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STATISTICAL EVALUATION OF INTERLABORATORY
CEMENT TESTS*

By J. R. CranpaLL! AND R. L. BLAINE!

. SyNopsis

A cooperative series of physical and chemical tests was made by 103 labora-
tories on 12 samples of cement during the period of 1 yr. Results of tests by all
laboratories on each property were plotted in scatter-diagrams according to the
Youden method to enable the participating laboratories to evaluate their re-
sults quickly. The results were treated statistically. Both statistical and graphic
methods were employed to indicate the precision of the test methods and the
extent of laboratory bias. The lack of precision with some of the tests indicated
a need for improved test methods.

The work of each of the various laboratories was evaluated by a rating sys-
tem. A large number of laboratories obtained results that were in good agree-
ment, but a few laboratories showed poor agreement with the larger group.
Many of the discrepant laboratories did not improve during the 1-yr period
the test program was active.

Discrepant results obtained by a few laboratories inflated appreciably the

standard deviations among laboratories for the various tests.
The need for a continuing reference sample program was indicated.

The values obtained in the testing of
cement, as those obtained in testing of
most materials, are subject to many vari-
ables. The methods of performing the
tests are carefully specified as well as the
requirements and tolerances for test
equipment to be used. Cement testing
laboratories ‘have, in addition, had a
unique service for the past 30 years in
that the Cement Reference Laboratory
(CRL) has inspected the equipment and
instructed the personnel of these labora-
tories at regular intervals. A number of
comparative samples have also been dis-
tributed by this group during-the past 30
years. A report of the work done by the

* Presented at a special session on Statistical
Treatment of Interlaboratory Test Results, In-
cluding a New Graphical Method sponsored by
Committee C-1 on Cement held on June 25, 1959
gou:::fythe Sixty-second Annual Meeting of the

1 Concreting Matermls Section, National
Bureau of Standards, Washington, D. C.

CRL and of the resulting improvements
in test equipment was presented by J. R.
Dise.? ,

The service of the CRL of inspecting

laboratory . equipment, instructing per-

sonnel and demonstrating test methods
is costly; furthermare, hecause turnovers

occur in testing personnel and changes
occur in test anetheds and equipment,

more frequent inspections would be de-

sirahle.
The CRL comparative tests as. well as
other interlaboratory tests have indi-

cated that there are still many and large

discrepancies between the results.as re-
ported by different laboratories. It has

‘not been clear from previous comparative

tests if these discrepancies resulted from
normal variations to be expected .or if

*J. R. Dise, “Cemgnt Re(eunce Laboratory
(1929-1959), ”see p.’ 860, this publxcatlon
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laboratory bias was involved to any ap-
preciable extent.

In order to determine the reproducibil-
ity of the various tests for cement now in
use and to evaluate the nature of the
discrepancies, as well as to offer a means
for supplementing the work of the CRL,

a Cement Reference Sample program .

was proposed at the 1957 ASTM Annual
Meeting, to the Subcommittee on the
CRL of Committee C-1, by the personnel
of the National Bureau of Standards
(NBS).

The Reference" Sample Program was:

considered an extension of the NBS
Standard Sample Program which has
served laboratories everywhere for al-

TABLE I.—_MANUFACTURERS OF
CEMENTS USED.

Universal Atlas Cement Co.

North American Cement Corp.

Standard Lime & Cement Co.

Lehigh Portland Cement Co.

Alpha Portland Cement Co.

Green Bay Division, Pittsburgh Coke & Chem-
ical Co.

Lone Star Cement Co. -

Medusa Portland Cement Co.

most 60 yr. Before these standard sam- -

ples of cement could be issued, however,

it was necessary to solve problems rela-.

tive to blending, packaging and distribu-
tion of the samples as well as tabulation,
evaluation and presentation of the test
results. Although the planned program of
interlaboratory tests was quite extensive,
it was necessary to limit the number of
participating laboratories because of the
present limited facilities for blending
very large quantities of materials.

PARTICIPATING LABORATORIES

It was desirable in a program of this
kind to have as broad a distribution of
laboratories as possible, both with respect
to interest and geography. Included in
the program were both research and mill-
control laboratories of cement manufac-
turers, State Highway laboratories, Fed-

CRANDALL AND BLAINE

eral laboratories, and commercial labo-
ratories. Included among the cement
manufacturer laboratories were larger
companies who. regularly conduct inter-
laboratory tests and smaller companies

- who have only one or two mills and

whose opportunities for interlaboratory
tests ordinarily are limited. All partici-
pating laboratories had been inspected
by the CRL. There were 57 cement man-
ufacturer laboratories, 24 State Highway
laboratories, 11 commercial laboratories

"and 11 Federal Government laboratories,

TABLE IL—IDENTIFICATION OF PAIRS
OF CEMENT SAMPLES.

Sample Type Nulﬁiu Dit: b‘S’l:l‘I:g::!“to
Nes T | 3 |March1oss
Ne il Ia | 4 |fnevaess
Nog | B[ § [
Nog | Th | § |fsent. 108
Nedo | ¥ | 10 |} 108
Nodz | T8 | 5 [} 7en 10

making a total of 103 laboratories from

all sections of the country. A list of the

participating laboratories is given in
Appendix 1.
- TeEsT PROGRAM

The test program consisted of physical
and chemical tests by the 103 labora-
tories on 12 cement samples. Ten lots of
different cements were used to prepare
the 12 samples.

Nine of the ten cements used in the
program were purchased from suppliers
in the Washington, D. C., area, and one
cement was donated by the manufac-
turer (Table I). Each lot of cement was
from a single carload shipment. Six types
of cement were used (Table II). Each lot



ON INTERLABORATORY CEMENT TESTS

consisted of 16 or 18 bags of cement,
except lots 3 and 4, which were double
that amount. Each cement was sieved
through a No. 20 vibrating screen and
each lot then blended for 2 to 3 hr in
a 20-cu ft Patterson-Kelly blender equip-
ped with an intensifier.

The cement was then packaged in
plastic-lined, canvas bags, approximately
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Uniformity tests were made comparing
the differences between duplicate deter-
minations on the same samples, the sums
of duplicates, and the successive differ-
ences between sums. All these tests for
uniformity were made in the NBS Wash-
ington laboratory, except tests on one
pair of samples which were made in the
NBS Seattle laboratory. In each in-

TABLE IIL.—TEST METHODS USED.

Normal consistency of hydrauliccement...................
Soundness, autoclave. ............oo i
Time of setting, Gillmore. .........................ooilt

Time of setting, Vicat needle®

Fineness turbidimeter®..................ccccoiiiiiininian.
Heat of hydration of portiand cement®....................

