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INTRODUCTION

During the past two years a series of studies have been made

by the California Transportation Laboratory to determine the
preclsion of some of the more common test methods used for
controlling the quality of portland cement concrete. Several
of these studles were based on avallable job control records
while the others Involved detalled fleld experlments. This
report willl summarlze the procedures followed and results
obtained for the test methods studled, thereby promoting better
understanding of testing rellability in this fileld.

The test methods covered by the report are: Air Content (No.
Calif. 504-C), Unit Welght of Fresh Concrete (No. Calif. S518-E),
Compressive Strength of Molded Concrete Cylinders (No. Calif.
521-C), Ball Penetratlon (No. Callf. 533-4), and Flexural
Strength -(AASHTO Des. T97). Precilsion statements are deter-
mined for each of these test methods, and other pertinent.
findings are also reported. For lnstance, an analysis on the
use of the alr meter base for unit weight defterminations is
made, and the feaslibllity of predlicting flexural strength from
compressive strength is evaluated.

The acceptable range of two test results (D23) 1s used as the
standard measure of test preclsion. The parameter can be
described as the difference between two test results that would
be equaled or exceeded by only 1 case in 20 for a given set

of condltions. These conditliong define the type of precilision
statement: single-operator or multi-operator.

www . fastio.com
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: Siﬁéié;Oparator'preciSion conslders the acceptable difference
betﬁeen repetitive determinations made on identical portions
of ﬁaterial by the same operator, Multi-operator precilsion
is a measure of the same difference, but includes the wvari-
abilities introduced by different operators and equipment.
Where possible, the total test variabllity has been resolved
into the following components: operator technique, equipment
and residual. The residual component includes all errors not
accdhnted for by the systematic effects of operator and equip-
menﬁ% The relative contributions of these components will
shoﬁrwhether improved callbration procedures, tighter test
metﬁbd speclificatlions, or better training programs for
opefators are needed to improve test precision.

FINDINGS AND CONCLUSIONS

Concrete Compressive Strength

Thefbrecision of this test method was found to vary linearly

with: compressive strength over the range studied. This is
reflected in Table 1 which lists the single—operator and multi-
opefator preclsion statements for different ranges of compressive
strehgth Also given are the baslc statistlcal parameters of
variance and 1ts square root, the standard deviation (see Glossary
for ‘definitions).

The -coefficlent of variation is often used as a measure of
concrete compressive strength varlability. The concept that
thls single value can accurately describe the variabllity of

a process throughout its range holds true only i1f, colncidently,
the551ope of the varlabllity function, in this case precision
versus compressive strength, equals the coefficlent of variation
in decimal form (see proof in Appendix). Since this was not

ClihPDF - www fastio.com
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TABLE 1

PRECISION STATEMENT TABULATION

g

COMPRESSIVE STRENGTH OF CONCRETE CYLINDER

Single-Operator Precision

Compressive Acceptable

Strength Standard Range of
(psi) Variance Deviation Two Results
3500 16860 129.9 367
4000 21310 146,0 413
4500 26270 162.1 458
5000 31760 178.2 504
5500 37770 194.3 550

6000 442990 1210.5 5985

Multi-Operator Precision

Compressive _ Acceptable

Strength Standard . Range of
(psi) ‘ Variance Deviation Two Results
3500 65890 ° 256.7 . 726
4000 74430 272.8 772
4500 ' 83490 288.9 817
5000 ' . 93060 305.1 863
5500 103160 321.2 908
6000 113780 337.3 : 954

3
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T exa #iy thé Gase 1t was felt that a tabular presentation would
give;a more accurate plcture of test precision as a function of
~compressive strength,

A sﬁ@dy of equipment tolerances and results from a cylinder
fabrication class revealed the following precislion components
for ‘cylinders tested at age 28 days. Two cylinders were fabri-
catég'by each operator from the same large batch of concrete.

; Operator Technique and Sampling 65%
. Equipment o ' 5%

" Residual 30%

Intﬁhsive'Sampling errors are the most probable cause of the
1arée operator ébmponent of wvariance. Unfortunately, these
sampling errors, caused by the large lot size required for a
mulﬁi—operator experiment, are inseparable from the between
ng%ﬁtor error for the available data. The very small amount
of égﬁipméht induced error indicates that ilmprovements in test
preé&Sion can best be effected by more tests per sample, not
by bétter equlpment.

Conérete Flexural Strength

It should be noted that the flexural strength test method
(AASHTO Des. T97) studied in this report involves a third

poiﬁt loading pattern on a 6" x 6" x 20" concrete beam fabri-
catéd and tested under laboratory condltions. Whille certain
genéral comparlisons between thls test and the common compression
test used in the field (No. Calif. 522-B) may be made, the
preéision estimates should not be considered identical.

ClibPD www fastio.com
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As with the compressive strength test, the preclsion of the
 f1exural strength method was found to be dlrectly proportional
to the flexural sivength of the concrete. This type of behav-
ior is most 1iikely attrilbutable to the relative abundance of
potential fallure planes for low strength material as opposed
to the unigue modes of failure found 1n high strength material
(the former being less sénsitive to aberrant speclmen properties"
than the latter). Table 2 shows the single-~operator preclsion
for the flexural strength test. Nelther multi-operator nor
multi-laboratory sources of error were obtainable from the
information at hand.

