PAPER SP 16-1 Computer analysis of compression tests of

concrete provides a rapid evaluation of quality,
uniformity, and testing discrepancies. The computer can be pro-
grammed to determine compliance with project specifications and
to develop the information recommended by ACI 214-65. Reports
serve as a record of concrete in place and as a means of es-
tablishing the adequacy of the concrete mix for continued or future
use,

Application of Computers in the
Evaluation of Quality Control of
Concrete

By G. B. SOUTHWORTH and NEIL M. MOSS

COMPUTERS HAVE BECOME such an important part of today's

science that the use of a computer
to control the quality of concrete would seem to be a possibility.
However, those who have used computers are well aware that
the computer can only do what it is programmed to do and that
the program is limited to the ability and knowledge of the
programmer,

Once a proper program is established, the real advantage
of the computer is apparent in the vast amount of data which can
be processed and analyzed in a very short time. Work that would
take days or even weeks if done manually can be done in seconds,
or at the most, in minutes. The prime requisite in establishing
the program is the ability to do the work manually by the correct
method,

It is apparent, then, that computers cannot control the
quality of concrete since no one has yet discovered the means by
which the variables in concrete quality can be eliminated. What
computers can do, and are doing very sucessfully, is to rapidly
analyze test data and supply key information from which the range
of quality of concrete in place can be determined. This same
information can also be used to predict, with reasonable accuracy,
the acceptability of a concrete mix for future work.

The kind of information desired may vary from one job to
another but, in general, the minimum information needed is the
number of tests involved, the average strength, and the standard
deviation or coefficient of variation, About two-thirds of the test
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values fall within one standard deviation (plus and minus) of
average. When the average and standard deviation are known,
the full range of test values can be predicted. Should the proba-
bility of low test values represent an intolerable condition, the
concrete mix would not be satisfactory. Reference to Figure 3
of "Recommended Practice for Evaluation of Compression Test
Results of Field Concrete (ACI 214-65)" will indicate the proba-
bility of values exceeding stated percentages of average strength.
It also indicates the probability of values falling below a given
percentage of average strength.

Because the computer can process the data so rapidly and
economically, there is little reason to settle for the minimum
information required when recent test reports are being analyzed.
The program can be arranged to check compliance with any
concrete specification and to further measure performance of
concrete and adequacy of testing procedures as recommended in
ACI 214-65. Using ASTM C 94 (Standard Specifications for
Ready-Mixed Concrete) as an example, compliance should be
checked with the following requirements.

1. Average of all tests shall be equal to or greater
than specified strength.

2. Average of any five consecutive tests shall be equal
to or greater than specified strength.

3. Not more than one test in ten shall have an average
value less than 90 percent of the specified strength.

To provide this information, the computer should be pro-
grammed to print test numbers in numerical sequence, print the
individual test values (usually two or three cylinders), average
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EVALUATION OF QUALITY CONTROL 3

the values and print the test average, average all previous test
averages and print the cumulative average strength, average five
consecutive test averages, and print the moving-five average
strength.

To determine the quality of the control, the coefficient of
variation should also be determined on a cumulative basis. For
computer purposes this is done by the average square versus
square of average method. As each test value is found, the
computer squares the test values and stores the cumulative aver-
age square., At each test value, the square of the cumulative
average strength is subtracted from the cumulative average
square, the square root of the difference is found and is printed
"Cumulative C. of V." (Figure 1-1), It is thus possible to de-
termine the progress of job control.

The cumulative coefficient of variation determined in this
way is not statistically accurate since it employs n instead of
(n-1) in computing the standard deviation. The error is insig-
nificant when more than 30 test averages are involved. When
fewer than 30 tests are used to establish the probable quality of
concrete in place or to predict future variations, the cumulative
coefficient of variation must be weighted.

To pinpoint methods of excessive variation, a control index
can be computed on a moving-five basis in the same manner as
the coefficient of variation. For this purpose, the computer is
programmed to add the new test strength and the new strength
squared and eliminate the sixth previous value of both. The five
consecutive tests and squares are averaged; the average test is
squared and subtracted from the average square; the square root
of the difference is extracted and is printed as a percentage of
the moving-five average strength under the heading of "Moving 5
Index."

