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INTERNATIONAL

Standard Practice for
Conducting A Ruggedness or Screening Program for Test
Methods for Construction Materials  *

This standard is issued under the fixed designation C 1067; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope 3. Terminology

1.1 This practice covers a procedure for detecting sources of 3.1 Definitions:
variation in a test method. The procedure should be used during 3.1.1 determination valuen—numerical quantity calculated
the development of a test method, before the interlaboratorgs directed in the test method using direct measurements
study is executed, such as those in Practices C 670, C 802, antitained in accordance with the procedures given in the test
E 691. Interlaboratory studies can be expensive to executenethod.
Resources will probably be more efficiently used if sources of 3.1.2 replication, n—the act of obtaining two or more
variation in a test method are eliminated prior to performingdetermination values under specified conditions. The number
the interlaboratory study. The procedure also is useful foof replications must be finite and the scope of the replication
determining sources of variation in an existing test method thabperation may be narrow or broad, but must be specified.
has been found to have poor precision. 3.1.3 For definitions of other statistical terms used in this
1.2 This practice covers, in very general terms, techniquestandard, refer to Terminology E 456.
for planning, collecting data, and analyzing results from a few 3.2 Definitions of Terms Specific to This Standard:
laboratories. Annex Al provides the details of the procedure 3.2.1 factor, n—an element in the test procedure or labora-
with an example and Annex A2 gives the theoretical backtory environment that is a potential source of variation in test

ground. results.
1.3 The practice does not give information pertinent to 3.2.2 ruggednessadj—the characteristic of a test method
estimating within- or between-laboratory precision. that produces test results that are not influenced by small

1.4 This standard does not purport to address all of thedifferences in the testing procedure or environment.
safety concerns, if any, associated with its use. It is the 3.2.3 screening n—the detection of significant sources of
responsibility of the user of this standard to establish appro-variation as compared to chance variation.
priate safety and health practices and determine the applica- 3.2.4 variable n—a number or quantity that varies.

bility of regulatory limitations prior to use. i
4. Summary of Practice

2. Referenced Documents 4.1 The practice requires that the user develop, from theo-
2.1 ASTM Standards: retical or practical knowledge, or both, a list of factors that
C 670 Practice for Preparing Precision and Bias Statemenfdausibly would cause significant variation in test results if the

for Test Methods for Construction Materials factors were not controlled. The technique is limited to the

C 802 Practice for Conducting an Interlaboratory Test Proanalysis of the effects seven factors and requires considerably
gram to Determine the Precision of Test Methods forless effort than would be required to collected data for seven

Construction Materiafs factors in a full factorial study. Procedures exist for analysis of
E 456 Terminology Relating to Quality and Statisfics smaller and larger numbers of factors (see Guide E 1169), but
E 691 Practice for Conducting an Interlaboratory Study toseven is a convenient number for many test methods for

Determine the Precision of a Test Metfod construction materials. The seven-factor analysis requires 16
E 1169 Guide for Conducting Ruggedness Tests determinations by each laboratory. The procedure can be

usefully executed by a single laboratory, but sometimes addi-

tional information can be obtained if it is repeated in one or two
 This practice is under the jurisdiction of ASTM Committee C0O9 on Concrete addmonal laboratories.
and Concrete Aggregates . This practice was developed jointly by ASTM Comm
tees C-1, C-9, D-4, and D-18, and is endorsed by all four committees.
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4.2 The procedure requires that two levels of each factor b&he test method does not apply to material types or property
identified, then 16 determinations be done on a prescribedalues outside the range evaluated. Three to five materials will
combinations of factor levels. The levels assigned to a factousually be sufficient.
may be quantitative or qualitative (for example, brass versus 6.1.1 Some preliminary testing may help the laboratories
steel). involved determine the materials that shall be used in the

4.3 The disadvantage of this type of analysis is that thescreening program.
method only estimates simple effects of each factor and does
not detect interactive effects among factors. 7. Procedure
5. Significance and Use 7.1. Determine the numbe.r of Iaborfatories that.will pgrtici—

: pate in the program and which materials each will use in the

5.1 The purpose of a ruggedness evaluation is to determitprogram. The maximum amount of information is obtained if
ing how sensitive the test method is to changes in levels of| |aboratories include all materials in their part of the
pertinent operating factors. Norma”y, Operating conditions forprogram, however cost can be reduced by each |aborat0ry
a test method are defined along with an allowable tolerance. fsing a different material. Caution must be exercised in
ruggedness analysis determines that effect of worst-case varigsterpreting the results since laboratory-dependent cannot be
tion in operating conditions within this tolerance range. Theseparated from material-dependent effects.
method then can be revised with smaller tolerances on operat-7.2 Factors that are |||(e|y to have the greatest effect on the
ing conditions to improve the precision. variability in the test results are selected for study. Levels of

5.2 Amajor reason for poor precision in test methods is the@hese factors are determined, selecting the minimum and
lack of adequate control over the sources of variation in testingnaximum levels that would plausibly occur in the execution of
procedures or testing environments. These sources of variatiqfe test method if there were no particular efforts to control
often are not controlled adequately because they were nghem. Only two levels are allowed. Levels often represent
identified during the development of the test procedures.  quantitative properties, such as temperature, pressure, etc, but

5.3 All new test methods must be subjected to an interlabothey may also represent nonquantitative values, such as old vs
ratory program for purposes of developing a precision and biagew, wet vs dry, etc. In this standard, factors are assigned letter
statement. These programs can be expensive and lengthy, agésignationsA — G, and the two levels of each factor are
the result may be that the determination is made that th@esignated with upper and lower cases of these letters, as in
method is too variable to be published without further revisionTaple 1.