Because cylinders had been made from the same batch of concrete
used to fabricate the flexure beams, a cbrrelation between the
two related parameters of compressive (fé) and flexural (ft)
strength was possible, The overall correlation of the two
variables yilelded the following linear relation: ft = 258 +
(0.0867)fC (see Figure 1). This result agreed quite closely
with a prior study done by Clyde E. Kesler in 1954 (10). It
was not considered satisfactory for predicting flexural from
compressive strength, however, since the aggregate propertles
of size, surface texture, strength, coatings and shape, and

the mortar properties of bond and cube strength can signifi-
cantly affect the relation between T and f, (1, 2, 13).
Analyses showed that at least 7 and possibly 19 of the 32
sources studied in thils project would have had thelr material's
flexural strength predicted incorrectly had the overall equatlon
been used. It is readily apparent from these numbers that any
aceurate prediction of flexural strength from compressive
strength must take into account numerous influencing parameters,
a study of which is beyond the scope of thls project. Satls-
factory results can be obtalned for a particular aggregate and
cement mixture, however, by correlating 10 cylinder and beam

ClibPDF - www .fastio.com
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TABLE 2

PRECISION STATEMENT TABULATION

CONCRETE FLEXURAL STRENGTH

Sinéle Break Precision

Flexural _ _ Acceptable
Strength : Standard Range of
{(psi) Variance Deviation Two Results
400 445 21.1 60
450 ‘ 591 24.3 69
- 500 757 27.5 78
550 944 30.7 87
600 1152 33.9 96
650 1381 - 37.2 105

700 1630 40.4 114

: Avefége'of-Z'Breaks

Flexural ' Acceptable
Strength Standard Range of
(psi) . Variance Deviation Two Results
400 - - 222 14.9 42
450 . 295 17.2 49
500 | 379 19.5 55
550 472 21.7 61
600 ' 576 24.0 68
650 690 26.3 74

‘?00 815 - .2B.5 81
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“paits over the range of values expected to be encountered.

Each result should be the average of 2 replicate cylinder or
beam breaks. It is reasonable to expect that subsequent
flexural strength predidtioﬁs made from replicate eylinder
breaks will be within #30 psi of the tested flexural strength
95%: of the time. This confidence interval was determined by
using the pooled mean square error for regression analyses
performed on each source.

Alr Content of Fresh Conecrete

As has occurred In the previously discussed tests, the precisiocon
of the ailr content test was shown to be dlrectly related to the
amount of air being measured. At higher air contents testing
errérs vwere magnlified. A full {abulation of test precision
values at evenly incremented alr conténts is given in Table 3.

The sources of error for multi—operator precision were distrib-
uted as follows:

y Operator Technique 30%

- Equipment : 30%
" Residual | 40%

Note that the operator and equlpment errors are well balanced

so that if the precision of this test was found inadequate,
no Qne source of error could be considered at fault without
further investigation.

Unit Weight of Fresh Conarete

In éhalyzing the results from this experiment it'was obvious
that the precision of the test varied as a function of some
parameter. Three possibllities were studiled: 1) concrete

www . fastio.com
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TABLE 3

PRECISION STATEMENT TABULATION
% AIR CONTENT OF FRESH CONCRETE

Single-Operator Precision

ClibPDF -

Acceptable
Air Standard Range of -
Content Variance Deviation Two Results
1.0 .0093 .096 .27
2.0 .0138 . 117 .33
3.0 .0191 .138 .39
4.0 .0254 .159 .45
5.0 .0325 .180 .51
6.0 .0405 .201 .57
Multi-Operator Precision
Acceptable
Alir Standard Range of
content Variance Deviation Two Results
1.0 .0238 .154 .44
2.0 .0353 .188 .53
3.0 .0490 .221 .63
4.0 .0650 . 255 .72
5.0 .0832 .289 . 82
6,0 .1037 . 322 .91

www . fastio.com
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con%istency:(as measured'by the peﬁetrometer), 2) air content,
and” 3) unit weilght. Of these three, unit welght correlated
best with the observed changes in precision. At low unilt
weights the precision of the test was slgnificantly better
than at high unit welghts. Magnification of callbration and
taré welght errors as a functlon of unit weight probably
account for this behavior. Table 4 summarizes these findings
ovef the range of materials studled.

The distribution of error types for the unit welght test ran

as follows:

" Operator Technique 30%

i Equipment 40%
¢ Residual 30%

Theioverall milti-operator error was much smaller than expected.
Thié is attributéble to the fact that a single operator using
one set of scales callbrated all of the buckets. Considering
the limitations of the equipment (scales read to nearest 0.1 1b.),
one ‘would expect the multi-operator D25 limits to have been
thrée tilmes larger than measured if each operator had calibrated
his?own equipment after each test result. Therefore, to main-
tain the level of multi-~operator precision shown in Table b,
taré welghts and calibratlion factors would have to be determined
by using scales accurate to the nearest 0.02 1b. If thils were
done, both the precision and accuracy of the test method would
be enhanced.

Theﬁexperiment to determine the precision of the unit weight
and?air content tests also gave the opportunity to compare unit
welght determinations made by the unit welght bucket and the
smaller air meter base (1/4 cu.ft.). The method of placing
andfrodding the concrete was the same for both containers.

