboratory component of variance = sz=sf-( 77”*
2

procedure does not require sophisticated software and can be
implemented using an electronic spreadsheet.”

10.3 Single-Operator and Between-Laboratory Components
of Variance for Each Material—Before starting the analysis,
plot the data. This can be done by making a scatter plot of the
test determinations for each laboratory. A separate plot can be
made for each material, or all data can be shown in one plot.
These plots will reveal any potential data inconsistencies that
will be investigated further in accordance with 10.4. The first
step in the analysis is to obtain estimates of single-operator and
between-laboratory components of variance for each material.
This may be done by setting up the data as shown in Table 3
and using the equations presented in this section. Table 3 is set
up as an example using Material A for tests in ten laboratories
(p = 10) with four replicate determinations per laboratory (n =
4) to correspond with the example summary data sheet in Table
2. Each row of data represents a particular laboratory-material
combination and often called a cell. Tables similar to Table 3
would be used for each material in the study. In the equations
that follow, the subscript g is used to designate a single test
determination for a particular material in one laboratory and
goes from 1 to n, where n is the number of replicates for each

4 A statistical software package called Dataplot® is available from the National
Institute of Standards and Technology that will perform the plotting and calculations
described in this practice. The program can be downloaded from homepage:
http://www.nist.gov/itl/sed/dataplot.cfm. Instructions on how to analyze ILS data
can be found at this site: http://www.itl.nist.gov/div898/software/dataplot/refman1/
auxillar/e691.htm.

laboratory. The lower case letters (a, b, ¢, d) in Table 3
represent the replicate test determinations. The subscript i is
used to designate a particular laboratory in the analysis and
goes from 1 to p, where p is the total number of laboratories.
The subscript j is used to designate the different materials, and
goes from 1 to g, where ¢ is the total number of materials. As
shown in Table 1 and Table 2, the different materials are
identified with capital letters A, B, C, and so forth.

10.3.1 Single-operator analysis—The averages, X,,, and
variances, S?,, in the last two columns of Table 3 are the
single-operator averages and variances for the given material
(in this example, it is Material A). These quantities are
calculated from the n replicate test determinations within each
of the p laboratories as follows:

single test determination g by labo-
ratory i for material j

X = =Zgi (1) _ average of n replicate test determi-
nations for laboratory i on material j

E(x - )'(v)z single-operator variance of replicate
s2,= % (2) = determinations for laboratory i on
material j

10.3.2 Between-laboratory analysis—From the single-
operator averages, Eq 1, and variances, Eq 2, for each
laboratory, the following quantities are calculated for the given
material: (1) the pooled single-operator variance, (2) the
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overall average, (3) the variance of laboratory averages, and (4)
the between-laboratory component of variance. These values
are entered at the bottom of Table 3 and are calculated as
follows (Note 3):

2 Zsf,, pooled single-operator vari-
§2=— 3) = A

7 P ance for material j (Note 4)
_SX.

overall average for all labora-

=—1 4 = X L
/ p ) tories for material j
iy > \2
&2 = Z(X,-/ Xj) (5) = variance of laboratory aver-
X p—1 ~  ages for material j
between-laboratory compo-
nent of variance for material
2 Sf/ j. If the calculated values is
=5 6 =

negative, the between-
laboratory component of vari-
ance is taken as zero.

Note 3—Appendix X1 includes an example showing how these
calculations are made for each material.

Norte 4—The method of pooling variances used here applies only if the
individual variances are based on the same number of replicate tests. In
general, a pooled estimate of a variance is not obtained by averaging
individual variances if the number of replicate determinations is not the
same for all laboratories. Refer to a textbook on basic principles of
statistics for the method to pool variances if the number of replicates is not
constant.

10.4 Data Consistency—Before continuing with the remain-
ing analysis of the ILS data to determine the precision of the
test method, it is necessary to check each laboratory’s data for
consistency in terms of the average and the dispersion of the
results. If data from one laboratory are not consistent with data
from the other laboratories, it may be necessary to eliminate
that laboratory’s data before completing the analysis. Incon-
sistent data may inflate the calculated precision values and
thereby encourage laboratories to tolerate less careful testing.
The approach for checking data consistency used in this

practice is the same as in Practice E691. Two statistics are used
to evaluate data consistency: (1) the h-value and (2) the
k-value.