Interlaboratory studies typically give the subcommittee an 7.3 Assign combinations of factor levels to experimental
indication that the method is too variable, but they do notgeterminations according to Table 1. The 8 determinations will
usually give a clear picture of what is causing the variationpe done in duplicate, therefore, the full study on each material
Application of this ruggedness practice using one or a fewyji|| require 16 determinations.

laboratories may be a much more economical way to determine 7 4 Construct a 16 row by 16 column results matrix from the
these causes. 16 determinations valuesl(— d,¢) as shown in Table 2. The

5.4 Many existing test methods were published before thergpsolute values of the determinations in each row are identical,

was a requirement that precision and bias statements kgly the signs vary. CalculaandW statistics as shown in the
developed. Since this became a requirement, most of these tegjuations below.

methods have developed precision and bias statements, and the
result is that many have been found to suffer from relatively
large amount of variation. Use of this practice represents a
relatively simple way to investigate the causes of variation in
test methods, so that a subcommittee will have some guidance
as to which parts of the test method need to be studied further 7.5 TheW statistic for row 1 represents the simple sum of
for revision. the determinations and are not used in this analysis. Statistics
5.5 The procedure can be used for a program within a singléor rows 2-8 YW, — W) represent the effects of the seven
laboratory, but involvement of at least three laboratories igactors. The statistic for row 9,) represent the total variation
recommended, particularly if the single laboratory were to bebetween the two replicate sets and is not used in this analysis.
the one in which the test method was developed. This iStatistics for rows 10 through 16Mg, — W, are used to
particularly important for new test methods. The originating
laboratory is so much a part of the development of the test

Z, = >1%d, where d/s are the 16 results in each rgwy. (1)

W =75 @)

method that it is difficult for it to be objective in spotting any TABLE 1 Pattern of Assigning Levels to Seven Factors
problems in the clarity of the test method directions. Two Determination Number
additional laboratories will probably contribute fresh critical 72" * 2 8 4 > 6 ! 8
review of the validity of the test method and provide assistance 4 2 2 2 : N N " "
in clarifying the instructions of the test method when needed. c c c c c c c c
) D D D d d d d D D
6. Materials E e E e E E e E e
6.1 The number and types of material shall cover the range (F; (F; é é (F; g é é g

of material properties to which the test method is applicable:
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TABLE 2 Results Matrix of 16 Determinations (  d, — dy¢)

Eight Determinations for Replicate Set 1 Eight Determinations for Replicate Set 2
row 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 V4 w
1 d, d, ds d, ds ds d, dg dy dio dy di> dis dis dis dig Z Wy
2 dl d2 d3 d4 _dS _dﬁ _d7 _dS d9 le dll dlZ _d13 _d14 _d15 _d16 ZZ W2
3 dl d2 _d3 _d4 d5 dS _d7 _dS d9 le _dll _dlZ d13 d14 _d15 _d16 Z3 W3
4 d, —d, ds —d, ds —0s d; —dg do —to dn O, diz —hy sl Z, W,
5 dl d2 _d3 _d4 _dS _d6 d7 d8 d9 le _dll _dlz _d13 _d14 d15 d16 ZS WS
6 dl _d2 d3 _d4 _dS dS _d7 dS d9 _d10 dll _dlZ _dlB d14 _d15 le ZG WS
7 d, —d, -0, d, ds Oy  —d; dg dy —to —On  di dy Oy —Ois g Z w;
8 dl _dZ _d3 d4 _dS d6 d7 _dS d9 _d10 _dll dlZ _d13 d14 d15 _d16 ZS WS
9 dl d2 d3 d4 d5 dS d7 dS _d9 _d10 _dll _dlZ _dlB _d14 _d15 _d16 ZQ WQ
10 d, d, ds d, —Os -0y —d; —dg -0y —d —On -0, i dig dis dig Zio Wy
1 dl dZ _d3 _d4 dS d6 _d7 _dS _d9 _d10 dll dlZ _d13 _d14 d15 d16 Z 11 Wll
12 dl _d2 d3 _d4 d5 _dS d7 _dS _d9 le _dll d12 _dlB d14 _d15 le 212 W12
13 d, d, -0y —d, —O5  —dg d, dg —dy O Oy di> dis dy Oy O Ziz Wi
14 dl _dZ d3 _d4 _dS d6 _d7 d8 _d9 le _dll dlZ d13 _d14 d15 _d16 Zl4 W14
15 dl _d2 _d3 d4 d5 _dS _d7 dS _d9 le dll _dlZ _dlB d14 d15 _d16 215 W15
16 dl _d2 _d3 d4 _d5 ds d7 _d8 _d9 le dll _d12 d13 _d14 _d15 dl6 Zl6 W16

calculate the error varianc&), which then is used to calculate TABLE 3 Summary of Statistics for Seven Factors and Random

the test criterionk) for each factor, as shown by the equations Error
below. Calculations are summarized in Table 3. Factor w F
16 A A W2§/X
— 2
X= (2, W @ ¢ w, Wi
n P
F = Tr whereF; is theF statistic for the effect of factor G w, W.2IX
f (1-7, represented by, — W, respectively) H Wy We?IX
7.6 A F value of=5.59 represents a significant effect for ";Vvij
factor f at a probability of 5% for drawing an erroneous Wi,
conclusion. Wiz X=Z(WAIT, for Wig.e
7.7 An example of an analysis of data representing results %‘5‘
on 4 materials from 3 laboratories is shown in Annex Al. Wie

8. Keywords
8.1 precision; ruggedness; test method; variation

ANNEXES
(Mandatory Information)

Al. EXAMPLE OF A RUGGEDNESS PROGRAM

Al.1 This annex describes the procedure for conducting a A1.2.4 To determine the proper levels to be evaluated for
ruggedness evaluation using as an example a description of teach of the chosen variables.