ASTM Method C 187 - 58°
ASTM Method C 151 -5
ASTM Method C 266 - 58 T
ASTM Method C 185 - 58 T®
ASTM Method C 109 - 58

ASTM Method C 186 ~ 55?
ASTM Method C 191 ~ 58

FBISE 885 . . . . o v oen e n et s s n e e e e e e et et ASTM Method C 359 - 56 T®
Sulfate resistance expansion®. .. ......... .. el s Experimental Test
Section of the Method | Section of the
Test Procedure ASTM Methods Used for Samples Method Used
Nos. 1 to Nos. 9 o 12
Silicon dioxide (8iO2)................... C 114 - 58% 33 8
Aluminum oxide (Al:Og) .. .............. C 114 - 58% 12 12
Ferric oxide (FezO3)............. ...t C 114 - 58? 10 and 11 10 and 11
Calcium oxide (CaO)................... C 114 - 58% 34 and 35 13
Magnesium oxide MgO)............... C 114 - 58® 36 14 and 15
Sulfur trioxide (803) . ... ... ..ot C 114 - 58 16 16
Lossonignition....................... C 114 - 58* 20 .20
Insoluble residue....................... C 114 - 58P - 28 ’ 28
Sodium oxide (N8:0)................... C 114 - 58 T? 15 'through 18 ¢
Potassium oxide (K20) . ................ C114-58 TV 15 through 18 ¢
Manganic oxide (Mn203)%............... C 114 - 58 49 and 50 e
Sulfide sulfurd. . ....................... . C114-568 17 through 19

o These properties determined on one pair of samples only.

% 1058 Book of ASTM Standards, Part 4.

¢ A Proposed Interim Federal Specification for Cement.

12 Ib per package, and stored in sealed
steel drums until shipment, except in the
case of samples Nos. 11 and 12, where
one half of each set of samples was stored
on a skid in a storeroom. Tests for uni-
formity were made on every tenth sample
bag packaged. Four separate test sam-
ples were taken from each of these bags,
two being used for air permeability fine-
ness tests and the other two for SO; de-
terminations. Each sample was coded so
that the test operator did not know which
of the samples were duplicates from the
same bag.

stance, the statistical analysis indicated
that the cement was well-blended.
ASTM test methods were used
throughout the program, except as in-
dicated in- Table III. For samples Nos.
9 to 12, ASTM referee test methods were
used for the analytical determinations,
with Federal Specifications: for the al-
kalies..In eachicase, the laboratories were
requested to report results of single de-
terminations. = '
Samples of two of the cements were
supplied to the participating laboratories
at 2-month intervals for a period of 1 yr.

-
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ON INTERLABORATORY CEMENT TESTS

The participating laboratories were re-
quested to make the physical and chem-
ical tests as required by detailed instruc-
tions furnished with each pair of samples
and to report the results to the National
Bureau of Standards within 1 month
after receiving the samples. With the in-
structions for the first pair of samples it
was also requested that the same opera-
tor and the same analyst of each labora-
tory also make all subsequent test deter-
minations.

As the reports were received and the
tabulated results scanned, those labora-
tories whose result appeared to contain
an error were asked to confirm the ques-
tionable value. In most instances, sus-
picion of the presence of an error was
confirmed in time to permit inclusion of
the corrected value in the program. At
the NBS, the results were tabulated, the
data placed on IBM cards, and the aver-
ages, standard deviations between labo-
ratories, and coefficients of variation
computed by a digital computer. Scatter
diagrams as proposed by Youden® were
plotted for each set of test results. The
scatter diagrams, averages, standard de-
viations, and coefficients of variation
were furnished each of the participating
laboratories at the time the next pair of
samples was distributed. This afforded
the personnel of the participating labo-
ratories an opportunity to study the re-
sults of the previous tests and make
procedural corrections before making
tests on the new samples.

REesurrs or TESTS

The standard deviations between labo-
ratories and corresponding coefficients of

3 W. J. Youden, “A New Graphic Method for
Statistical Treatment and Evaluation of Inter-
laboratory Tests,” ‘‘Application of the Graphic
Method to Other Interlaboratory Testing and
Specifications.” These papers presented at the
Sixty-second Annual Meeting of the Society,
June 21-26, 1959, have been combined under
the title ‘“‘Statistical Aspects of the Cement
Testing Program,” see p. 1120, this publication.
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variation for data reported by all labo. -
ratories are presented in Table IV, The
values for standard deviation are also
presented in the graphs shown in Figs,
1(a), (b), and (c). It may be noted that
considerable differences exist in the vari-
ability among laboratories for the differ-
ent tests, for the different samples in
pairs, and for the different pairs. For
most tests there was no definite evidence

‘of improvement of results as the program

proceeded. The use of referee chemical
methods did not result in better con-
cordance than was obtained with the use
of optional chemical methods. The aver-
age values for the various tests on the
different samples are presented in Appen-
dix II. "

Scatter diagrams were prepared in ac-’
cordance with the method proposed by
Youden® in which the value for a prop-
erty of one sample is plotted on the hori-
zontal axis and the corresponding value
for the other sample on the vertical axis.
Thus the results for one property for two
samples from each laboratory are repre-
sented by a point on the diagram. Each
diagram is divided into quadrants by a
vertical and a horizontal line to indicate
the medians. That is, there are as many
laboratories to the left of the vertical
line as to the right and there are as many
laboratories above the horizontal line as
below.

Figure 2 shows the distribution of re-
sults for the percentage loss on ignition
of cement samples Nos. 11 and 12. The
pattern formed by the points is fairly
circular and the crossed center lines are
the median values for the samples. Only
two of the laboratories had ignition loss
results for these two cements that devi-
ated considerably from the median val-
ues, and there was a fairly uniform dis-
tribution of the points. Under ideal
circumstances, there should be nearly an
equal number of points in each of the
four quadrants and the pattern of points
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“.shouid be roughly circular, as shown in

Fig. 2.

When this method of presentation is
used, it is an easy matter for a partici-

Sample No.i2

CRANDALL AND BLAINE

pating laboratory to determine the rela-

tionship of its results to the median val-

ues and to the results obtained by the
‘other laboratories. '

| v I I

Loss on Ignition, per cent

¥
2.06 L

.81

[ ' —

10

] I 1

02
Sample No. il

14

F16. 2.—~Scatter Diagram for Percentage Loss on Ignitioﬁ for Samples Nos. 11 and 12.
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Sample No.lIO
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4.28

420
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Ferric Oxide 1
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438 454 470 4.86
Sample No.9

F1c. 3.-fScatter Diagram for Percentage Ferric Oxide (FesOs) for Samples Nos. 9 and 10.
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If the scatter of points is oval, as in- test results obtained in any one labora-
dicated in Fig. 3, with the long axis of tory. The majority of the scatter dia-
the oval at approximately 45 deg, pass- grams tended to be oval along the 45 deg
ing through the lower left quadrant and axis. This indicates that many of the
the upper right quadrant, there is evi- laboratories have a tendency to obtain
dence of a strong correlation between the high values on both samples if high val-

3700 r T T - T T T
Blaine Fineness,
3500 sq cm per g n
o .
g 3300} . Lt AR -
2 3'75 ) o l. 0 de® 5483—>
a 3540 L Py P . ".9.. Py
5 . ) N . Py o .“:'w: . , [] [(H °
[ 3100 . ¢ e ..o :.- o'.o.. ]
2900} o .
i 1 1 | 1 1 1
2700 4000 4400 4800 - 5200
Sample No.7

F1G. 4.—Scatter Diagram for Air-Permeability Fineness for Samples Nos. 7 and 8.