10
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TABLE 4

PRECISION STATEMENT TABULATION
UNIT WEIGHT (1/2 CUBIC FOOT UNIT WEIGHT BUCKET}

Single-Operator Precision

ClibPDF -

Acceptable
Unit Standard Range of
Weight Variance Deviation Two Results
140 .04 .19 .5
142 .06 .25 a7
144 .10 .31 "9
146 .14 «37 1.0
148 .18 .43 1.2
150 « 24 .49 1.4
152 .30 .55 1.6
154 « 37 .61 1.7
156 .44 .67 1.9
158 .53 .73 2.1
160 .62 .79 2.2

Multi-Operator Precision

Acceptable
Unit Standard Range of

Weight Variance Deviation Two Results
140 .13 «36 1.0
142 .22 47 1.3
144 .34 .58 1.6
146 .48 .69 2.0
148 .64 . 80 2.3
150 .84 .91 2.6
152 1.05 1.03 2.9
154 1.30 1.14 3.2
156 1.56 1.25 3.5
. 158 1.85 1.36 3.9
160 2.17 1.47 4.2

www . fastio.com
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: 1ts'using fhe airp meter base were not as Precise as those
frbm the larger unit welght bucket, but dig follow the same
paﬁtern of better pfeciSioh‘at lower unit weilghts (see Table 5).
Thé difference in pPrecision between the methods was Probably
caused by two factors: 1) the smaller sample size of the air
meter base allowing material lnconsistencies to have a greater
effect on the test vesult variabllity, and 2) the ailr meter
baée's higher calibration factor magnifying errors to s greater
exﬁént than the 1/2 cuble foot unit weight bucket's calibration
factor,

The;precision'differential between the two methods could be

eliminated by making two aip meter base determinations rfor the
uni@ welght and averaging them. This would take l1little or no
additional time if an air content test was going to be made _
anyway. Since results Ffrom the experiment show no significant
difference between answers obtained by the two methods on the
same concrete there should be no difference in the level of

quality obtainegq by using either method.

The;brimary use of unit weight results is 1n the computation
of gécks of cement per cuble yard of concrete. This cement
facﬁpr, as it is called, 1s g functionAof unit welght, total
bateh welght and pounds of cement in the batch. By using the
precision of the unit welght test and estimating the precision
of ﬁhe batching Scales, an evaluation of the precision of the
cemeﬁt factor can be made. This evaluation willl be somewhat
1owqf than expected, however, since gz homogeneously mixed
batch 1s assumed. ‘

A gehepalized bresentation of cement factor bPreclsion values
would be impractical since the unlt weight precision, batch
welght pPrecision, batch size; unit weight and nominail cement

12
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TABLE 5

PRECISION STATEMENT TABULATION

UNIT WEIGHT (AIR METER BASE)

Single-Operator Precision

Acceptable
Unit Standard Range of
Weight ' Variance Deviation Two Results
140 .14 37 1.0
142 .18 .43 1.2
144 .24 .49 1.4
146 : .31 .55 1.6
148 .38 .61 1.7
150 .46 .68 1.9
152 .54 .74 2.1
154 .64 .80 2.3
156 .74 .86 2.4
158 .85 .92 2.6
160 ‘ .97 .98 2.8
Multi-Cperator Precision
Acceptable
Unit Standard Range of
Weight Variance Deviation Two Results
140 .37 .61 1.7
142 .50 .71 2,0
144 .66 .81 2.3
146 .83 .91 2.6
148 1.03 1.02 2.9
150 1.25 1.12 3.2
152 1.49 1.22 3.5
154 1,75 1.32 3.7
156 2.03 1.42 4.0
158 2.33 1.53 4.3
160 2.65 ' 1.63 4.6
13
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con%ént all affect the preeisibn of the cement factor. Instead,
a typical concrete batch was considered: 6 sacks per cu. yd.,

7 cubic yards, 150 1lbs. /ft3 Table 6 shows the single-operator
and multi-operator cement factor precilsion for this type of a
bateh using increasingly less preclse batchlng scales. It is
important to note that Case I was designed such that scale
errers and unit weight errors contributed equally to the overall
error.

Twofimportant conclusions can be made by studing this table.
First, that improvements in batch scale sensitivity beyond that
shown in Case II have a negligible effect on cement factor
precision. Second, that cement factor preclslon 1is much more
responsive to changes in unit welght precision (i.e. single-
opepator to multi-operator) than batch scale sensitlvity.
Thefefore, improvements in unit welght preclslon would have

a direct and dramatic effect on the preclsilon of cement factor
detérminatidn.

i

Penetration of Fresh Concrete

The?precision of the penetratlon test is gilven as a function of
penetration values in Table 7. These precision values apply to
thefaverage of three penetration readings as called for by the
test method. Observations indicate that hlgh penetration results
tend to be more sensitive to the rate of release of the ball
penétration apparatus than low results. Thls would explaln the
chahge in test precision shown in Table 7.