As previously stated, this Moving 5 Index or Moving 5
C. of V. uses n instead of (n-1) in securing the standard devi-
ation. Since many texts on statistics indicate that (n-1) gives a
more reliable estimate of the standard deviation of an infinite
number of tests when only a limited number are being analyzed,
it is recommended that the computer be programmed to multiply
the standard deviation in both the Cumulative C. of V. and the
Moving 5 columns by the square root of n/(n-1). This has the
effect of increasing the value in the Moving 5 column by approxi-
mately 12 percent (the square root of 5/4 is 1.118), In the
Cumulative C. of V. column this correction varies from a maxi-
mum of 41.4 percent for only two tests (the square root of 2/1
is 1.414) to a negligible increase when a large number of tests
are analyzed.

Because testing discrepancies can sometimes influence the

apparent variation of concrete quality, it is recommended that the
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EVALUATION OF QUALITY CONTROL 5

computer program also include a measure of the consistency of
testing procedures. ACI 214 suggests that this be done by studying
the range of tests (difference between the high and low values of
two or three cylinders of the same load of concrete broken at the
same age). The computer finds and prints the difference under
the heading, "Test Range." The test range values are averaged

FREQUENCY
1IN 2
1IN 3
1IN 4 \
LINS \ THE_SPECIFIED
1IN B STRENGTH  OF
4000 PSI 1S
84,4 PER CENT
OF ' THE AVERAGE
1IN 10 STRENGTH
APPROXTMATELT
AILL FRLL BELOK
WIL
1IN 20 SPECIFIED
l\ SYRENGTH
1 IN 50
1IN 100
1 IN 200
1 IN 500
1 IN 1000
1 IN 10,000
100 30 80 70 60 S0 40 306 =20 10 0

PER CENT OF AVERAGE STRENGTH
100 (%) 1S 4738 PSI vis 8.8

FIGURE 1-2

cumulatively and printed under "Average Range" and are also
computed on a moving-ten average (ACI 214 recommendation) and
printed under "Moving 10 Average Range."

Finally, the within-test coefficient of variation is determined
by dividing the average range by a constant (1,128 for two cylin-
der tests and 1.693 for three cylinder tests) which result, ex-
pressed as a percentage of the cumulative average strength, is
printed under "Within-Test C. of V. TFigure 1-1 shows the entire
printout of all data. Documents

Full document details: ACI SP-16


http://www.avadocuments.com/doc/aci-sp-16
http://www.avadocuments.com/doc/aci-sp-16

6 COMPUTER APPLICATIONS

The analysis provided by the computer is useful both to the
engineer of the project represented by the test reports and to the
engineer who may study them to determine whether a proposed
concrete mix is satisfactory for use on a new project. For ex-
ample, the over-all quality control shown in Figure 1-1 can be
interpreted in accordance with ACI 214 to indicate that approxi-
mately 97 percent of test values will exceed 4000 psi. Thus,
when adequate test data are available from previous work, the
computer report provides a sound approach to selection of con-
crete mixes.

The probable frequency of tests falling below certain values
can be more clearly illustrated when a plotter is available for
use with the computer. In Figure 1-2, the cumulative average
strength and the cumulative coefficient of variation are used by
the plotter to establish a normal distribution line on a graph with
a probability scale as the ordinate and a uniform arithmetic scale
as the abscissa. Percentages of average strength are shown on
the abscissa and the frequency with which values will fall below
percentages of average strength are given on the ordinate. (The
coefficient of variation line drawn by the plotter may be more
easily recognized as the below average half of a normal distri-
bution curve.)

In Figure 1-2, it is predicted that 1 test in 2 will fall below
100 percent of average which is obvious; 1 in 3 will fall below
96 percent of average; 1 in 6 will be lower than 91.5 percent of
average; 1 in 20 can be expected to be below 85.5 percent of
average; 1 in 1000 may be under 73 percent of average and 1 in
10,000 (negligible) may be less than 68 percent of average.