Bloine Fineness,

sq cm per g

3700 N\ \

~ 3500

o

4

2 -

Q

€3300}

(/2]

3100 |-

2900 —L 1 1 0 L L
2800 3000 3200 3400 3600 3800 4000

Somple No.l

FiG. 5.—Scatter Diagram for Air-Permeability Fineness for Samples Nos. 1 and 2.
’ The significance of parameters “a’ and “b’ is explained in the text.
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ues are gbtained on one. In this particu-
lar case, there should be 25 points in each
quadrant. However, the lower left and
upper right quadrants together account
for about 80 points, which is evidence of
numerous laboratory biases. Among the
possible sources of such errors may be

TABLE V.—MEASUREMENT OF
STANDARD DEVIATION OF TEST
METHOD AND LABORATORY BIAS
FROM SCATTER DIAGRAMS.

Averages for All Twelve Samples

a b/a
PrYsicaL TEsTs

Normal consistency, per cent
of HeO.................... 1.0 1.47
Time of setting, initial, hr...... 0.72 | 2.03
Time of setting, final, hr....... 0.80 | 2.71
Autoclave expansion, per cent. .| 0.023| 1.56
Air entrainment, per cent...... 1.26 | 2.50

Compressive strength, 3 days,
S 255 1.86

Compressive strength, 7 days,

PBL. ot 314 2.12
Fineness,sqcmperg......... 162 1.85
CreMicaL TEsTs
Silicon dioxide (8SiO2), percent..| 0.17 | 2.17

Aluminum oxide (Al:O3), per

S X 0.26 | 2.24
Ferric oxide (FesQs), percent...| 0.07 | 2.33
Calcium oxide (CaQ), percent..| 0.25 | 2.83
Magnesium oxide (MgO), per

CeNb. . ot e 0.14 | 2.14
Sulfur trioxide (SOj), per cent.] 0.07 | 1.97
Ignition loss, per cent . .{ 0.18 ] 1.58
Insoluble residue, per cent ..... 0.06 | 2.35
Sodium oxide (NazO), percent.;, 0.02 | 2.96
Potassium oxide (XK:0), per

cent. ...... ... 0.05 | 2.10

the ambiguity or misinterpretation of
the test methods. With a chemical anal-
ysis such as this, errors in standardiza-
tion of solutions or possibly constant
errors in weighing could contribute to the
bias. With uniform samples, a broader
oval normally indicates a greater impre-
cision on the part of the operator or ap-
paratus. Laboratories whose results are
consistently represented by points fairly
far out in the upper right or lower left
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quadrant are believed to have a system-
atic error in the test procedure or appa-
ratus.

Figure 4 shows a pattern which indi-
cates no laboratory bias, but a greater
spread for one sample than for the other.
This results in a pattern which is oval
in form with the long axis either vertical
or horizontal, depending on which sample
shows the greater scatter for the test re-
sults. Sample No. 7 was a high early-
strength cement, and it is quite apparent
that the laboratories had difficulty deter-
mining the surface areas of this much
finer material. Few instances were found
having this type of scatter diagram.

An evaluation’of both the laboratory

‘bias and the test method precision was

obtained from the parameters of rec-
tangles constructed as shown in Fig. 5.
The sides of the rectangles were formed
by pairs of lines drawn parallel to and
equidistant from the intersecting 45 deg
lines. For each direction, the parallel
lines were spaced so that approximately
68 per cent of the points fell between
them. This 68 per cent should be within
plus or minus one standard deviation in
a normal distribution. The magnitude of
a is an indication of the imprecision of
the test. A ratio of b/a greater than 1 is
an indication of a laboratory bias which
is significantly greater than the random
error of the test. Obviously, it would be
desirable to have the ratio b/a as close
to 1 as possible, and it would be desirable
to have a as small as possible. This type
of graph indicates where to look for pos-
sible improvement of test results.

The values for ¢ and b/a obtained in
this program are presented in Table V.
The values are averages for all 12 sam-
ples. Tests for final time of set and air
entrainment have the largest d/a ratio
or laboratory bias in the physical tests,
whereas Na,O and CaO determinations
have the largest b/a ratio in the chem-
ical tests. The chemical tests had an
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average b/a ratio of 2.27, as compared
to an average of 2.01 for the physical
tests. A lack of precision in the test
method itself, that is, a large value for
a, would result in a lower b/a ratio.
After the tests on the first three pairs
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times the standard deviation from the
center, and this larger square should
contain 90 per cent of all the points.
These scatter diagrams were distributed
to all the laboratories, giving them an
opportunity to evaluate their own work

Air Entrainment, per cent
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Sample No.7
F16. 6.—Scatter Diagram for Percentage Air Entrained in the 1:4 Mortars Reported for Samples

Nos. 7 and 8.

The significance of the squares is explained in the text. -

of samples had been completed, the aver-
age standard deviation for each of the
tests was determined. Figure 6 is the
scatter diagram for air entrainment for
samples Nos. 7 and 8 with squares drawn
using the standard deviation thus deter-
mined. The sides of the dotted inner
square are plus and minus one times
this standard deviation from the center.
The sides of the outer square are at 1.95

in relation to that done by all the labo-
ratories and to re-examine and improve
their own procedures where need for im-
provement was indicated.

The graphic methods just discussed
would enable a laboratory to determine
its proficiency with respect to any one
of the tests. In order to develop an evalu-
ation of a laboratory’s performance on
all tests, the laboratories were rated on
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the basis of the averages and standard
deviations obtained. A schematic dia-
gram of the method used for rating the
values reported by the various labora-
tories is shown in Fig. 7. The center
block represents values within plus and
minus one standard deviation of the
mean. These values were assigned a

N\

l 0[‘5

; 425

+l0 420
Stondard Deviotions
F1c. 7.—System Used to Assign Ratings to

Laboratories on the Basis of Values Reported
by All the Participants.

Table VI demonstrates the application
of this rating system. Laboratory A,
in determining normal consistency of
neat pastes, and laboratory B, in deter-
mining SO; obtained values close to the
averages of all laboratories for the tests
in question. On the other hand, the re-
sults obtained by laboratory C, in deter-
mining normal consistency of neat pastes,
indicates the presence of a consistent
bias with respect to the average of all
laboratories. Laboratory D, in determin-
ing autoclave expansion, had a very low
rating at the start, but rapidly moved
closer to the laboratory average. This
laboratory had a tendency to obtain low
results for this test. The ratings for
laboratory E, determining 7-day com-
pressive strength, show a great deal of
variability. Laboratory F, determining

TABLE VI.—EXAMPLES OF RATINGS OBTAINED BY SIX OF THE LABORATORIES
ON 12 SAMPLES.