The Ball Penetration Test Method specifies that all three
individual readlngs be within 1" penetration of each other.
Usihg the standard deviations for single-operator preclsion

of individual results shown in Table 8 and the distribution

of the relative range for a sample size of 3 (7), the expected

14
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TABLE 7

PRECISION STATEMENT TABULATION

PENETRATION TEST FOR FRESH CONCRETE (IN.)
AVERAGE OF 3 PENETRATIONS

Single-Operator Precision

Lo

ChhPD

o : Acceptable
Ball Standard Range of
Penetration Variance Deviation Two Results
“eB .01 S .11 .3
1.0 .02 .14 A
1.5 .03 .17 .5
2.0 .04 . .19 5
2.5 .05 .22 .6
3.0 .06 .25 .7
3.5 .08 .28 .8
4.0 .09 .31 .9

Multi~Operator Precisicen
: Acceptable
Ball Standard Range of

Penetration Variance Deviation Two Results
2.5 .01 .11 .3
1.0 .02 .14 .4
1.5 .03 .17 .5
2.0 .04 .20 .6
2.5 .05 .23 .6
3.0 .07 .26 o7
3.5 .08 .29 .8
4.0 .10 .32 .9

wavwfastio.com
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maximum range can be computed. Thls range would normally be
exceeded only 95% of the time. For nominal penetrations of

2 inches or less this range 1is wlthin the 1 inech tolerarnce
specified. TFor 4 inch penetratlon concrete, however, ranges

of slightly greater than 1-1/2 inches can be expected to

occur under normal conditions. Therefore, a more reallistic
tolerance might be 1-1/2 inches. The standard deviations in
Table 8 reafflrm the appropriateness of measurling ball penetra-
tion to the nearest 1/4 inch.

The approximate distributlion of error types for the penetratlon
test was as follows:

Operator Technigue and Fqulpment 5%
Residual 95%

The operator and equipment errors were almost immeasurable
despite the fact that operators were told not to collaborate

on techniques, and ball welghts varied over a range of 0.18 1b.
This indicates that the test 1s 1n good control and that most

of the testing error stems from varlations in concrete consis-
‘tency between replicate test sites. The test method specifi-
cation which calls for ball penetratlon apparatus not to deviate:
from their standard weight more than + 0,1 1b. 1s obviously
quite adequate.

A new device for measurlng concrete consistency was lncluded
as part of the experiment on the preclision of the penetration
test, Thls device, called a K-Meter, 1s shown in Flgure 2.

The K-Meter measures the amount of concrete mortar that will
flow into 1ts perforated tube in 60 seconds. Results are

read directly in inches of slump according to the manufacturer.

17
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TABLE 8

PRECISION STATEMENT TABULATION

PENETRATION TEST FOR FRESH CONCRETE (IN.)
INDIVIDUAL RESULTS

Single~Operator Precision

- Acceptable
Ball Standard Range of
Penetration - . Variance Deviation Two Results
.5 .03 .17 .5
1.0 .05 W22 .6
1.5 .07 .27 .8
2.0 .10 .31 .9
2.5 .13 .36 1.0
3.0 .16 .40 1.1
3.5 .20 .45 1.3
4.0 .24 .49 1.4

Multi-Operator Precision
X . Acceptable
Ball ' Standard Range of

Penétration Variance Deviation Two Results
T 5 .03 : .18 .5
1.0 .05 .22 .6
1.5 07 «27 .8
2.0 .10 <31 .9
2.5 .13 . <36 1.0
3.0 <16 .40 1.1
3.5 .20 .45 1.3
4.0 .25 .50 1.4
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" Penetration and K-Meteér readings were correlated and the preci-
'sion}and sensitiﬁity of the two methods compared. There was s

definite correlation established between K-Meter and penetration
results for the several methods of using the K-Meter that were
tried. Both the precislon and sensitivity of the K-Meter Test,
howeﬁer, proved inferilor to the penetration test, particularly
becaﬁse 3 penetration readings could be taken and averaged in

 the amount of time required to run one K-Meter Test,

Othef miscellaneous findings regarding the K-Meter Test were

as fdllows: 1) rodding the concrete before inserting the
KnMefer'gave markedly erratic results, 2) inserting the K-Meter
deepiy info the concrete gave sighificantly higher results,

3) small aggregate particles easily clogged the tube perfora-
tions, and 4) during insertion 1arge particles sometimes pushed
ahead of the tube, creating a vold around the perforations,

This ‘problem, noted most frequently for 1-1/2" maximum concrete,.
tended to give erroneously low readings.

The findings of this report show that the K-Meter's overall
sensitivity ;s inferior to that of the ball penetration apparatus,
However, other applications for-tﬁe K-Meter such as measurement

of gfbut consistency end measurement of concrete consistency at
test sites inaccessible to the ball penetration arparatus should

be investigated

RECOMMENDATIONS

o

)

It is recommended that:

l) “An evaluation of overall test result variabllity (materials,
sampling and testing variabllity) be made for the test methods
studiéd herein. Comparisons between this overall variability
and the test precision will tell if Improvements in the test
Shouid be made.

20 .
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2) A separate section on test precision be addéd:to the ftext
of each of the test methods studied in thils report. '

3} A detalled study of test precilsion be required for new
concrete test methods before their adoptilon.

IMPLEMENTATION

The findings of this report have been conveyed to the Concrete
Branch of the Transportation Laboratory. They agree with the
recommendatlons and as funds become avallable will endeavor to
implement them. In particular, as test methods. that have been
covered by this study come up for review a new section on
preclsion will be added to their text.