ruggedness evaluation on a test method for the measurement of . . i
the viscosity of asphalt. Al1.3 In this example, representatives of the three labora

tories, after familiarizing themselves with the test method as

, . . pecified in A1.2, met and tried to improve the instructions for
AL2 As the first step in the ruggedness evaluation, each (ﬁm viscosity method. They selected variables, materials, and

the laboratories critically exa_lmined the procedyre.in thelevels that showed the effect of the variation. One of the
proposed test method. The objectives of the examination Werey ratories measured viscosity at 24°C, 25°C, and 26°C and

as follows: found that there was about a 10 % variation with a change of
Al.2.1 To determine if the instructions are clear, concise]1°C. This was considered too large so 24.6 and 25.4°C were

and complete, selected as the lower and upper temperature levels for the
Al1.2.2 To decide which factors are likely to influence testruggedness test. In the same manner, the effect of the other
results and therefore should be included in the study, variables were evaluated and the two levels to be evaluated

A1.2.3 To pick materials that cover the range of the propertyvere determined.
of interest for the range of physical forms of the materials to be Nore A1.1—Seven variables were selected and placed in a systematic
tested, and procedure called an incomplete Latin Square or a Youden Sqlafde
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variables are listed below and shown in a Youden Square in Table Al.level. The fifth row,Zs;, measures the effect of stirring. The
This plan can evaluate the seven variables with eight determinationssixth row, Zs, measures the effect of the viscometer being
Table A1.2 shows the variables and the levels selected for this exampl%lanted. The seventh ro&;,, measures the effect of variation in

Al.4 Four materials were selected to cover the range of thE'€niscus level. The eighth roiZ; measures the effect of
test method and the viscosities were determined by each of tgriation in time in the bath of the viscometer prior to testing.
three laboratories with one replication. The results are dis! N€ ninth row.Zo, measures the variation between the first and
played in Table A1.3. This plan required 16 determinations by?econd replication. Rows 10 through 16 {-Z,¢) measure the

each laboratory on each material or 64 determinations by eadfctor differences that yield the estimate of error variance. By
laboratory. adding Wy, through W, 4 we can estimate the error variance

with seven degrees of freedom using Eq Al1.1:
Al.5 Table Al.4 specifies the experimental plan for a 16
Youden Square for seven factors. The theory of its use is X:i:EwWZi I1o? (A1.1)
covered in Annex A2. Table Al1.4 consists of 16 rows and 16
columns of coefficients each equal tol and arranged in a
definite pattern. where:

X pooled sum of squares for error,

A1.6 To obtain Table A1.5, first copy one row from Table W sum of squares for error in ith row, and
Al1.3 16 times in the general format of Table A1.5 and then© true, but unknown error variance.
multiply each entry in the new table by the corresponding entry A1.7.1 By dividingx into W¥/o®, representing the sums of
in Table A1.4. Table A1.5 is just such a table derived from thesquares for the main factors, we can test for the significance of

data for Material 1 and Laboratory 1 in Table A1.3. the jth factor difference as shown in Eq A1.2:
16 16
Al1.7 To obtain Table A1.6, add, with due regard to sign, F =W /cr2/i :Elowzi 76 = W3 /i :210\/\/% 17 (A1.2)

each row of Table A1.5 to obtain the first column of Table A1.6 ) o )
containingZ,~Z,. Next, square each entry in column one of Al.7.2 Eq AL.2 will have arF-distribution with 1 and 7
Table AL.6 to obtain the corresponding entry in column twodegrees of freedom.

and then divide each entry in column two of Table A1.6 by 16

to obtain the corresponding entry in cp!umn three: The f'rStand compared with the sums of squares for each of the main
row, Z,, represents the sum of all viscosities for the first row in

Table A1.5 and will not be used in this analysis. The secon(lsz\?;?riss grst;eatments. The ratio that is significant at the 0.05
row, Z,, is the algebraic addition of the second row in Table o

Al5 and measures the effect of temperature. In the same 1.9 F values for each of the main factors were calculated
manner, the third rowZ,;, measures the effect of the age of the for Taples A1.6-A1.17. The results of these calcula-tions are
viscometer. The fourth rov,, measures the effect of vacuum ghown for all factors in Table A1.18. All ratios that were less

than 5.59 are shown in the table as NS to show that they are not

Al1.8 The pooled sum of squares for error was determined

TABLE Al.1 Pattern for Assigning Levels to Seven Factors significant.Z, or the effect of temperature was found highly
significant for every material and every laboratory indicating
Determination Number the importance of improved control of temperatufg.or the

effect of variation in vacuum showed five significant values

Variable 1 2 3 4 5 6 7 8 N~ X .

indicating a need for tightened controls on vacuuinor the
Aora a a a a A A A A - s . .
Borb b b B B b b B B effect of the viscometer deviating from the vertical position
Corc c c c c c c c c was significant in six of the laboratory-material combinations
Dord D b d d d d b D indicating the need for tightened controls on the position of the
Eore e E e E E e E e - -
Forf F f ¢ F F f f F viscometer.Zs, Zs, Z;, and Zg showed some scattering of
Gorg G g g G g G G g barely significant values but these were not judged to be of

a = 24.6°, the lower level of temperature. sufficient importance to require tighter controls.

A = 25.4° the higher level of temperature.

b = New viscometer tube. A1.10 Representatives of the three laboratories met after
B = Worn viscometer tube. . .
C = 290-mm Hg, lower vacuum. completion of the laboratory work and the subsequent analysis.
¢ = 310-mm Hg, higher vacuum. After discussion of the results, the decision was made that it
d = Charge viscometer without sfirring sample. was practical and desirable to control temperature, vacuum,
D = Charge viscometer after stirring for 1 min. . . . Lo

e = Mount the viscometer vertically. and the angle of the viscosity tube to the following limits:

E = Mount the viscometer 3° from vertical. Temperature 25 + 0.1, °C

f = Charge with meniscus 1 mm above line. Vacuum 300 * 2, mm (Hg) and

F = Charge with meniscus 1 mm below line. Angle with Horizontal 90 + 1°

g = Hold viscometer in bath 10 min less than normal before testing. . .