No. 7 | No. 8 | No. 9 | No. 10 | No. 11 | No. 12 ﬁ;:f;

Samples. ......| No. 1| No. 2 | No. 3| No. 4 | No. 5| No. 6
L‘;g:;a' Test

A....| a |[+4 —4 | 44| 44| +4 |+4
B..... b 4 | +4 | 44| +4 | +4 |44
C..... a |+1 +3| +3| 4+0 | 4+0 |+2
D....| ¢ |-0 -0| —-4]| -4/ -3 4b
E..... d |—4 +4) ~-1| -2 —4 —~0
F..... a |[+2 +2 (-4 -3 ... ...-

—4 |+4 |44 —4 | —4 —4 | 4.00
-4 —4 4° | +4 —4 -4 | 4.00
+3 |+0 [43 +2 +0 +0 | 1.42
-4 | 4b |-3 +1 -4 -4 | 2.91
+2 \4+4 |+2 +1 -3 -2 | 2.42
-3 |+4 |—4 -4 -1 +3 | 3.00

s Tests a = Normal consistency.
b = Sulfur trioxide (SO;).
¢ = Autoclave expansion.
d = Compressive strength, 7 days.

b Identical with average for the test for this sample.

¢ Average computed without regard to signs.

rating of 4. Deviations from the mean of
1.0 to 1.5 times the standard deviations
were assigned the rating 3. Between 1.5
and 2.0 standard deviations, the rating
was 2, and from 2.0 to 2.5 standard devi-
ations it was 1. Any value greater than
2.5 times the standard deviation was
rated 0. Values to the right of center or
above average were designated plus,
and those to the left of center or below
average were designated minus.

normal consistency of neat pastes, was
slightly below the general average.

These data indicate the value of a
continuous reference sample program in
helping a laboratory to continually eval-
uate its results.

Average values for ratings (without
regard to signs) were computed for all
the physical and all the chemical tests
for each laboratory for each sample
tested.
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Fic. 8,—Frequency Distribution of Average Laboratory Ratings for All Physmal Tests Reported
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F16. 9.—Frequency Distribution of Average
Laboratory Ratings for All Chenncal Tests
Reported for Sample No. 6.

The distribution of the ratings for all
10 physical and 10 chemical tests made
on sample No. 6, together with two theo-

retical curves, are presented in Figs. 8
and 9 respectively. These were typical of
the distribution obtained on all 12 sam-
ples for each test method.

Theoretical curve A was based on aver-
ages of ten scores where individual scores
were assigned as shown in Fig. 7. The
standard deviations used are those shown
in Table IV which were computed by
using all results except obvious blunders.
One possible interpretation of the dis-
agreement between curve A and the ob-
served frequency distribution  of the
laboratory scores is in the assumption
that all but a small number of labora-
tories are in better agreement than is re-
flected in these standard deviations and
that the latter are inflated through the
inclusion of the excessively discrepant
laboratories. This would imply, for ex-
ample, that some results which fell in
this range and were awarded a score of
4 should have had a lower score. Conse-
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quently, the proportion of high scores
actually awarded was greater than pre-
dicted by curve 4. Curve B was derived
by recomputing the probabilities for each
score, making the arbitrary assumption
that the actual standard deviation was
80 per cent of that shown in Table IV.
The elimination of the results from about
six laboratories with lowest ratings would
bring this reduction in the standard de-
viation. The theoretical distribution of
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~ 1.9
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40 38 36 34 32 30 28 26
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F16. 10.—Frequency Distribution of Average
Laboratory Ratings for Air Permeability Fine-
ness Values Reported for All Twelve Samples.

the average scores was calculated and

adjusted to 94 laboratories instead of
100, as used for curve A. Curve B is a
better approximation to the observed dis-
tribution of average scores and, there-
fore, tends to support the smaller stand-
ard deviations as better estimates of the
actual performance of over 90 per cent
of the laboratories.

In drawing the above conclusions from
the frequency distribution of the scores,
it should be borne in mind that both
theoretical curves are based on the as-
sumption that the scores obtained by any
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given laboratory for different tests or
different samples are statistically inde-
pendent. An examination of the individ-
ual scores reveals, however, that such

"scores tend to be correlated in a number

of cases over the entire sampled popula-
tion of laboratories. This would indicate
that a laboratory tends to maintain its
position (as indicated by the scoring
system) for different samples on the same
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F16. 11.—Frequency Distribution of Average
Laboratory Ratings for Percentage Sulfur Tri-
oxide (SO;) Values Reported for All Twelve

Samples.

test and even, in some cases, for different
tests. The disagreement between the the-
oretical curve 4 and the observed fre-
quency distribution of scores must then
be ascribed, in part at least, to those
correlations, and this possibility is sup-
ported by the still unsatisfactory agree-
ment of the observed distribution of
scores with curve B.

But whether the distortion of the fre-
quency distribution of the scores is as-
cribed primarily to the inflation of the
standard deviations through inclusion of
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a few discrepant laboratories or to the samples and for one chemical test for all
correlation between scores obtained by 12 samples, together with the two theo-
the same laboratory, in either case the retical frequency distribution curves. The

TABLE VIL.—FREQUENCY DISTRIBUTIONS OF AVERAGE RATINGS OF ALL
LABORATORIES REPORTING PHYSICAL TEST RESULTS. .

TeStS. ... oveenn arernnnnnn o b ¢ d s 4 ¢ M| s i | Total pAe‘;":gt'
Ratings
4.00t03.91........ 18 17 20 85| 27 33 17 21 30 34 | 252 | 24.53
3.90t03.81........ 11 17 16 9 9 10 17 12 15 91125 | 12.17
3.80t03.71........ 20 6 16 9 9 16 8 13 12 91116 ) 11.29
3.70t03.61..%..... 10 9 7 12 12 71.13 9 13 11 | 103 | 10.02
3.60t03.51........ 7 10 10 7 7 9 9 5 2 7 73 7.10
3.50t03.41........ 16 10 4 11 13 31 12 141 8 13| 104 | 10.12
3.40t03.31........ 7 5 5 5 7 6 4 7 4 6 56 5.45
3.30t03.21........ 5 12 3 4 3 3 4 8 3 2 49 4.77
3.20t03.11........ 2 6 8 4 3 b 3 4 2 1 38 3.70
3.10t03.01........ 1 2 4 2 2 2 4 1 1 1 20 1.94
3.0 t02.91......... 1 1 2 2 3 1 7 2 2 3 24 2.33
2.90t0 2.81........ 2 1] ...1] ... 2 2 2 2 1 2 14 1.36
2.80%02.71........ 2 1 1] ... 29 ... 1 2 1 10 0.97
2.70t02.61........ PRV RV EVRPRR 2 2 1]...1 1]... 6 0.58
2.60t02.51........ e b 1 11]... .. 1 1 . 4 0.38
2.50t02.41........ 1 1 1 1 . 3f... -7 0.69 .
2.40t02.31........ . 1 2 1] ... 2 . 1 7 0.68
2.30to2.21........ 1 1 0.097
2.20t02.11........ 1] ... 2 31 0.204
2.10t02.01........ 1] ... 1 0.097
2.00t01.01........ .. 1 1 . 2 0.194
1.90t01.81........ .. 1 .. 1 2 0.104
1.80t01.71........ .. ..
1.70t01.61........ 1 .. | 0.097
1.60t01.51........ 1 1 0.097
1.50to 1.41........ 1 A 1 - 2 0.194
1.40t01.31........ 1 .. 1 0.097
1.30to 1.21........ 1f... .. 1 0.097
1.20t01.11........ .. .. 1 1 0.097
1.10t01.01........ . 1 .. 1 0.097
1.00t00.91........ 1 .. 1 0.097
Total............ 103 | 103 | 103 | 103 | 103 | 103 | 103 | 103 | 103 100 11027 | 99.82