DESCRIPTION OF WORK

Precislon statements for the test meﬁhods studied 1n thls report

were obtained in elther of two ways: 1) analysis of existing

job control and research records, or 2) analysis of data from

field experiments designed specifically for the determination

of test preclision. As expected, the second type of analysis
'yielded more comprehensive results regarding test precision.

The compresslve strength and flexural strength studlies were

both based on existing records. For compresslive strength,

most of the data was obtained from replicated 28 day contract
control tests, The remalinder came from various research
projects. A total of almost 2,000 eylinder breaks were complled
and analyzed. All of this data, except a small portiocn, yielded
single-operator precision only. Multl-operator precision was
based on relatively few tests (about 60 cylinder breaks) from

a certification class in cylinder fabrication conducted in

1970.

21

ClibPDF - www .fastio.com


http://www.fastio.com/

ClihPD

www fastio.com

’ Repgicéted”flexﬁral“étréngth'ﬁfeéks were found in good quantity

in the records for Test Method No, Callf. 536-A (Cement Content
for PCC Pavements). A total of 760 beam breaks performed during
théﬁperiod 1969 to 1974 were studied. Unfortunately, none of
the results included multi-operator ‘sources of variation.
Corbesponding compreséiée strength results were also part of
this data. ' ' |

Siﬂae the data for the flexural and compressive strength preci-

. sion studies already exlsted, only compllation and analysis were

needed to obtain a precision estimate. For the remalning test

‘methods, however, experiments had to be designed and completed

before the compilation and* analysis phase was reached.

‘The:initial unit weight and air content experiment was performed

in hugust 1973 at Telchert Aggregates' Perkins Plant in Sacra-

‘mento. The experiment involved 4 operators using 4§ different
 sets of equipment, and was run over a 3-day period. Each day

twd]l-yard batches of concrete were prepared and loaded into a
small transit mixer.” The operators, all experienced personnel,

- were instructed to run tests according to thelr normal procedure

and’not to collaborate in any way. A1l equipment had been
calibrated in the laboratory about a week before the tests began.
An émount of concrete suffileient to run 4 unit welght and 4 air
content tests was taken from the mlixer and placed into a large

tub“(see Figure 3). The 4 operators, using the same sets of

equipment each tlme, randomly chose thelr material from the
tub and simultaneously made unit weight determinations (see
Figure 4). After completing this test and reporting thelr
results, they filled thelr air buckets according to test method
spe?ificatidns and welghed bucket, concrete and glass plate for

a second unit welght result. The glass plate was then removed
i &
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Fig. 4 Four Operé.tors Making Unit Weight
Determinations Simultaneously.
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aﬂ&ythe operators bfacéeded to determine the air content of
the concrete already in the bucket. After this, all equipment
was washed, scales were recallbrated and excess concrete was
removed from the tub,

The’ procedure was repeated 2 more times for each truckload
batch of concrete. Three mixes wlth varying air contents

weré used durihg‘the 3-day-testing period: 4 1-1/2" maximum

. aggregate 5 sack pavement mlx, a 1" maximum aggregate 6 sack
mlx, and a lh’méximum‘aggregate 7-1/2 sack mix. These mlxes
were all made using river run aggregate.

The?ékperiment was patterned after a specifilc type of statis—
ticél design known'as the Rahdomized Block Method., Results
from?each tub of conecrete were consldered an Indepenent "bloek"
of data. In all, there were 6 truckloads tested during the
3-day period. Three tubs of concrete were taken from esch
truckload, resulting in a total of 1B data blocks for each
test: method. ; )

Preliminary analyses indicéted that operator-equipment effecﬁs
were;highly‘significaht, and that unit weight precision was
being affected by either air content; concrete consilstency

or unit weight. Two more phases of -the experiment were set

up to help clarify. these preliminary findings.

: The.ﬁirst-phase was-bééed on what statisticians call a Latin
Squa#e Design. The procedure for this technique is similar
to the Randomized Block Method except that operators change
equiéﬁent from block,torblock. ‘This allows thé analyst to
studj@operator and equipmént effects separately.

: - 24
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Agaln, the wbrk was done at Teichert. A 4 x 4 Latin Square
was run using a 1" maximum sized aggregate, 6 sack mix. This
meant that U separate blocks were performed on one truckload
of material. The operators (ekcept for one) and equipment
were the same as before.

The second phase involved a continuatlon of the Randomized
Block Method, but using different operators and material.

The purpose of thls phase was two-fold: 1)lfind out which
relationship affecting unit Weight would remain constant L
under different conditions, and 2) ascertain whether crushed
particles would yield a different test precision than rounded
partlicles for either test method.

The tests were conducted at Bakersfield Ready Mix in the
same manner as before. Three truckloads (all 1" maximum
aggregate, 6 sack mix, but with varylng air contents) were
used for a total of 9 data blocks, Penetration and concrete
temperature were recorded for each block. The two methods
of determining unit welght were alternated as the first test
for each block, thus minimizing the time factor which had
made earlier comparisons between the two methods difficult.

Because of the success of the unlt weight and air content
experiment, the ball penetration experiment was deslgned along
the same lines, Four experienced operators and four recently
callbrated ball penetratlon apparatuses were used. The
apparatus weights were within 0,18 1b. of each other (method
specifies + 0.1 1lb. maximum). Two plants were selected for
the tests: Telchert, Sacramento and Graniterock, Santa Cruz.
Here again, both rounded and crushed aggregate products were
represented.