G = Hold viscometer in bath 10 min longer than normal before testing. With these Changes an mterlaboratory StUdy was made on the

method.
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Determinaton Number

Variable 1 2 3 4 5 6 7 8
Temperature °C 24.6 24.6 24.6 24.6 25.4 25.4 25.4 25.4
Age of Tube New New Oold old New New Old Oold
Vacuum, mm Hg 310 290 310 290 310 290 310 290
Stirring Yes Yes No No No No Yes Yes
Angle with Horizontal Degree 90 87 90 87 87 90 87 90
Fill line, mm 4 6 6 4 4 6 6 4
Time in Bath, min 40 20 20 40 20 40 40 20
TABLE A1.3 Raw Data for Viscosity Example Seven Factors With Replication
Viscosity
Material First Replicate Determination Number Second Replicate Determination Number
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Laboratory 1
1 2370 2258 2355 2185 1825 1845 1820 1830 2320 2275 2350 2380 1840 1850 1825 1820
2 520 495 519 480 401 404 398 402 492 516 490 522 390 408 402 395
3 4205 4006 4191 3846 3212 3284 3185 3221 4200 4160 4130 4020 3218 3180 3280 3280
4 1075 1061 1060 961 803 793 801 805 1050 1070 1015 1000 808 790 795 805
Laboratory 2
1 2350 2240 2335 2165 1805 1825 1800 1810 2280 2310 2400 2120 1825 1806 1809 1812
2 540 515 539 500 421 424 418 422 518 545 524 492 410 425 430 420
3 4235 4036 4121 3876 3242 3314 3117 3250 4250 4142 3960 4205 3310 3112 3240 3117
4 1102 1040 1085 980 820 811 824 828 1110 1125 1040 1050 825 804 816 835
Laboratory 3
1 2390 2278 2375 2205 1845 1865 1840 1850 2400 2268 2350 2250 1860 1850 1870 1845
2 510 485 509 470 391 394 388 392 505 482 510 480 395 390 385 392
3 4200 3975 4160 3816 3190 3246 3150 3200 4180 3990 4140 3890 3200 3180 3220 3195
4 1050 990 1035 930 786 766 775 780 1040 980 1050 970 780 760 785 782
TABLE Al.4 Pattern for Assigning Levels to Seven Factors with Replication
Replicate 1 Replicate 2
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Xl X2 X3 X4 XS XG X7 XB X9 XlO Xll X12 Xl3 X14 X15 X16
Z; 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Z, 1 1 1 1 -1 -1 -1 -1 1 1 1 1 -1 -1 -1 -1
Z3 1 1 -1 -1 1 1 -1 -1 1 1 -1 -1 1 1 -1 -1
Z, 1 -1 1 -1 1 -1 1 -1 1 -1 1 -1 1 -1 1 -1
Zs 1 1 -1 -1 -1 -1 1 1 1 1 -1 -1 -1 -1 1 1
Zg 1 -1 1 -1 -1 1 -1 1 1 -1 1 -1 -1 1 -1 1
Z 1 -1 -1 1 1 -1 -1 1 1 -1 -1 1 1 -1 -1 1
Zg 1 -1 -1 1 -1 1 1 -1 1 -1 -1 1 -1 1 1 -1
Zy 1 1 1 1 1 1 1 1 -1 -1 -1 -1 -1 -1 -1 -1
Zio 1 1 1 1 -1 -1 -1 -1 -1 -1 -1 -1 1 1 1 1
Zy 1 1 -1 -1 1 1 -1 -1 -1 -1 1 1 -1 -1 1 1
Zy 1 -1 1 -1 1 -1 1 -1 -1 1 -1 1 -1 1 -1 1
Zy3 1 1 -1 -1 -1 -1 1 1 -1 -1 1 1 1 1 -1 -1
Zy4 1 -1 1 -1 -1 1 -1 1 -1 1 -1 1 1 -1 1 -1
Zis 1 -1 -1 1 1 -1 -1 1 -1 1 1 -1 -1 1 1 -1
Zig 1 -1 -1 1 -1 1 1 -1 -1 1 1 -1 1 -1 -1 1




Note 1—The data contained in Tables A1.7-A1.17 is derived from matrices constructed as illustrated by this table for each of the remaining eleven
laboratory-material combinations from Table A1.3.

A c 1067 — 00
“afl

TABLE A1.5 Matrix Based on Table A1.4 for Laboratory |, Material 1

Replicate 1 Replicate 2
Xl XZ X3 X4 XS X6 X7 XS XQ XlO X11 X12 X13 X14 X15 X16
2370 2258 2355 2185 1825 1845 1820 1830 2320 2275 2350 2380 1840 1850 1825 1820
2370 2258 2355 2185 -1825 -1845 -1820 -1830 2320 2275 2350 2380 -1840 -1850 -1825 -1820
2370 2258 -2355 -2185 1825 1845 -1820 -1830 2320 2275 -2350 —-2380 1840 1850 -1825 -1820
2370  -2258 2355  -2185 1825  -1845 1820  -1830 2320 -2275 2350 -2380 1840  -1850 1825  -1820
2370 2258 -2355 -2185 -1825 -1845 1820 1830 2320 2275 -2350 —-2380 -1840 -1850 1825 1820
2370 —2258 2355 -2185 -1825 1845 -1820 1830 2320 -2275 2350 —-2380 -1840 1850 -1825 1820
2370  -2258  -2355 2185 1825  -1845  -1820 1830 2320 -2275  -2350 2380 1840 -1850 -1825 1820
2370 —2258 -2355 2185 -1825 1845 1820 -1830 2320 -2275 -2350 2380 -1840 1850 1825 -1820
2370 2258 2355 2185 1825 1845 1820 1830 -2320 -2275 -2350 —-2380 -1840 -1850 -1825 -1820
2370 2258 2355 2185 -1825 -1845 -1820 -1830 -2320 -2275 -2350 -2380 1840 1850 1825 1820
2370 2258 -2355 -2185 1825 1845 -1820 -1830 -2320 -2275 2350 2380 -1840 -1850 1825 1820
2370 —2258 2355 -2185 1825 —-1845 1820 -1830 -2320 2275 -2350 2380 -1840 1850 -1825 1820
2370 2258 -2355 -2185 -1825 —1845 1820 1830 -2320 —2275 2350 2380 1840 1850 -1825 -1820
2370  -2258 2355  -2185  -1825 1845  -1820 1830  -2320 2275  -2350 2380 1840  -1850 1825  -1820
2370 —2258 -2355 2185 1825 —-1845 -1820 1830 -2320 2275 -2350 —-2380 -1840 1850 1825 -1820
2370 -2258 -2355 2185 -1825 1845 1820 -1830 -2320 2275 -2350 -2380 1840 —-1850 -1825 1820
TABLE Al1.6 Results of Calculations for Matrix Due to
Laboratory 1 and Material 1