s = Normal consistency test.

b = Initial setting, Gillmore test.

¢ = Final setting, Gillmore test.

= Autoclave expansion test.

= Air entrainment test.

= Water for air entrainment test.

= Compressive strength, 3 days, test.
= Compressive strength, 7 days, test.
= Water for compressive strength test.
= Air permeability fineness test.

“oe G e QR

data show the presence of recognizable patterns indicated in both cases are sim-
differences in the performance of the ilar to those indicated in Figs. 8 and 9.
laboratories. ‘ These two curves also are typical of the

In Figs. 10 and 11 are presented the 10 chemical tests and the 10 physical
frequency distributions of the laboratory  tests performed on each of the 12 sam-
ratings for one physical test for all 12 ples.
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The frequency distributions of the rat-
ings of the laboratories for each of the
10 physical tests for the 12 samples are
presented in Table VII, and, for the 10
chemical tests, in Table VIII. The major-

CrRANDALL AND BLAINE

12. In this figure the frequency distribu-
tion of the laboratory ratings for all phys-
ical and chemical tests for all samples
are .presented with the two theoretical
curves. It may be noted that more labo-

TABLE VIIL—FREQUENCY DISTRIBUTIONS OF AVERAGE RATINGS OF ALL
LABORATORIES REPORTING CHEMICAL TEST RESULTS.

£ | 2 A
Tests........oooeennnnn.. y e 3 o - 28 32 Q o £ ",°§2§§’
gl | & |82 ||| &4 2 |& ™
Ratings

4.00t03.91........ 43 37 61 45 41 57 48 43 | 27 25 | 427 | 45.32
3.90t03.81........ 4| 15 14 16 8 5 71 15 5 10 99 | 10.50
3.80t03.71........ 9 9| ... 6 8 5 4 5| 7 5 56 5.94
3.70t03.61........ 9 3 5 5 5 4 10{ 6 6 1 58 6.15
3.60t03.51........ 151 7 b5 4 5 4 5 6 6 3 50 5.30
3.50t03.41........ 10 7 4 7 7 8 7 5 3 7 65 6.90
3.40t03.31........ 4 4 2 ‘5 2 4 2 3 ‘2 4 34 3.60
3.30t03.21........ 1 3 ... 1 6 2 1 4| .:. 3 17 1.80
3.20t03.11........ 1 5 3 3 21 ... 3 ... 3 1 21 2.22
3.10t03.01........ 1 21 ...1 ... 3 21 ... 2 1 2 13 1.38
3.00t02.91........ 6 2 1 1 4 3 4 3 2 2 28 2.97
2.90t02.81........ 11 ... 1 1 2(...1. 1 11.... 1 8| 0.84
2.80to2.71........ .. 1 .. 1] ... 1 1 1 1 6 0.63 .
2.70t02.61........ 1 .. 1] ... 1] ... 1] ... 4 0.42
2.60t02.51........ 1 .. 1 1] ... 3 0.31
2.50t02.41........ 1 . 1 2 1 3 3 3 2 16 1.69
2.40t02.31........ .. .. 1 .. 1] ... 1 3 0.31
2.30t02.21........ 1 .. 1 .. .. 1] ... 3 0.31
2.20t0 2.11........ .. .. 1 .. 1 1 3 0.31
2.10t02.01........ .. 1 .. .. 1 2 0.21
2.00t01.91........ 1 .. .. 1 .. .. 1 1 4 0.42
1.90t01.81........ 1 1] ... .. .. .. 2 0.21
1.80t01.71........ . .. 1 .. 1 .. 2 0.21
1.70t01.61........ 1 ... .. .. .. .. 1 2 0.21
1.60t0 1.51........ .. 2 .. .. .. 1 3 0.31
1.50t01.41........ 1 .. .. .. .. 1 .. 2 0.21
1.40t01.31........ .. 1 1- 1 3 0.31
1.10t01.01........ 1 .. . 1 0.10
1.00t00.91........ 1 .. 1 0.10
0.90t060.81........ 2 .. 2 0.21
0.80t00.71........ .. 1 1 0.10
0.70t00.61........ 1 .. 1 0.10
0.60t0 0.51........
0.50t00.41........ 1 1 0.10
0.40t00.31........ 1 1 0.10

Total............ 101 { 101 | 101 | 101 | 101 | 101 | 101 | 101 | 67 67 | 942 | 99.80

ity of the laboratories had satisfactory
ratings, although many had low or very
low ratings. As pointed out by Youden,?
the low ratings of a few laboratories sig-
nificantly affected the over-all ratings of
all laboratories.

Further studies of the frequency dis-
tribution of scores are illustrated in Fig.

ratories had ratings of 4.0 to 3.9 for both
chemical and physical tests than would
be predicted from the theoretical curves
A or B. The number of laboratories with
ratings of 3.8 to 3.5 was less and the num-
ber of laboratories with very low ratings
was more than would be predicted from
the theoretical curves. Figures 8 to 11
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similarly indicate departures from the
theoretical curves.

These tables and curves show that an
improvement in the ratings of a relatively
small proportion of the laboratories would
result in a considerable improvement in
the standard deviations of all tests.
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F16. 12.—Frequency Distribution of Average
Laboratory Ratings for All Physical Tests and
All Chemical Tests Reported for All Twelve
Samples.

On the basis of the data obtained in
this program, it might be suggested that
any laboratory that consistently has a
rating of less than 3.5 by this rating sys-
tem might well look into the possible
causes for disagreement with the major-
ity of laboratories.

As indicated earlier, all data were in-
cluded in the tabulations and calcula-
tions except the obvious errors. Evidence
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has been presented that some of the data
included were subject to extreme system-
atic errors and should have been excluded.
It therefore appeared desirable to use an-
other method for rating the laboratories.