25
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A igrge tub méasﬁfing 5i" x 42" was obtained for the experiment.
Its:size permitted 12 penetration tests on 10" centers to be
run;on a single undisturbed sample of fresh concrete, Coordin-
ates defining the 12 testing sites were written on the side of
‘the: tub.

The experiment was divided into eight structurally congruent
units, each taking about 1-1/2 hours to complete. Four were
doné at Teichert's plant and four at Graniterock's plant. A
test unit began by filling the tub with concrete to a depth
of 8", mixing by shovel and leveling off the surface as
desceribed in the test method (see Figure 5). Each operator
was then called on ﬁo run three penetration tests at randomly
assigned coordinates. He reported his results to the nearest
0.1" by using a speclal ruler (this was done to increase the
sen?itivity of the experiment -- see Figure 6) after all
fouf'0perators completed thelr tests, the concrete was remixed
by éhovel and a level testlng surface again prepared. The
cycie was repeated a tbtal of six times for 72 penetration
readings. '

Immédiately after this, ‘the same concrete was used to run a

4 x ) Tatin Square. This consisted of four additional runs
for which the concrete was remixed and leveled each time.
The;différence between thils procedure and the one previously
déseribed was that oberators exchanged equlipment for each run
and’that one, not three readings, were taken by each operator.
This meant an additional 16 penetration readings, or 88 per
unit for g grand total of about 700 tests,

The' operators chosen for this experiment were told to follow
their normal procedure provided 1t was within the framework

desecribed by the test method. A fifth operator was included
to run tests using the K-Meter. TFor the experimental unit
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] Fig. § Reading Penetration Results to Nearest 0.1".
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pfevfbuei§ geécribeﬁz thi%'operator'would run three replicate

~ tests for edch of the slx cycles prior to the Latin Sguare

designed test. These tests were run 1n the same_tub as the
penetration tests and at the same time.

Before each test, the K-Meter was washed in a bucket of water.
The 1nstrument, retaining some moisture from the washing, was
then inserted into the concrete mass up to its flange with =a
slow; nonrotational motion. It was left undlsturbed in the
concréte for 60 seconds. Only penetration tests 20 inches or
more*away’frOm the K-Meter were permltted during this time
(seegFigure 7). At the end of 60 seconds the plunger tube

Was 31owly lowered and the first reading taken. This reading

was intended to correspond to the slump of the concrete. The
plunéer tube was then raised and the K-Meter was extracted
fromithe concrete with the same slow, nonrotational motion with
Whicﬁ:it had been inserted. Slowly lowering the plunger tube
agaln immediately after the K-Meter was removed from the
concrete yielded'a second reading (see Figure 8). The
difference between the two readings allegedly measured the

workability of the concrete.

Metheds of test site eeleetibn andﬁpreparation for the K-Meter
were .changed several timeérhuriﬁg'the experiment. Each method
strove to ensure that the concrete was consolidated and that
the K-Meter, test -would not interfere with the penetration
expetiment, " The methods are described in Table 9.

28

. q‘"

vy fastio con


http://www.fastio.com/

Fig, 7 Simultaneous K-Meter and Penetration Test.
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Table 9

Description of K~Meter Site Selection and Preparation Procedures

Method ' Description
A'i Tests performed in three corners of the tub,

about 6" from sides. No addition site prep-
aration.

B Test performed at previously used penetra-
tion sites: Prior to inserting K-Meter site
was rodded(eight times and leveled with a
trowel.

C {T‘ Tests performed at previously used penetra-
‘ tion sites. Test site leveled with trowel.

D Tests performed at previously used penetra-
tion sites., K-Meter thrust deeply into
concrete (flange 1/2 to 1" below leveled

surface) .

30
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DATA ANALYSIS

"Concerete Compressive Strength

The first objective of this analysis was to compute an accurate
precision statement tabulation. Since precislon 1s measured by
the D28 statlstic (acceptable range between two results) 1t was
felt Yest to study replicate breaks consistling of two cyllnders
only. This was the most common form of results and was most
compatlible with the D25 statlstle. Analyses which ineluded
replicates of three or more cylinders resulted in precilsion
estimates that were within 10% of those reported here.

A total of 956 eylinder pairs ranging from 2580 psi to 6970 psi
were analyzed. The palrs were first ranked into seven compres-
sive étrength ranges. For each range the standard deviation -
of the differences between replicate breaks and the range mean
were computed, A linear regression analysis was then run with
the standafd deviation of differences as the dependent variable
and the mean compressive strength for the corresponding range
as the independent wvarlable, Results were welghted according
to the number of cylinder pairs econtained in each range.

The single-operator precisilon statement was taken directly
from thls llinear regression equation after adjusting the
results to the standard deviation of individual wvalues and
not differences.

A similar'approach using the available multi-operator precision
data was lmpractical, howevér. This limlted amount of data
spanned a relatively narrow range of compressive strengths
thereby ellminating the possibllity of establlshing a separate
and 1ndependent preclsion-strength relation., To overcome this
difficulty, it was assumed that the relationship between
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stréngth and precision for both single and multi-operator con-

dftibns followed the sSame slope. The overall mean and pooled
standard deviation of the multl-operator data were then used
as the boundary condltlons to establish a separate preclsion-

-strehgth relation from which the multi-operator precisioh

stﬂtgment was taken, .