TABLE 1-1 NUMBER OF TESTS FALLING BELOW
STATED VALUES

Strength Predicted Actual
Lower than 4550 psi 127 (1 in 3) 116 (1 in 3.3)
Lower than 4335 psi 63 (1 in 6) 44 (1 in 8.6)
Lower than 4050 psi 19 (1 in 20) 17 (1 in 22.4)
Lower than 3460 psi - (1 in 1000) 1 (1 in 380)
Lower than 3220 psi - (1 in 10, 000) 0

The 49 tests shown in Figure 1-1 are part of a series of
429 tests from one job. It is interesting to compare the frequency
forecast with actual performance of the last 380 tests.

The fact that actual performance was better than the pre-

dicted performance is due to an improvement in uniformity as
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the job progressed (8.76V to 8.04V). This condition is usually
a byproduct of statistical evaluations since the fact that test re-
sults are being studied and analyzed invariably results in more
attention and care in the production of concrete. In this sense,
it may be said that computers are instrumental in controlling the
quality of concrete.

The data shown in Figure 1-1 were processed by the Univac
1107 computer, and an ALGOL subroutine, using plotter routines
in the EXEC library, operates and controls a CalComp plotter to
produce the graph shown in Figure 1-2, Equipment used in this
program is installed at Case Institute of Technology in Cleveland,
and is available for industrial use when not required for instruc-
tional purposes. Similar units are available at other engineering
institutions in the United States and Canada.
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PAPER SP 16-2 Digital computers are used for control of

concrete quality during its manufacture and
for analysis and interpretation of concrete test results. Statis-
tical parameters normally used for quality control are defined
and their use is explained with the help of job control charts,
The three case histories presented show: (1) the use of com-
puters in establishing the degree of reliance of the strength of
accelerated-cured test cylinders; (2) the multiple correlation
analyses of 1176 compressive strength test results and several
independent variables; and (3) a computer method for the trial and
error fitting of a hyperbolic curve to compressive strength test
results.

Applications of Digital Computers
in the Quality Control of Concrete

By V. M. MALHOTRA

THE ADVANTAGES OF USING statistical methods both in the

presentation of field test data and
the interpretation of test results are now widely recognized by
concrete technologists. Concrete control engineers are well
aware that their test results are always subject to certain errors
due to the inherent variability of the concrete-making materials.
It is most essential that sufficient allowance be made for these
variables during the manufacture of concrete and the analysis of
the test results, The statistical methods are the only means of
doing so since otherwise it is difficult to distinguish between
chance causes and real effects of any particular factor, unless
the latter are obviously very large when compared with the former
causes.

Repetition is a key word in the statistical analysis of test
data, When data are limited and a problem has no repetitive
aspects, one can carry out the calculations much more quickly
by manual methods than one can program it for a computer.
However, when data run into hundreds of test results, as is often
the case on big hydroelectric projects and paving jobs and in the
operation of large ready-mixed concrete plants, manual statis-
tical computations become very tedious and time-consuming and
a resort to electronic computing facilities has to be made. This
paper presents the applications of digital computers to the quality
control of concrete both during its manufacture and during the
analysis and interpretation of test results.
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QUALITY CONTROL DURING MANUFACTURE OF CONCRETE

The uniformity of concrete production at a batch plant is
measured by the testing of 6x12-in. concrete cylinders. The
strength of standard test cylinders not only shows the potential
compressive strength of concrete in a structure but is also used to
estimate other structural properties of concrete such as flexural
strength and modulus of elasticity.

The degree of production control is measured by the uni-
formity achieved in the testing of cylinders, uniform strength
indicating uniform control. Large variations in the 28-day com-
pressive strength of test cylinders invariably require increased
average strength, (resulting in increased cost) to meet the mini-
mum design strength, I large variations are allowed in the
control strength of concrete, the danger of low strength concrete
being placed in the critical sections of a structure is increased.

The variations in compressive strength of concrete are
measured by statistical parameters known as 'standard deviation"
and "coefficient of variation.”