Six large cement manufacturing com-
panies were asked to advise NBS as to
the tolerance limits used by them for
each of the various physical and chemical
tests in their interlaboratory test pro-
grams. These six tolerances, averaged for
each of the tests, were used to re-evaluate
the performance of all the participating
laboratories. The tolerances were applied
to the averages for the values reported
by all the laboratories for each of the
tests.

Table IX lists for each of the physical
and chemical tests of the 12 samples, the
average standard deviations, the aver-
ages of the tolerances suggested by the 6
laboratories, the percentage of labora-
tories passing these tolerances, and also
the values for a/2 (see Table V). It may
be noted that the values for the average
standard deviations developed in this
program and the average tolerances of
the 6 cement laboratories were very simi-
lar in the case of both the physical and
chemical tests. The percentage of labora-
tories passing the tolerances was gen-
erally higher in chemical than in physi-
cal tests.

The values for ¢ presented in Table V
represented the spread of 68 per cent of
the results closest to the 45-deg line. It
has previously been shown that these
values are a measure of the random errors
of the test methods. With normal distri-
bution, the results of this same number
of laboratories, 68 per cent, should be
within plus or minus one standard devia-
tion of the mean, and half of this value,
or a/2, should correspond to the stand-
ard deviation of the test method with the
effect of laboratory bias eliminated. Val-
ues of a/2 presented in Table IX for the
various tests may be compared with the
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average standard deviation values ob-
tained in this test program for the physi-
cal and chemical tests of the various ce-
ments and to the average tolerances of
the 6 laboratories. It may be noted that
the values for the average standard devi-
ations for the different tests were, in most

CRANDALL AND BLAINE

(C 186~ 58), and false setting (C 359- 56
T).4 The sulfate resistance test used was
one that was under study and was not
an ASTM test method. The standard de-
viations and coefficients of variation for
these tests are of about the same order
of magnitude as those obtained with the

TABLE IX.—A COMPARISON OF THE STANDARD DEVIATION VALUES ATTRIB-
UTABLE TO THE TEST METHODS, a/2,° THE STANDARD DEVIATION VALUES FOR
THE 12 SAMPLES, AND THE TOLERANCE VALUES PERMITTED BY 6 LABORATORIES
WHO REGULARLY CONDUCT INTERLABORATORY TESTS.

: Per Cent

a Suoiss | rormted ¢ Laboratories

2 Deviation, 12 { 6 Laboratories, Tolerangg of

Samples . average 6 Laboratories

PrYSI1CcAL TESTS
Initial setting, hr...................... 0.36 0.52 +=0.50 71
Final setting, hr....................... 0.40 0.86 +0.66 62
Expansion, percent.................... 0.012 0.03 +=0.08 95
Air entrainment, percent............... 0.65 1.40 *=]1.25 71
Compressive strength, 3 days, psi....... 128 218 *109 76
Compressive strength, 7 days, psi....... 157 285 *=109, 83
Fineness, Blaine, sqgecmperg........... 81 146 =100 71
CreEmicaL TEsTs

SiOz,percent.............. ... 0.085 0.24 *=0.21 76
Al:Os,percent....................... 0.130 0.36 %=0,22 69
FeOz,percent....................... 0.035 0.14 *=0.12 89
CaO,percent......................... 0.125 0.47 =0,27 70
MgO,percent........................ 0.070 0.20 %=0.21 83
SO;,percent......................... 0.035 0.11 =0.11 87
Ignition loss, percent.................. 0.090 0.16 +=0.19 88
Insoluble residue, percent.............. 0.030 0.09 *0,11 91
NaO,perecent........................ 0.010 0.04 =0.04 85
K:O,percent..................cc00cnn 0.025 0.05 =0.04 79

2 See Table V.

instances, 2 to 3 times the corresponding
values for a/2, the standard deviation
values attributable to the precision of the
test methods.

AppI1TIONAL TESTS

At various times during the program,
the laboratories were asked to perform
additional tests. Some of these were by
ASTM methods, such as the tensile bri-
quette test (C 109 - 58), Vicat time of set-
ting (C 191 - 58), Wagner turbidimeter
for fineness (C 115 - 58), heat of hydration

other tests performed on all 12 samples
(see Table IV). ,

Several other variations in procedure
were introduced into the test program
in order to determine the effect of cer-
tain variables.

With two separate pairs of samples,
namely, Nos. 3 and 4 and Nos. 12 and
11, half the laboratories performed their
chemical tests on cement samples that
had been more thoroughly blended and

4 These methods of test appear in the 1958
Book of ASTM Standards, Part 4.
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then packaged in sealed vials, while the
other half of the laboratories performed
their chemical tests on portions of cement
taken from the 12-1b samples used for all
other tests.

With one pair of samples, Nos. 7 and
8, half of the laboratories were asked to
make strength cubes using regular tap
water and to store the cubes in the usual
manner until time for breaking, while
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were shipped out 10 months later as sam-
ples Nos. 12 and 11 respectively.

The variables of (1) vial versus bulk
samples, (2) tap versus distilled water,
and (3) skid versus drum storage were
examined by alloting 50 of the labora-
tories to one choice and the other 50 labo-
ratories to the other choice. Conse-
quently, in looking for an effect of any
of the three pairs of alternatives listed

TABLi?. X.—FREQUENCY DISTRIBUTION OF COMPOUND COMPOSITION VALUES
COMPUTED FROM CHEMICAL ANALYSIS VALUES REPORTED FOR SAMPLE NO. 9.

Number Number) Number . |Number
CsA, per cent L:bo- CiS, per cent L:tfao- CsS, per cent L:l{o- C4AF, per cent L:tfo-
{ratories ratories ratories ratories
1.1t02.0.. 3 33.1 to0 34.0 1 16.1 to 17.0 1 12.1 t0 13.0 1
2.1t03.0........ 1 34.1t0 35.0 0 0 13.1t0 14.0 | 47
3.1t04.0........ 0 35.1 to 36.0 2 24.1t025.0 1 14.1 t0 15.0 45
4.1t05.0........ 0 36.1 to 37.0 1 25.1 t0 26.0 1 15.1 t0 16.0 1
5.1t06.0........ 3 37.1t038.0 3 26.1 to 27.0 5 16.1 to 17.0 0
6.1t07.0........ 21 38.1 t0 39.0 7 27.1t028.0 1 17.1 t0 18.0 0
7.1t08.0........ 48 39.1 t0 40.0 11 28.1 to0 29.0 6 18.1 t0 19.0 0
8.1t09.0........ 16 40.1 t0 41.0 14 29.1 to0 30.0 16 19.1t020.0 | 1
9.1t010.0....... 3 41.1 to 42.0 18 30.1t031.0 24
42.1 to 43.0 18 31.1 t0 32.0 12
43.1 to 44.0 5 32.1t033.0 14
44 .1 to 45.0 5 33.1t034.0 6
45.1 t0 46.0 3 34.11035.0 3
46.1 to 47.0 3 35.1 t0 36.0 3
47.1 to 48.0 2 36.1t0 37.0 1
58.1 to 69.0 1