10.4.1 Check Laboratory Averages—The h-value is used to
check whether the average value for a laboratory is consistent
with the overall average of the other laboratories for a given
material. The h-value is calculated for each laboratory and
material as follows:

X —X
— 2 J
hy = o (7)
where
):(l-j = average of results for laboratory i and material j (Eq 1),
X; = overall average of results for material j (Eq 4), and
sy, = standard deviation of laboratory averages for material

J, which is the square root of Eq 5.

10.4.2 Check Laboratory Dispersion—The k-value for each
laboratory is used to check the consistency of the single-
operator variability for a given material. The k-value is
calculated for each laboratory and material as follows:

S ..
ky=-+ (8)
i s,

where:

s,;; = single-operator standard deviation of replicate determi-
nations for laboratory i and material j, which is the
square root of Eq 2, and

s,; = pooled single-operator standard deviation for material

J» which is the square root of Eq 3.

10.4.3 Critical h- and k-values—The calculated h- and
k-values are compared with the critical values shown in Table
4, which is extracted from a larger table in Practice E691. The
second column gives the critical h-value, which depends only
on the number of laboratories. The subsequent columns give
the critical k-values, which depend on the number of labora-
tories and the number of replicate test determinations. The
h-values can be positive or negative, while the k-values are

TABLE 4 Critical Values of h and k at the 0.5 % Significance Level*

p Critical Critical values of k
No. of value of Number of replicates, n
Labs h(£) 2 3 4 5 6

3 1.15 1.72 1.67 1.61 1.56 1.52
4 1.49 1.95 1.82 1.73 1.66 1.60
5 1.74 2.11 1.92 1.79 1.71 1.65
6 1.92 2.22 1.98 1.84 1.75 1.68
7 2.05 2.30 2.03 1.87 1.77 1.70
8 2.15 2.36 2.06 1.90 1.79 1.72
9 2.23 2.41 2.09 1.92 1.81 1.73
10 2.29 2.45 2.1 1.93 1.82 1.74
11 2.34 2.49 2.13 1.94 1.83 1.75
12 2.38 2.51 2.14 1.96 1.84 1.76
13 2.41 2.54 2.15 1.96 1.84 1.76
14 2.44 2.56 2.16 1.97 1.85 1.77
15 2.47 2.57 217 1.98 1.86 1.77
16 2.49 2.59 2.18 1.98 1.86 1.77
17 2.51 2.60 2.19 1.99 1.86 1.78
18 2.53 2.61 2.20 1.99 1.87 1.78
19 2.54 2.62 2.20 2.00 1.87 1.78
20 2.56 2.63 2.21 2.00 1.87 1.79

A The above critical values for the h and k consistency statistics were calculated from Student’s t and the F-ratio as described in Practice E691.
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always positive. The critical values in Table 4 are the 0.5 %
significance level. According to Practice E691, this signifi-
cance level was chosen on the basis of judgment and experi-
ence so that not too many nor too few laboratories are flagged
for further investigation. Appendix X1 of Practice E691
provides the basis for the critical values of & and k. Refer to
Practice E691 for applicable values of  and k if more than 20
laboratories or more than 6 replicate determinations are in-
volved in the ILS.

10.4.4 Summary of h- and k-values—The h- and k-values
calculated for each laboratory and each material are assembled
in a table. Values that exceed the critical values and values that
approach the critical values should be highlighted. The A- and
k-values should also be plotted as bar graphs grouped in two
ways: (1) by laboratories and (2) by materials. The critical
values should be drawn on the plots. The plots of . and k and
the marked tables give a picture of the overall character of the
variability of the test method as well as singling out particular
laboratories that should be investigated.

10.4.5 Plots by Laboratories—Examples of plots of /& and k
by laboratories are shown in Appendix X1 based on the
illustrative data. For each laboratory, the materials are grouped
in increasing order of the overall average property value. The
following guidelines can be used to evaluate differences
between laboratories.