Standard deviation is a measure of the spread of observa-
tions about the central value. The standard deviation ¢ of the
population is found by extracting the square root of the average
of the squares of deviations of individual test values from their
average, i.e.:

a _\/‘X1 Rk B+ X - )
B n

2

The calculation of ¢ by this formula is laborious when the number
of test results exceeds 30, which is often the case on large con-
struction jobs. Under such circumstances the calculations can
easily be handled by a computer using the following form of the
formula:
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QUALITY CONTROL 11

The standard deviation is expressed in the same units as the
compressive strength., When the number of observations is less
than 30, a minor correction called Bessel's correction has to be
applied to the above formula.

PROBLEM NOs OF AVERAGE STANDARD COEFFICIENT
1DENT OBSERVATIONS VALUE DEVIATION OF VARIATION
10000 241 +«90904564E403 «18401188E403 20424
20000 35 +11935714E+04 «25041083E+03 21,03
30000 49 2 15291836E404 +23064131E+403 15,08
40000 102 +95274509E+03 224044992E+03 25424
50000 119 + 10810924 E+404 «21621372E+03 20401
60000 171 +13292397E+V4 #32U25007E403 24409
10000 241 ¢23007468BE+04 «42092754E+03 18430
20000 35 +31820000E+04 «62913011E+03 19,17
30000 49 +39526530E+04 «40B22710E+03 10433
40000 102 +21748039€E404 «57461790E+03 20s71
50000 119 229768067E+04 +50922007E403 17411
60000 17 ¢36229239E+04 +61295139E403 16492

FIGURE 2-1 COMPUTER PRINTOUT FOR AVERAGE,

STANDARD DEVIATION, AND COEFFICIENT OF VARIATION

The coefficient of variation (CV) is simply the standard
deviation expressed as a percentage of the arithmetic mean, i.e.:

cvV - stax}dard fievmtlon x 100
arithmetic mean

It is a dimensionless quantity.

Some authorities use standard deviation, whereas others,
like the U. S. Bureau of Reclamation, prefer the use of coef-
ficient of variation as the statistical tool to indicate the amount
of variation. Calculations for both these parameters together
with arithmetic mean can be carried out by a computer in one
operation, A sample printout from a computer is shown in
Figure 2-1,

Test data can be fed into a computer daily, weekly, and
monthly as the job demands.. The results obtained b’ﬁ%utﬁ(fents
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12 COMPUTER APPLICATIONS

quality control engineer up to date about the quality of concrete
being placed and enable him to effect changes in the mix pro-
portions, if necessary. The accompanying control charts illus-
trate the use of standard deviation and coefficient of variation in
the quality control of concrete.

The control chart in Figure 2-2 shows the results for
structural concrete for which the 28-day minimum specified
strength was 3000 psi and the number of failures was not to ex-
ceed 10 percent. This control chart based upon the results of
the first 25 tests indicates that the job was under excellent
control with a CV of only 9.4 percent and that there were no test
results falling below the minimum specified strength. (It is, of
course, assumed that all samples were taken at random.) Using
the information from the control chart, the quality control engi-
neer would be justified in effecting changes in the mix proportions
in order to reduce the 28-day average compressive strength from
3970 psi to 3440 psi.1 This means reduction in the cement con-
tent per cu yd of concrete, with resulting savings in cost.

The control chart in Figure 2-3 gives the results for a
structural mass concrete for which the 28-day minimum speci-
fied strength was 2500 psi. The number of failures allowed was
20 percent. The control chart based upon the first 26 test re-
sults indicates that the job was under poor control, with a CV of
20.1 percent and 31 percent of the test results falling below the
minimum specified strength. Under such conditions the quality
control engineer must insist upon much tighter production con-
trols, However, if the circumstances on the job are such that
the tighter control cannot be achieved, then the engineer has no
alternative but to reproportion the concrete mix. The repro-
portioned concrete mix must give 28-day average compressive
strength of at least 3040 psi as compared to 2825 psi, so that
the number of test results falling below the minimum specified
strength does not exceed 20 percent.2 It is stressed that apart
from the increased cost, the latter alternative is a poor solution
to the problem and always should be discouraged.