the other half used distilled water in mak-
ing the cubes, after which the cubes were
stored in a moist plastic bag in the moist
cabinet until time for breaking.
Another of the variables in this pro-
gram was the storage of the samples
previous to distribution. It would be de-
sirable for a laboratory, for example, to
blend and package the samples. during
the winter season when the employees
are not so busy. Half of lots 3 and 4 were
therefore stored in sealed metal drums
and half in the shipping packages on a
platform skid, in a store room. These lots

above, the averages and standard devia-
tions of 50 laboratories using one choice
were compared with the averages and
standard deviations of the other 50 labo-
ratories using the other choice. These
averages, standard deviations, and co-
efficients of variation are presented in
Appendix III. It was concluded, from a
study of the data, that in almost all
cases, changes in these variables did not
produce differences which were statisti-
cally significant. Additional data and
more precise test procedures may throw
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further light on the effect of these vari-
ables.

PracTicAL IMPORTANCE OF PRECISE
CeEMENT TESTING

Precise measurements of the physical
and chemical properties of cement are
desirable for both manufacturing control
and acceptance testing, as well as for re-
search on the effect of these properties of
the cement on the properties of concretes
made with cements of different composi-
tion. For example, the compound com-
position calculated from the chemical
analysis is one of the factors used to dis-
tinguish between types I, IT, IV, and V
cements. As an illustration of the effect
of chemical analysis on the calculated
compound composition, Table X has
been prepared. These compound-compo-
sition values were computed from the
chemical analyses of sample No. 9 re-
ported by 95 of the laboratories partici-
pating in this program. The frequency
distributions of the calculated percent-

“ages of C;A, C;S, CsS, and CAF are
presented in Table X. Four of the labo-
ratories would have considered sample
No. 9 a type V cement (less than 5.0 per
cent C3A); 19 would have considered it
a type I cement (more than 8 per cent
C:A); and the other laboratories would
have considered it a type II cement. In
view of the fact that present cement spec-
ifications permit up to 3.0 per cent SO;
when the C;A is greater than 8.0 per cent
and only 2.5 per cent SO; when the C;A
is 8.0 per cent or less, 19 of the labora-
tories would have permitted 3.0 per cent
SO;, whereas the others would have
limited the SO; to 2.5 per cent. If esti-
mates were made of probable heat of
hydration or sulfate resistance from chem-
ical analyses varying as much as those
reported in this program, these estimates
would not be of very great value.

Similarly, the wide range in results
obtained in physical and chemical test-
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ing of cement might lead to controversies
between the manufacturer and purchaser
and might give a false impression of the
properties of the cement used in a con-
Crete structure.

Greater precision in test methods and
laboratory technique would greatly re-
duce the margin of safety manufacturers
must employ to insure that their product
will meet specifications when tested by
some other laboratory.

OPERATION OF A CONTINUING STANDA.RD
REFERENCE SAMPLE PROGRAM

When the use of standard cement sam-
ples was proposed to ASTM Committee
C-1 in 1957, it was pointed out that a
continuing Standard Sample program
would give the participating laboratories
a better means of evaluating their per-
formance and would eventually contrib-
ute to the improvement of cement test-
ing.

A number of details were necessary for
this preliminary study, which would not
be required in a Standard Sample pro-
gram. From the data reported in this
study, the results of certain laboratories
were consistently close to the means for

_all 103 laboratories, and the results of the

others were about equally distributed
around the means. Ten or 15 laboratories
could be selected as referees from among
the research, producer, commercial, State
and Federal laboratories who have qual-
ified by obtaining acceptable results.
These laboratories could be used as a
group to develop an average for each
test for each sample. Since the chosen
laboratories may obtain erratic results
once in a while, provisions should be
made to exclude values which appear to
be out of line.

Cements for the standard samples
would be carefully blended, then pack-
aged and checked for uniformity, and
mailed to those laboratories desiring to
purchase them. Pairs of samples would
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be made available every two months, as
in the program reported here, and on an
annual basis. :

The selected laboratories previously
described would be requested to act as
referee laboratories and submit their
test results very promptly. The results
of these referee laboratories would be

averaged, and plots would be prepared

using their means as the intersecting
- lines for scatter diagrams. As the results
of those participating were received,
they would be plotted on this diagram

e and, within 30 days or when all results

were received, :the scatter diagrams
would be reproduced and distributed.
The laboratories would immediately be
able to see how their results compared
with the accepted values and with those
of all the other laboratories. The com-
parison would indicate to the partici-
pant where remedial action was neces-
sary. A rating system such as described
previously could also be adopted. Since
the average values would appear on the
scatter diagram, tolerances could be set
up similar to those shown in Table IX
and, with these two known, a laboratory
could easily rate itself as was shown in
Fig. 7. The rating would be a useful index
for each laboratory to assess its con-
formance with a selected group of labo-
ratories in the testing of cement.

Of course the ability to make . these

tests correctly is not a guarantee that a -

laboratory will make all other tests care-
fully or according to specification, but it
certainly is a step in the right direction.
If two laboratories were not in agree-
ment in a given case, it would be possible
to check their results on previous Stand-
ard Reference Samples to see if consistent
differences were obtained. Purchasers of
testing services may then assure them-
selves that the laboratories testing ce-
ment for them have acceptable ratings.

Laboratories whose results are not in-

agreement with the accepted values could
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obtain special attention and assistance
from the Cement Reference Laboratory
in their regular inspection service.

Scatter diagrams, such as those de-
veloped for this program, together with
the participation of a large number of
laboratories in a program, should offer
the wvarious working committees and
sponsoring committees of ASTM Com-
mittee C-1 information as to whether
or not the specification test methods are
sufficiently clear and concise that opera-
tors can readily follow them.

SuMMARY

As a result of the tests by 103 labora-
tories on 12 samples of cement, it has
been demonstrated that the use of paired
samples, with graphic presentation as
suggested by Youden, enables an ap-
praisal of systematic laboratory errors
and of the precision of the various tests. -
It was found that the standard deviation
for many of the chemical and physical
tests for cement was inflated by large
differences between laboratories. The
average standard deviations for the dif-
ferent tests on the 12 samples were usu-
ally about 2 to 3 times the estimated
staridard deviation attributable to the -
random errors of measurement associ-
ated with test methods.

There was a wide spread in the test
results reported for both the physical
and chemical tests. When the scores ob-
tained by each’ laboratory were aver-
aged over several samples or several
tests, the number of laboratories obtain-
ing high averages was larger than would -
be anticipated from a theoretical aver-
aging of independent scores; and the
same situation prevailed for the number
of laboratories obtaining very low aver-
age scores.