10.4.5.1 h-Plot—The h-plot indicates how the laboratory
average property values for each material compare with the
overall average for that material. There are several general
patterns in these plots. In one, all laboratories have both
positive and negative h-values among the materials. In the
second, individual laboratories tend to have either positive or
negative h-values for all materials, and the number of labora-
tories with negative values is approximately the same as the
number of laboratories with positive values. Neither of these
patterns is unusual or requires investigation, although they may
tell something about the nature of the test method variability. In
the third pattern, one laboratory has all positive (or negative)
h-values compared with the other laboratories, which have
substantially all negative (or positive) h-values. Such a pattern
calls for an investigation of that laboratory. Another pattern to
look for occurs within one laboratory, in which the A-values for
materials with low property levels are of one sign and for
materials with high property levels the h-values are of the
opposite sign. If the h-values are extreme, investigation is
warranted. As described in Practice E691, the investigation
should consider examination of potential clerical errors in
recording or transcribing data and it should consider examina-
tion of the laboratory reports for deviations from the test
method or ILS protocol.

10.4.5.2 k-Plot—The k-plot compares the single-operator
variability among the laboratories. As stated, k-values are
always positive. The primary pattern to look for is whether a
laboratory has large (or small) k-values for all or most of the
materials. Elimination of that laboratory from the analysis may
result in a set of data with similar k-values for the remaining
laboratories. High k-values represent high single-operator vari-
ability. A check for outliers may be used to examine the data
for the particular laboratory-material combination. The case of

a small k-value is not usually as troublesome as that of a large
k-value. If one laboratory, however, performs its tests in such a
way that the normal causes of variation are not permitted to
occur, there may be an unrealistically low single-operator
standard deviation. Small k-values may indicate an insensitive
measurement scale or other measurement problems. If all the
k-values are erratic, the test method is in trouble. Efforts to
develop precision statements from the data should be sus-
pended and further study of the test method should be
undertaken to determine the causes for such erratic behavior.
The advice of a statistical consultant should be obtained if there
is doubt about eliminating a laboratory with a high or low
k-value.

10.4.6 Plots by Material—If a plot by laboratory shows
several h- or k-values near the critical values, look at the
corresponding plot by material to see how that laboratory
differs from the rest for a given material. Often an /-value that
seems strong in the plot by laboratory, because of its relation to
the values for the other materials, will turn out to be reasonably
consistent with the other laboratories for the same material. On
the other hand, the %- or k-value for the one laboratory may be
revealed as strongly different from the values for the other
laboratories in the plot by material. If so, this behavior should
be investigated.

10.4.7 Interactions—A common problem with test results
obtained from an interlaboratory study is the presence of
interactions among laboratories and materials. This means that
the pattern of the results obtained on the material by one
laboratory differs from the pattern obtained by the other
laboratories. In extreme cases, different laboratories may even
fail to rate materials in the same order based on the measured
average properties. The accepted statistical technique for
finding significant interactions is an analysis of variance of the
total ILS data (all materials included). A reasonably reliable
method for checking to see if troublesome interactions may
exist, however, is to make a plot of the averages obtained on
the materials by each laboratory. This plot should show similar
patterns of change from material to material for all laborato-
ries. If one laboratory shows a noticeably different pattern from
the others it should be considered for elimination. If the
patterns vary for more than one or two of the laboratories, the
test method needs to be investigated, and the causes of the
interactions discovered and eliminated. The advice of a statis-
tical consultant should be obtained.

10.5 Single-Operator and Multilaboratory Variances—
After the analyses for data consistency and interactions have
been completed in accordance with 10.4 and a valid data set
has been established, the final values of the various variance
components are assembled as shown in Table 5. The averages
in Column 2 are the overall averages of the measured charac-
teristic for each material, which are arranged in order of
increasing value. The component of variance in Columns 3 is
the pooled single-operator variance (Eq 3), and the component
in Column 4 is between-laboratory component of variance for
each material (Eq 6). The single-operator variance in Column
5 is the same as the pooled variance in Column 3. The
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TABLE 5 Averages, Components of Variance, and Variances for All Materials

Components of Variance

Variance?