ANALYSIS AND INTERPRETATION OF TEST RESULTS

Engineering problems often require the presentation of data
showing the observed relationship between two variables. Before
the analysis can be carried out the pairs of data are plotted.
If the relationship between the observations is nearly exact, a
straight line or curve drawn by eye may be sufficient. Unfortu-
nately in concrete technology the exact relationships are indeed
elusive., More often than not, the relationship between two vari-
ables is less certain and drawing by eye results in graphs which

depend too much upon the judgment of the research worker
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FIGURE 2-2 CONTROL CHART FOR INDIVIDUAL STRENGTH
TESTS--STRUCTURAL CONCRETE:
CV OF 9.5 PERCENT INDICATES EXCELLENT JOB CONTROL
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FIGURE 2-3 CONTROL CHART FOR INDIVIDUAL STRENGTH
TESTS--STRUCTURAL MASS CONCRETE:
CV OF 20.1 PERCENT INDICATES POOR JOB CONTROL
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14 COMPUTER APPLICATIONS

involved. Different investigators observing the same data may
produce significantly different graphs. In such cases, fitting a
straight line or a curve by eye is not justified and a more precise
method of determining the relationship between two variables is
needed. In many other types of problems the differences in one
variable may be due to several other variables all acting at the
same time. The techniques for solving such problems are based
upon statistical methods and are known as "'linear, multiple linear
regression and correlation analyses."” Using these techniques
one can obtain a mathematical description of the relationship be-
tween independent and dependent variables. Such techniques have
been used in biological sciences for a long time but their use in
concrete technology is of relatively recent origin. The following
three case histories illustrate the use of statistical techniques
in the analysis of concrete test data. All the necessary compu-

tations were carried out using a digital computer.

Case History 1 -- Regression Analysis This case involves the
and Prediction Limits analyses of the results

of accelerated 24-hr
concrete strengths obtained during the construction of a huge
hydroelectric project. 3 The accelerated curing method used con-
sisted of placing the standard 6x12-in. concrete cylinders, 1/2 hr
after molding, in a water tank thermostatically controlled at
165 + 5F, The cylinders were removed from the tank 21-1/2 hr
later and tested at the age of 24 hr. A total of 737 pairs of
test results was available. It was necessary to establish the
relationship between the accelerated and the 28-day strengths and
also to determine the degree of confidence that could be placed

in the 24-hr accelerated strengths.

The test results were analyzed using an IBM 1620 computer,
Both 90 and 95 percent prediction limits were determined using

the following expression:

0
S
a + bx -v_-ta/z;n_zx v/ x

where

a = an estimate of the intercept
b = an estimate of the slope
n = number of observations

= 100 a/2 percentage point of "Student's t"
distribution with (n-2) degrees of free-
dom; values to be obtained from standard
statistical tables

t¢:L/2;n—2
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FIGURE 2-4 COMPUTER PRINTOUT FOR THE
REGRESSION ANALYSIS
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450,00 921,9107 232649645 162344376
46ve0u 96244029 234543301 164348665
479400 96248943 236546967 166642955
48U40U 98343845 2386,0643 168447244
490,00 1003 ,4738 2606,4328 1705,1533
500,00 102443622 242648024 1725,5823
510,0C 1044 ,8496 2647,1728 174640112
520,06 106543360 2667,5642 176644401
5304C0 1085,8215 2487,9167 178648691
540400 1106,3059 250842901 180742980

FIGURE 2-5 COMPUTER PRINTOUT FOR THE
90 PERCENT PREDICTION LIMITS
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FIGURE 2-6 RELATIONSHIP OF 24-HR ACCELERATED TO
28-DAY STRENGTH; COMBINED DATA FOR
ALL TYPES OF CONCRETE
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16 COMPUTER APPLICATIONS

Xy = accelerated 24-hr strength
X = mean of accelerated 24-hr strength
Xo = some future observation of accelerated
24-hr strength
Sy /x = an estimate of the variability about the

line; to be calculated using standard sta-
tistical methods

A sample of computer printout in its original form is shown
in Figures 2-4 and 2-5. A plot of the test results is shown in
Figure 2-6, together with ""the line of best fit'"" and the regression
equation., Also shown in this figure are the 90 percent prediction
limits. Figure 2-7 compares the above relationship for the same
type of concrete but having different water-cement ratios (by
weight). The general conclusions drawn from these analyses are:

The 28-day standard-cured strength can be predicted
from the accelerated 24-hr strength with a reasonable de-
gree of accuracy.