The average values for the standard
deviation for the different tests of this
program were approximately: the same
as the corresponding average tolerance
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values of 6 laboratories who regularly
conduct interlaboratory tests. The per-
centage of participants meeting the tol-
erance requirements of these 6 labora-
tories ranged from 62 per cent to 95 per
cent for the different tests.

Variables introduced into the program,
such as (1) use of distilled water versus
tap water for making cubes, (2) storage
of the cement samples for 10 months in
shipping bags in a storeroom or in sealed
metal drums prior to distribution, and
(3) special blending and packaging of
chemical samples, did not have a sta-
tistically significant effect on average
test values or the coefficient of variation
of these values. The use of referee chemi-
cal methods did not result in better con-
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cordance than was obtained with the use
of optional chemical methods.

A rating system for individual labora-
tories was developed which was based on
the various test results reported by all
the laboratories. Such a rating system,
together with the scatter diagrams for
each of the tests, enables a laboratory to
evaluate its work and take remedial ac-
tion where necessary.

Because of the apparent need for
greater concordance in the testing of
cement and because the preliminary ref-
erence sample program offered a satis-
factory means for evaluating test pro-
cedures and laboratories, it has been
proposed that a Cement Reference Sam-
ple program be established on a continu-
ing basis.

APPENDIX 1

LIST OF PARTICIPATING LABORATORIES

Alabama Highway Dept., Montgomery, Ala.

Alpha Portland Cement Co., Martins Creek,
Pa., Birmingham, Ala.

Arizona Highway Dept., Phoenix, Ariz.

Ash Grove Lime & Portland Cement Co.,
Chanute, Kans.

Browser-Morner Testing Labs., Dayton,
Ohio.

Calaveras Cement Co., San Andreas, Calif.

California Highway Dept., Sacramento,
Calif.

California Portland Cement Co., Colton,
Calif. '

Colorado Highway Department, Denver,
Colo. _

Consolidated Cement Co., Fredonia, Kans.

E. L. Conwell & Co., Philadelphia, Pa.

Coplay Cement Mfg. Co., Coplay, Pa.

Corps of Engineers, Dallas, Tex., Jackson,
Miss., Marietta, Ga.

Dewey Portland Cement Co., Dewey, Okla.,
Davenport, Iowa.

Dragon Cement Co., Northampton, Pa.

Diamond Portland Cement Co., Middle
Branch, Ohio.

Froehling & Robertson, Inc., Richmond, Va.

General Portland Cement Co., Houston,
Tex., Tampa, Fla.

Georgia Highway Dept., Atlanta, Ga.

Giant Portland Cement Co., Egypt, Pa.

Glens Falls Portland Cement Co., Glens
Falls, N. Y.

Haller Testing Laboratories, Inc., Plain-
field, N. J.

Halliburton Portland .Cement Co., Corpus -
Christi, Tex.

Hercules Cement Corp., Nazareth, Pa.

Huron Portland Cement Co., Alpena, Mich.

Ideal Cement Co., Fort Collins, Colo., Baton
Rouge, La.

Illinois Highway Dept., Springfield, Ill.

Indiana Highway Dept., Indianapolis, Ind.

Iowa Highway Dept., Ames, Iowa.

Kansas Highway Dept., Manhattan, Kans.

Keystone Portland Cement Co., Bath, Pa.

Kosmos Portland Cement Co., Kosmosdale,
Ky.

Lehigh Portland Cement Co., Allentown,
Pa., Birmingham, Ala.

Lone Star Cement Co., Hudson, N. Y., Dal-
las, Tex. -

" Louisiana Highway Dept., Baton Rouge, La.

Louisville Cement Co., Speed, Ind.

Maine Highway Dept., Orono, Me.

Marquette Cement Co., Chicago, Ill., Bran-
don, Miss.



ON INTERLABORATORY CEMENT TESTS |

Maryland State Roads Commission, Balti-
more, Md.

Medusa Portland Cement Co.,
Pa. :

Manitowoc Portland Cement Co., Manito-
woc, Wis.

Michigan State Highway Dept., Lansing,
Mich.

Minnesota Highway Dept., St. Paul, Minn.

Missouri Highway Commission, Jeﬁerson
City, Mo.

Missouri Portland Cement Co., St. Louis,
Mo., Independence, Mo.

The Monarch Cement Co., Humboldt, Kans.

Monolith Portland Cement Co., Monolith,
Calif.

‘National Bureau of Standards, Allentown,
Pa., Denver, Colo., San Francxsco Calif.,
Seattle, Wash., Washington, D. C.

National Cement Co., Ragland, Ala.

National Portland Cement Co., Bethlehem,
Pa. '

U. S. Naval Civil Engineering Laboratory,
Port Hueneme, Calif.

Nazareth Portland Cement Co., Nazareth,
Pa.

Nebraska Highway Dept., Lincoln, Nebr.

New Jersey Highway Dept., Trenton, N. J.

North Carolina Highway Dept., Raleigh,
N.C.

The H. C. Nutting Co., Cincinnati, Ohio.

Ohio Highway Dept., Columbus, Ohio.

Olympia Portland Cement Co., Ltd., Bel-
lingham, Wash.

Oregon Highway Dept., Salem, Ore.

Pacific Cement & Aggregates, Inc., Daven-
port, Calif.

Wampﬁm,

Peerless Cement Co., Detroxt, Mich., Port

Huron, Mich.
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Penn-Dixie Cement Corp., Nazareth, Pa.,
West Winfield, Pa.

Pennsylvania nghway Dept., Harrisbury,
Pa.

Permanente Cement Co.,
Calif., Lucerne Valley, Calif.

Plttsburgh Coke & Chemical Co., Neville
Island, Pa.

Plttsbnrgh Testing Laboratory, Pittsburgh,
Pa,.

Portland Cement Assn. Chicago, Ill.

Bureau of Public Roads, Washington, D. C.

Raymond G. Osborne Laboratories, Inc.,
Los Angeles, Calif.

U. S. Bureau of Reclamation, Denver, Colo.

Standard Lime & Cement Co. » Martinsburg,
W. Va.

Shilstone Testing Laboratory, New Orleans,
La.

Southern Cement Co., Birmingham, Ala.

Southwestern Porthmd Cement Co., Fair-
bom, Ohio, Victorville, Calif., El Paso,
Tex.

Texas Highwity Dept., Austin, Tex.

The Thompson & Lichtner Co., Inc., Brook-
line, Mass. -

Toledo Testing Laboratory, Toeledo, Ohxo

Twin City Testing & Engineering Lab., St.
Paul, Minn.

Universal Atlas Cement Co., Gary, Ind.,
Northampton, Pa.

Permanente,

- Volunteer Portland Cement Co., Knoxville,

Tern. )
The Whitehall Cement Mfg. Co., Cementon,
Pa.
West Virginia H:ghway Dept.,
~ town, W. Va.
Wisconsin Highway Dept., Madison, Wis.

Morgans-
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