The-inherent weakness of this assumption, the small amount of
dat@favailable, and the lack of Information concerning testing
procédures all served to lessen the reliability of the compres-
siWeistrength multi-operator précision statement. The expense
of conductlng a special experiment was prohlibitlve, however.

An é%timate of equlpment induced_errors was made subsegquent

‘_to_the analysis of the fleld data, This estimate took into

accdﬁnt the cylinder mold tolerance (diameter = 6" + 1/16"#)

and ﬁhe testing machline precision (results read to the nearest

500 ibs.). Theorems regarding the distribution of products

'and-ﬁuotients Were used to estimate the total error contributed

by these equipment factors (7).

Cohééete Flexural Strength

The'ﬁata for this analysis consisted of 380 paired beam breaks
ranging in flexural strength from 380 psi to 720 psi. To
ascertain whether a precision-strength relatlionship exlsted
the palr means and standard deviations were linearly regressed.
The resulting equation was significant, and 1ts slope and
inte?cept were used to logarithmically transform the data for
the hext stage of analysis. By doing thls the data no longer
exhibited the precision-strength relation and could be treated
aS'a@ﬁhole.
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°dhile the results were transformed, the differences for each
pair and the overall standard deviation of the differences
were computed. This standard deviation was then retrans-
formed for even intervals of flexural strength accordlng to
the rules governing progagation of errors (li). These Were
the values on which the precision tabulation was based.

This same procedure was followed using the accompanying 380 1
alrs of compressive strength tests. Precislon results
qgreed within 2% of the previously determined slngle-operator
precision; the dilfferent data base and completely different

analytical approach notwlthstanding.

The next phase of the analysis involved studying the feasi-
bility of predicting flexural from compressive strength.

The first step was to perform a regression analysis on the
380 paired flexural and corresponding compressive strength
pests; The results are shown in Figure 1. Unquestlonably,
é relation exists between the two strength parameters. The
toefficlent of correlation for the analysis was 0.77, a
reasonable number, and the regression F-Ratio proved highly
signifilcant. The question'remained, however, as to whether
there were separate linear relatlons for each source studied.

Two analytical methods were used to answer this question. The
first method was based on the T-Paired Test for differences.
There were nine data points for each of‘the 32 sources studied.
’or each source the differences (d) betweeﬁ the observed and
predicted flexural strengths for all nine points were computed
_ (see Figure 9). Then the mean and standard deviation of
él ' these differences were determined. If the flexural-compressive
" strength relation was the same for both the overall and source
analyses, the mean of the differences would tend to equal zero.
g Seven of the 32 sources proved to have significantly different
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“flex,ral-compressive strength relations by this method. In
some ‘extreme cases the flexural-strength prediction errors
using the overall results would have been as high as 100 psi.
In most cases, however, the error would not have exceeded

50 psi,

2 p; ¢

The éecond'method involved computation of a 95% confidence
zoﬂeffor each source, The confidence zone was Iin terms of
compressive strength and was domputed at a flexural strength
of 550 psi (see Figure 9); 550 psi was chosen because it is
the flexural strength required of PCC pavement bhefore opening
to traffic by the California Standard Specifications. The
overall results showed that a compressive strength of 3375 psi
corresponded with the 550 psi specification. Therefore, if

a source's confidence zone dld not encompass 3375 psi it was
reasonable to assume that the source required a special
compressive strength value to prediect a flexural strength

of 550 psi. By this method, 19 of the 32 sources were shown

inconsistent with the overall analysis.
. 8 i .

Air Content of Fresh Concrete

To determine the precision of‘*thils test method a technlque
knowﬁ as Randomized Block Analysis (RBA) was used (8). The
datajwas made up of elghteen separate blocks (batches) and
fouratreatments (operator-equipment combinations). By
regressing block standard deviatlons and means it was dis-
coVered that the test preclslon and alr content range were
dependent parameters (see Figure 10). Thls violated two
assumptions of RBA: ' varlance homgeneity and additivity.
However, these violatlons were minimized by usihg a loga-
ritﬁmic transformation. After the RBA was completed, com~
ponehts of varlance were extracted and retransformed. These
valdes were used for the precision statement.
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A 4 x 4 Latin Square Analysis (LSA) was also performed (8).
No transformation was used for this analysls, however, since
tests were run over a narrow range of alr contents (4 to
- 5.4%4). The variance compohents from the L3SA were used to

' partlition the total multi-operator wvariance into its com-
R ponent parts of operator, equlpment and residual.

Unlt Welght of Fresh Concrete

Before determining the precision of thils test method it was
necessary to ascertaln whether the preclsion was constant, or
varied according to elther unit welght, concrete consistency
or alr content. Regression analyses were performed on block
- standard deviations versus each one of these parameters. At
‘first, the results were lnconclusive though the standard
deviation=-unit weilght analysis had the best correlation
coefficient. However, later results from the Bakersfield
experiment coincided well with the unit weight analysis, but
not with the other two analyses., Because of this, it was
declded that unit weight was the best gage of the vary;ng
precision of the test method. |

There were two sets of unlt welght measurements: one using

the unlt welght buckeﬁ'and'the other using the alr meter base.
RBA was used to determine the precision of the transformed data
for both these sets. As with the air content test, operator

and equipment components of error were ilsolated by using L3A.