Z, =33148 Z,2 =1 098 789 904 W,2 =68 674 369

Z, =3838 Z,2 =14 730 244 W,2 =920 640.25

Z, =18 Z2 =324 W,2 =20.25

Z, =262 Z,2 =68644 W,2 =4 290.25

Zs =-112 Z2 =12 544 Wg2 =784

Zs =332 Zs2 =110 224 W2 =6 889

z, =-8 Z? =64 W,2 =4

Zg =42 Zs2 =1764 Wg2 =110.25

Zy =-172 Z42 =29 584 We? =1 849

Z1o=-142 Z,0>=20164 W, = 1260.25

Z,, =198 Z,,%=39204 W,,2 = 2 450.25

Z,,=242 Z,,% =58 564 W,,2 =3 660.25

Z,5=248 Z,3%=61504 W,5% =3844

Z1a =292 7,42 = 85264 W,,2=5329

Z,5=-128 Z,5%=16 384 W52 =1024

Z,6=-138 Z,6° =19 044 W,e? =1190.25

TABLE Al.7 Results of Calculations for Matrix due to
Laboratory 1 and Material 2

Z, =7234 Z,2 =52 330 756 W,% =3270672.25

Z, =834 Z,% =695 556 W,2 =43 472.25

Z, =18 Z2 =324 W52 =20.25

z, =-10 Z,2 =100 w,? =6.25

Zs =6 Z2 =36 Wig? =2.25

Zs =26 Zs2 =676 W2 =42.25

Z, =-30 7,2 =900 W,? =56.25

Zy =18 Zg2 =324 W, =20.25

Zy =4 Zy2 =16 Wey? =1.00

Z,0=-16 Z,0% =256 W,0% =16

Z,, =24 Z,,2=576 Wy,% =36

Z,,=124 Z,,>°=15376 W,,2 = 961

Z,3=16 Z,5%2 =256 W, 3% =16

Z,,=116 Z,,%>=13456 W,,2 = 841

Zis=4 Z,52=16 Wys? =1

Z,6=—48 Z,62 =2 304 W62 = 144
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TABLE Al1.8 Results of Calculations for Matrix due to
Laboratory 1 and Material 3

TABLE Al.11 Results of Calculations for Matrix due to
Laboratory 2 and Material 2