Single-Operator, Multilaboratory,
2

Material Average” Single-Operator Between-Laboratory S/ s
(1) (3) (4) (5) (6)
A X, st sia s2, Siatsia
B Xp sis Stg s25 S5+ st
c Xc sk stc st sictstc
D Xb sh sto s s+ st
E Xe SPe ste SPe S+ Ste

A Listed in increasing order of magnitude.
B For single test determination.

multilaboratory variance, s2, shown in Column 6 is obtained by
summing the single-operator and the between-laboratory com-
ponents of variance as follows:

multilaboratory vari-

2 —
Sk = o
ance for material j

2 2
s2+s?,

(9)

Note 5—The subscripts r and R are used for single-operator and
multilaboratory conditions for consistency with Practices E177 and E691,
which refer to these as repeatability (r) and reproducibility (R) conditions.

10.5.1 Interpretation—The single-operator and multilabora-
tory variances in Columns 5 and 6 of Table 5 apply to single
test determinations, even though the data from which they are
derived involve replicate test determinations. Replicate test
determinations are necessary in the ILS to establish single-
operator precision. The precision statements based on the
variances defined by Eq 3 and Eq 9 will apply to comparisons
between two single test determinations within a laboratory and
to comparisons of single test determinations obtained in two
laboratories.

10.5.2 Test result is average of multiple determinations—If
the test method defines a test result as the average of m
replicate determinations, the single-operator variance for com-
parison of two test results by the same operator is obtained by
dividing the pooled single-operator variance, s,%, by m. For
comparison of test results between two laboratories, the mul-
tilaboratory variance is obtained as follows:

multilaboratory variance for test
(10) = result defined as the average of

m replicate test determinations
for material j

2

s2
vR—} 2
3= 2+ s

In this case, however, the pooled single-operator variance is
applicable for establishing the maximum expected range
among the replicate test determinations obtained by the opera-

tor in one laboratory. Refer to Practice C670 for additional
guidance on determining the maximum expected range.

10.6 Estimates of Precision—The reason for listing the
materials in increasing order of the average value of the
measured property in Table 5 is to observe whether the
precision varies with the level of the property measured, and
thus to make a decision about the proper form of the precision
statement. For this purpose, the quantities listed in Table 6 are
calculated and displayed as shown, still in increasing order of
magnitude of the average. Column 2 in Table 6 is the same as
Column 2 in Table 5. Columns 3 and 4 contain the square roots
of the variances in Columns 5 and 6 of Table 5. Columns 5 and
6 of Table 6 contain the corresponding coefficients of variation,
expressed in percentage, that is, the respective standard devia-
tion divided by the corresponding average in Column 1 and
multiplied by 100.

10.6.1 Determination of Form of Precision Statement—The
appropriate form of a precision statement depends on the
relationship between the average level of the property mea-
sured for the different materials and the single-operator and
multilaboratory standard deviations. There are three main
forms of the relationship that cover most of the cases that are
pertinent to ASTM test methods: (a) cases in which the
standard deviation is relatively constant over the range of
measured values; (b) cases in which the standard deviation has
an approximately linear relationship with the average value
and, therefore, the coefficient of variation is relatively constant;
and (c) cases where the materials fall into two or more distinct
groups within which condition (a) or (b) holds approximately,
and for each of which a characteristic precision can be
determined. In most cases, the determination of which of these
alternatives applies, or whether some more complicated situa-
tion exists can be determined for practical purposes by plotting

TABLE 6 Averages, Standard Deviations, and Coefficients of Variation for All Materials

Standard Deviation®

Coefficient of Variation®

Material Average” Single-Operator Multilaboratory Single-Operator Multilaboratory
(1) () (©) (4) (6) (6)
A Xa Sra Sra CVia CVga
B X5 S Sre CVis CVgs
c Xe Src Src CVic CVge
D Xb S Srp CVp CVap
E Xe S Sre CVe CVire

A Listed in increasing order of magnitude.
B For single test determination.
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