A T-Palred Test between the two sets of data showed no signi-
ficant difference 1n their results, but an F-Ratio on the
transformed residual Varianbes_did show a significant difference
in test precision between the two methods.
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'An estlmate ofﬂéhé éxpecféd precisioh of the unit weight test

was made using an assumed standard deviation of the field scales
of: 's = 0,025 1bs, By comparing this with the experimental
res@lts a recommended scale accuracy for calibration procedures
was?determined. Theorems Involving distributions of sums and
quofients (7) were used to estimate the precision of the cement
facﬁor determination for several combinatlons of batech weight,
uniﬁ?weight, and nominal cement content.

Penétration of Fresh Concrete

The?experiment on ball penetration preclslon was very similar in
strﬁctufe to thg'unit welght-air content experiment. Independent
blocks of data made up the bulk of the results, but latin squares
weré also included. A regression analysis on block standard
dev}atiohs versus average penetrations revealed a linear relation
betﬁeen test precision énd concrete consistency. Because of this,

a 1§garithmic transformation was used before applylng the analytical
tecﬁniques.

Thefprécision of averages of_three penetration readlngs was

detérmined by using RBA. - A full factorial Analysis of Variance

yielded the precision of individual results. As with the unit

'weight and air content tests, LSA separated the error components

of operator and equipment.

Léaét squares linear regression was used to correlate K-Meter
and ball penetration results. The precision of the K-Meter

‘Tes% was determined by simple varlance pooling. The comparison

betﬁeen K-Meter and ball penetration preclsion was based on the
"sehsitivity“ concept (12).
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GLOSSARY OF STATISTICAL TERMS

ACCURACY: The degree of agreement with an accepted reference

level (same),

ANALYSIS OF VARIANCE (ANOVA): A numerical technigque which
computes the varliances of a measurable process under the
influence of different treatments, and assesses the relative
importance of these treatments, Randomlzed Blocks and Latin
Squares are forms of thils technique whilch do not require.
repeated measurements.

COEFFICIENT OF VARIATION: The ratio of the standard deviation_
to the mean or average of the varlate, usually expressed in the
form of a percentage.

- CORRELATION: A measure of the interdependence between variables.

The stronger this interdependence the closer the absolute value
of the correlation coefficient approaches 1.

DiFFERENCE'TWO-SIGMA LIMIT (D28): An index that represents the
maximum acceptable difference betweeh two results obtailned on
test portions of the same material under a well defined set of
circumstances. Equal to 2vZ2 times and appropriate standard
deviation. '

ERROR: Used loosely to indicate any deviatlion from a true or
perfect test result. Inherent in any testlng procedure.

F-RATIO: A statistic consisting of the ratlo of two variances:

F = 312/822. May be used to determine whether both wvarilances
come from the same population.
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P

PRE%ISI@ﬁ?L The degree of mutual agreement between individual
measurements of a repeated process.

REGRESSION ANALYSIS: A method for determining a functional
relation between two or more correlated variables. The method
used herein is termed the least squares method.

REPEATABILITY: A measure of the difference between two results
tha? could be expected to be exceeded in only 1 out of 20 cases
whenh properly conducted repetitive determinations are made on
identical portlons of material by a competent operator using
one set of equipment,

REPIICATE TESTS: Ideally, two or more tests conducted under
identical conditlions on identical material by the same operator.

REPRODUCIBILITY: A measure of the difference between two results
tha% could be expected to be exceeded 1n only 1 out of 20 cases
when properly conducted determinations are made by two different
opeiators in different laboratories on identlical portions of
material.

SENSITIVITY; If M is a measure of some property Q, and oy 1s
1ts standard deviation, the sensitivity of M is defined as
(dM7dQ) /oy,

STANDARD DEVIATION: The square root of the wvariance, also
known as the root mean square deviation. This is often a more
praﬁtical statlistlc than the varlance since 1t is in the same
units as the variate and can be used directly %o compute con-
fidence intervals.
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'T—PAIRED TEST: .Given a set of palred observations from'twb
normal populatlions with m.eansu1 and'ug, tests the hypothesis:

VARIANCE: A statistical measure of data dispersion_defined as
the mean of the sqguares of the deviation of each data point
from the arithmetic mean.
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APPENDIX

Proéf that coefficient of variation must equal slope of variability
function to be constant for all compressive strengths.

GIVEN:

! Pa (X2,Yz)
=
o
o
[ 4]
ul
24
m .
R(X,,Y,)
»
COMPRESSIVE STRENGTH
TERMS: CV = Coefficient of Variation
f M = Slope of Line
PROVE: If CV, = CV, then CV =M
' Y Y

1 2

(1) CV, = o= , CV,, = o=

17 %] 2 T X

¥.,-Y
(2) M= xz—xl <ij§1)
2 71 1

Y./%,, _ CV, X|/X
(3) _ 0277 = 71 12

i M )
(xz/xl) 1l Xl/Xz‘
() _ CV2 - Cvl(xl/XZ)
1 - leX2
{(5) Since CVl = -CV2
) 1772
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