Z, =58618 Z,2 =3436 069 924 W,2 =214 754 370.3 Z, =7543 Z,2 =56 896 849 W,2 = 3556 053.063
Z, =6898 Z,2 =47 582 404 W,2 =2 973 900.25 Z, =803 Z,2 =644 809 W,2 =40 300.5625
Zy =312 Z.2 =97 344 W,2 =6 084 Zy =53 Z,2 =2809 W,2 =175.5625
Z, =624 Z,2 =389376 W,2 =24 336 Z, =57 Z,2 =3249 W,2 = 203.0625
Zs =456 Zs2 =207 936 Ws? =12 996 Zs =73 Z2 =5329 Ws? = 333.0625
Zs =764 Z? =583 696 We? =36 481 Zs =81 Zs% =6561 Wy? = 410.0625
Z, =-214 Z,2 =45796 W,2 =2862.25 Z, =-97 Z,2 =9409 W,2 =588.0625
Zg =-218 Z2 = 47524 Wg? =2970.25 Zg =-49 Z2 =2401 Wg? = 150.0625
Zy =-318 Zy? =101 124 We? =6 320.25 Zy =15 Zy? =225 We? =14.0625
Z,0=—-206 Z,02 =42 436 W,o? = 2 652.25 Z1o=15 Z,02 =225 W02 = 14.0625
Zi, =216 Z112 = 46 656 W,,%=2916 Zn=-11 Zn2=121 W,,% = 7.5625
Z,, =248 Z,,2 = 61504 W,,% =3 844 Z,,=57 Z,,2=3249 W, ,? = 203.0625
Z,3=-288 Z,32 =82 944 W,52=5184 Z,3=-51 Z,52=2601 W, 52 = 162.5625
Z,4 =540 Z,14% = 291 600 W,,2 =18 225 Z14 =61 Z42=3721 W, ,2 = 232.5625
Zy5 =-150 Z,5% =22 500 W52 = 1 406.25 Zis=T71 Z,52=5041 W52 = 315.0625
Zig=-2 Z,62=4 W,e2 =0.25 Z16=19 Z,62 = 361 W, 2 = 22.5625
TABLE A1.9 Results of Calculations for Matrix due to TABLE A1.12 Results of Calculations for Matrix due to
Laboratory 1 and Material 4 Laboratory 2 and Material 3
Z, =14692 Z,%2 =215 854 864 W,2 =13 490 929 Z, =58527 Z,%2 =3 425409 729 W,2 =214 088 108.1
Z, =1892 2,2 =3579 664 W,2 =223729 Z, =7123 Z,2 =50737 129 W,2 =3171070.563
Z, =208 Z,2 =43 264 W32 =2704 Zy =755 Z,2 =570 025 W32 =35 626.5625
Z, =122 Z,% =14 884 W,? =930.25 Z, =423 Z,2 =178 929 w,2 =11 183.0625
Zs =232 Z? =53824 W2 =3 364 Zy =247 Z? =61 009 W2 =3 813.0625
Zs =94 Z:> =8836 W2 =552.25 Zs =191 Zs2 =36 481 W2 = 2 280.0625
Z, =-78 Z,2 =6084 W2 =380.25 Z, =443 Z,2 =196 249 W,2 =12 265.5625
Zy =-162 Z4? =26 244 W,? =1 640.25 Zy =171 Zg? =29241 W2 =1 827.5625
Zy =26 Zs2 =676 Wy2 =42.25 Zy =-145 Zy?2 =21025 Wy2 =1 314.0625
Z,0=18 2,02 =324 W,02 =20.25 Z,0=—433 Z10% =187 489 W02 = 11 718.0625
Z,=2 Z,2=4 wW,,% = .25 Z,, =171 Z,,2=29241 W,,? =1827.5625
Z,,=116 Z,,% =13 456 W, ,2 = 841 Z,,=55 Z,,>=3025 W, ,2 = 189.0625
Z,5=18 2,52 =324 W, 42 =20.25 Zy3 =77 Z,32=5929 W, 42 = 370.5625
Z,4=120 Z,4% =14 400 W, ,2 =900 Z,,=1107 Z,42=1225 449 W, .2 = 76 590.5625
Z,5 = —64 Z,5% =4 096 W, 52 = 256 Z,5 = 413 Z,5% =170 569 W, 52 = 10 660.5625
Z,6=-36 Z162=1296 W,¢2 =81 Z,6=—385 Z,6% =148 225 W, 62 = 9 264.0625
TABLE A1.10 Results of Calculations for Matrix due to TABLE A1.13 Results of Calculations for Matrix due to
Laboratory 2 and Material 1 Laboratory 2 and Material 4
Z, =32692 Z,2 =1 068 766 864 W,2 =66 797 929 Z, =15095 Z,2 =227 859 025 W,? =14 241 189.06
Z, =3708 Z,2 =13 749 264 W,? =859 329 Z, =1969 Z,2 =3876 961 W,2 = 242 310.0625
Zs =190 Z;2 =36 100 W32 =2 256.25 Zy =179 Z52 =32041 W32 =2 002.5625
Z, =516 Z,2 =266 256 W,2 =16 641 Z, =149 Z,2 =22201 W,? =1387.5625
Zs =130 Zs2 =16 900 W52 =1 056.25 Zs =265 Zs2 =70225 W52 = 4 389.0625
Zs =544 Zs2 =295 936 W2 =18 496 Zs =135 Zs2 =18225 W2 =1139.0625
Z, =-358 Z,? =128 164 W,? =8010.25 Z, =5 Z2 =25 W,? =1.5625
Zg =-382 Zg2 =145924 W2 =9120.25 Zg =-101 Zg2 =10201 Wg? =637.5625
Zy =-32 Zs2 =1024 We? =64 Zy =115 Z42 =13225 Wy? =826.5625
Zio=-8 Z,02 =64 W2 =4 Zio=-121 Z,02=14 641 W, 02 = 915.0625
Z1, =30 Z,1,2 =900 W,.2 = 56.25 Zin =67 Z1n2 =4 489 W,,2 = 280.5625
Z,,=-16 Z,,% = 256 Wy,? =16 Z,,=195 Z,,2=38025 W,,2 = 2 376.5625
Z,5=10 Z,5% =100 Wy52 =6.25 Z,5=-69 Z,52=4761 W52 = 297.5625
Z,,=176 Z,,2=5776 W, 42 =361 Z,,=189 Z,,2=35721 W,,2% =2 232.5625
Z,5=218 2,52 =47524 Wys2 =2 970.25 Z,5 =65 Z,62=4225 W, 52 = 264.0625
Z,6 =282 Z,6>=79524 Wy =4 970.25 Zie=-11 Z,62=121 W62 = 7.5625
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TABLE A1.17 Results of Calculations for Matrix due to

TABLE Al.14 Results of Calculations for Matrix due to
Laboratory 3 and Material 1

Laboratory 3 and Material 4

Z, =33341 Z,2 =1111622 281 W,2 =69 476 392.56 Z, =14 259 Z,%2 =203 319 081 W,2 =12 707 442.56
Z, =3691 Z,2 =13 623481 W,? =851 467.5625 Z, =1831 Z,2 =3352561 W,?2 =209 535.0625
Zy =171 Z.2 =29 241 W,2 =1 827.5625 Zy =45 Z2 =2025 W,2 =126.5625
Z, =519 Z,2 =269 361 W,2 =16 835.0625 Z, =343 Z,2 =117 649 W,2 =7 353.0625
Zs =141 Z2 =19881 Ws? = 12425625 Zs =105 Z2 =11025 W52 = 689.0625
Zs =509 Z2 =259 081 We? =16 192.5625 Zs =267 Z% =71289 W,? = 4 455.5625
Z, =-51 Z,2 =2601 W,2 = 162.5625 Z, =-23 Z2 =529 W,2 = 33.0625
Zg =-1 Z2 = Wg? =0.0625 Zg =-107 Zg2 =11 449 W2 = 715.5625
Zy =-45 Z42 =2025 We? =126.5625 Zy=-35 Z4?2=1225 Wy22 = 76.5625
Z10=5 Z,02=25 W02 = 1.5625 Zio=-35 Z102=1225 W, o2 = 76.5625
Zi, =45 Z1n2=2025 Wi,2 = 126.5625 Z11 =99 Z,,2=9801 W,,2 = 612.5625
Z,,=-15 Z,,2 =225 W,,? = 14.0625 Z,5=17 Z,,% =289 W,,? = 18.0625
Z13=-5 Z,52=25 W, 52 = 1.5625 Z13=51 Z,52=2601 W, 42 = 162.5625
Z1a =115 Z,42=13225 W,,2 = 826.5625 Z14=33 Z,,2=1089 W,,? = 68.0625
Z,5=-85 Z,62=7225 W;s? = 451.5625 Z,5=-17 Z,5% =289 W, 2 = 18.0625
Z16=-95 Z162=9025 W, 2 = 564.0625 Zy6=-33 Z,62=1089 W, 62 = 68.0625
TABLE A1.15 Results of Calculations for Matrix due to
Laboratory 3 and Material 2

Z, =7078 Z,%2 =50 098 084 wW,2 =3131130.25

Z, =824 7,2 =678 976 W,2 =42 436

Zy =26 Z,2 =676 Ws2 =42.25

Z, =108 Z,%2 =11664 w,2 =729

Zs =0 Z? =0 Ws? =0

Zs =126 Z:2 = 15876 W2 =992.25

Z, =-8 Z2 =64 W,2 =

Zy =-34 Z4?2 =1156 W22 = 72.25

Zy =0 Z22 =0 Wy22=0

Z1o=-6 Z,0>=36 W,02=2.25

Z,,=16 Z,,2 =256 W,,°=16

Z1,=6 Z,,°=36 W2 =2.25

Z,3=22 Z,3% =484 W, 42 =30.25

Z,,=16 Z,4% = 256 W,,2 =16

Zys=-18 Z,52 =324 W, 52 = 20.25

Zig=4 216" =16 Wie® =

TABLE A1.16 Results of Calculations for Matrix due to
Laboratory 3 and Material 3

Z, =57932
Z, =6770
Z, =390
Z, =948
Z, =288
Zs =1070
Z, =-190
Zy =-168
Z, =-58
Zyo =40
Z1, =180
Z,=-22
Zis =62
Z14 =280
Zy5 =60
Zio=-58

Z,2 =3 356116 624

Z,2 = 45832 900
Z2 =152 100
Z,2 =898 704
Z2 =82 944
Zg2 =1 144 900
Z,2 =36 100
Zg2 =28224
Z2 =3364
Z102=1600
Z1122 = 32 400
Z,,2 =484
Z,52=3844
2,422 = 78 400
Z,522 = 3 600
Z,62 = 3364

W,2 =209 757 289
W,2 =2 864 556.25

W42 =9 506.25
W,2 =56 169
W2 =5184

W2 =71556.25
W,2 =2 256.25
Wy? = 1764
W,2 =210.25
W;o? = 100
W,22 = 2 025
W;,2 = 30.25
W, 42 = 240.25
W;422 = 4 900
W,22 = 225
W2 = 210.25
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TABLE A1.18 Summary of F Values For All Laboratories, All Materials, And All Factors

. Temperature Age, Vacuum, Stir, Vertical, Meniscus, Bath,
Laboratory Material Table of Tube, F, F F. E, F. F F,
1 1 Al.6 343.56 NS NS NS NS NS NS
2 Al.7 151.02 NS NS NS NS NS NS
3 Al1.8 608.20 NS NS NS 7.46 NS NS
4 Al1.9 739.16 8.93 NS 11.11 NS NS NS
2 1 A1.10 717.47 NS 13.89 NS 15.44 6.69 7.61
2 Al.11 294.64 NS NS NS NS NS NS
3 Al.12 200.66 NS NS NS NS NS NS
4 A1.13 266.11 NS NS NS NS NS NS
3 1 Al.14 3001.24 6.44 59.34 NS 57.08 NS NS
2 Al1.15 3375.59 NS 57.99 NS 78.93 NS 5.74
3 Al.16 2593.81 8.61 50.86 NS 64.79 NS NS
4 Al1.17 1432.46 NS 50.26 NS 30.46 NS NS

A2. THEORY OF THE RUGGEDNESS ANALYSIS

A2.1 Any mathematical analysis depends on assumptionsiegligible. This is done to permit testing of the significance of
It is particularly difficult to make valid assumptions when therea large number of main effects while holding the size of the
is little experience on which to make the assumptions. Since axperiment down to manageable levels. The effect of interac-
ruggedness or screening program is usually run on a new tegons will not always be negligible and there are times when an
method, there is very little history or experience to validate theestimate of a main effect will include an interaction.
necessary assumptions. An extensive study could yield the A2.2.4 The assumption is also made that the random errors
experience to validate the assumptions, but it would als@re normally distributed. Since a new method is being evalu-
increase the cost of the ruggedness program to the point thated, there is no data available to show that the errors are
few such programs could be undertaken. This practice seeks tmrmally distributed. However, the assumption appears reason-
balance these risks to make the practice practical and usefulble based on experience with other ASTM test methods.

A2.2.5 While the risks inherent in adopting these assump-

A2.2 Aruggedness program attempts to identify the impordions are real, it is thought that despite the risks the ruggedness
tant factors or variables which cause variability of resultsprogram will serve a useful purpose in improving the precision
obtained using the test method. It is important that all of theof most test methods.
major factors be included in the study, since, if one is left out,
the study will not help in identifying its significance. The
example in Annex Al evaluates seven factors. This is usuall
sufficient to cover the major sources of variability. Design for
both fewer and more factors are given in statistical texts for us
when needed5).

A2.3 Two levels have been chosen for this study. Three or
ore levels could have been used. The higher number of levels
ould have given information about the shape of the curves
at could be derived by plotting the viscosity versus each of
the main factors at the levels chosen. Increasing the levels
would also increase the number of runs or determinations. For
A2.2.1 Itis unusual for more than seven or for less than fiveexample, seven factors at three levels would require 2187 runs
factors to be required. When only five factors are consideredompared with 128 at two levels. Since each of the factors vary
significant, two other factors can nearly always be selecte@y a small amount, the curves would be substantially straight
about which there may be some doubt. A seven factor analysignd there would be little gained by measuring at a higher
is usually suitable for most ruggedness evaluations. number of levels than two.
A2.2.2 A full factorial experiment for seven factors at two _ ) _
levels would require 2or 128 runs or determinations for each A2-4 A linear model or equation for the seven main factor
laboratory and each material. If this design had been followefuggedness program would be:
in Annex Al, 128 runs times 3 laboratories times 4 materials Z =By + BX; + ByX, + BgXs + BX,
times 2 replications equals 3072 determinations instead of the + BsXs + BeXs + B/ X, + (A2.1)
192 determinations actually required in the example.

A2.2.3 A full factorial experiment identifies not only sig- where:
nificant effects of the main factors but also those of the X, = throughX, are the main effects,
interactions. An interaction is a source of variability due to the B, = throughB, are the unknown parameters, and
combination of main factors that cannot be explained by thee = is random error.
individual variability of those main factors. There are instances A2.4.1 A Youden Square, which is the basis for this rug-
where the effect of an interaction is greater than the sum of thgedness program, is in turn part of a Hadamard matrix an
effects of the main factors that create the interaction. Howevegxample of which is shown in Table A2.1. The Youden Square
interactions are usually regarded as being smaller sources wfould be Table A2.1 with the top dZ; line removed. Table
variation; particularly three and four factor interactions. In thisA2.1 represents the values Bfthat equate each of thé&s to
standard, the effect of all interactions are assumed to bthe X;, X;, X,, throughX; in eight linear equations. The fact
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TABLE A2.1 Values for the coefficients B, through B ; regarded as a replication of the experiment. Experience in
Xo X, X, X5 X, Xs  Xs X, ASTM interlaboratory studies shows that there usually are
z 1 1 1 1 1 1 1 1 significant differences between laboratories. Therefore, the
Z 1 1 1 1 -1 -1 -1 -1 recommendation is that the experiment be replicated in each
~ T T O 11 77 1 laboratory according to the experimental design shown in
Z 1 1 -1 -1 - -1 1 1 Table Al.4 and used in Annex Al.1.
Zg 1 -1 1 -1 -1 1 -1 1
? 1 —i —i i i —i —i 1 A2.6 The first eight rows in Table Al1.4 are the same as in
: _ _ _ _

Table A2.1 except that they are repeated in the second
replication.Zy shows the differences between replications. The

that Hadamard matrices are orthogonal makes each row gpefhicients leO_throuthl_G are exact!y the same as tho_se n
,» throughZg but in the replication all signs are reversedip

Table A2.1 an independent vector in the transformation matmfhroughzle. It is these differences from replicate to replicate

which is Table A2.1. This also means that when any line in theihat yield the necessary estimate of error variance. The

table is multiplied by any other line the sum is always zero. The . :
B, throughB, are represented by numbers + 1 or - 1 shown orfsSsumption as already stated is made that there are no real
egch line of7TabIe A2 1 Interactions between factor differences and replications.

A2.4.2 It should be noted thaZ, divided by 4 is the A2.7 The transformation matrix for the 16 determinations

difference between average results when temperature is atj@ shown in Table A1.4. A column containing values for
high level and the average results when temperature is at a low,2 = 72/p, appears in Table A1.6 and Table Al.7 wheZe:

level. The design of the experiment based on the characteristigyyals the sum of th&s in theith row squared, anb, equals
of Hadamard matrices, is such that when determinations ghe sum of squares of the coefficients in itie row.

temperature are at a high level all other factors are twice at a
high level and twice at a low level. When determinations of . S

. umber of columns in the matrix since both 1 and =11. All
temperature are at a low level, all other factors are twice at fows in Table A1.4 sum to 16 B, = 16 for every row,

high level and twice at a low level. Measurement of tempera- If o2 is the true. but unknown error variance. then on the
ture is freed of the effect of the level of the factors other than o ue, but u W vart '

. . . 2
temperature leaving only the effect of the temperature and Of?\gsumptlon that the errorszarg nprmally d!St”bOUtEd 8tichr
random errore of the other factors. will have an independent™—distribution with 1° of freedom.

16 2 2
A2.4.3 A close examination of Table A2.1 shows that Wha'[The sum; 2 ;o W*/70” represents the pooled sums of squares

is true for temperature is also true for each of the otherfactorgqr error d|V|(_jed oby the error variance that will havexd

With the experimental design in Table A2.1, separate assesgl_StrlbUtIon with 7 O.f freedom. Fpr t.hEh. row 9f Table A1°.4,

ments of each of the effects of seven factors can be made wiifh' 2 to 8, the ratio will have af-distribution with 1 and 7° of

only eight tests. reedom.
A2.4.4 There is no separate estimate of the error variance by

which the statistical significance of the factor effects can be

tested.

In all instances for an Hadamard matrl}, equals the

16 16
Fi=Wlo® 3, WiTo® = W1 3 W7 (A2.2)
i= i=

A2.8 Annex Al consists of a detailed example using the
A2.5 An estimate of error variance can be obtained bytheory of Annex A2. It is recommended that the test of
replicating the experiment. It is important in experiments ofsignificance be carried out at the probability level of 0.05 of the
this kind to keep the amount of work and therefore the cost aE-distribution. The ratio that is significant at the 0.05 probabil-
low as possible while obtaining valid results. The amount ofity level can be obtained from tables of thedistribution that
work would be halved if the work of each laboratory is are in most standard statistical text books.
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ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org).
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