At low strengths the relationship between the acceler-
ated 24-hr strength and the 28-day standard-cured strength
is dependent upon the water-cement ratio of the concrete
mix. This conclusion is rather significant since it is not
generally practical to carry out this large number of compu-
tations manually.

Case History 2 -- Multiple In concrete quality control it is very
Correlation Analysis desirable to predict the strength de-

velopment trends of concrete on the
basis of the available field and laboratory test data. This in-
variably involves the selection of a minimum number of test
results, which at the same time is large enough to encompass
all the possible variables so that the compressive strength at the
selected age will be predicted with reasonable accuracy. This
case history is one in which statistical studies using a digital
computer were performed to correlate the different variables and
the 28-day compressive strength, and to select the minimum
number of test results required for the analysis of the entire
test data,

A total of 1176 compressive strength test results on 6x12-in,
concrete cylinders was available from the construction of a
concrete-arch dam.® Since the compressive strength of concrete
at any age is known to be dependent not only upon the water-
cement ratio but also upon such factors as percentage of entrained
air and aggregate-cement ratio, it was important to establish the
relationship between the 28-day compressive strength and the
following variables:
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18 COMPUTER APPLICATIONS

1. Log water-cement ratio

2. Air content, percent

3. Density of 6x12-in. concrete cylinders 24-hr after
casting, 1lb per cu ft

4, Slump, in.

It should be emphasized that the effects of variables other
than the water-cement ratio on the compressive strength of con-
crete are relatively small, but to be able to determine their
effect quantitatively a large quantity of test data is needed. An
electronic computer to process these data is necessary to avoid
the tedious and time-consuming manual computation.

Correlation coefficient for the entire test data and for 50
and 200 test results selected at random from the test data were
computed. This was followed by the formation of the three multi-
ple linear regression equations, one for each of the three sets
under ana.lysis.6 The regression equations so formed are given
in Table 2-1,

TABLE 2-1 SUMMARY OF MULTIPLE LINEAR REGRESSION EQUATIONS

Number of Test .
Number | Results Under Equations
Analysis
1 50 Y = (10, 805))(1 - (111.8))(2 + (13.9))(3 - (179.1)x4 - 1,175
2 200 Y= (11,636))(1 - 38.1)}(2 + (’19.7))(3 - ( 37.4))(4 - 12,026
3 1178 Y= (11, 584))(l - ’(128.3))(2 + (37.3))(3 - 71.4)x4 - 5,122

*Where: Y = compressive strength at 28 days, psi; Xj = log (to the hase 10) of
water-cement ratio, by weight; X9 = air content, percent; Xg = density of 6x12-in,
concrete cylinders at 24 hr after casting, ib per cu ft; and X4 = slump, in.

The multiple correlation analysis indicated that the inde-
pendent variables selected predict the 28-day compressive
strength within acceptable limits of accuracy, with the added
advantage that these predicted values are available within 24 hr of
placing the concrete. Furthermore, the analysis showed that the
degree of accuracy in forecasting 28-day compressive strengthgs
based upon 50 test results selected at random from the data is
of the same order as that based upon 200 results (selected at
random) or 1176 test results.

In order to be able to appreciate the complex nature of the
analyses of the above type a similar problem has been worked
out manually and is shown in Tables 2-2 and 2-3. In this problem
a set of 31 compressive strength test results at 7, 28, 90, and
365 days was available. The data were analyzed so that, in
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TABLE 2-2 COMPUTATION OF SUMS OF SQUARES AND PRODUCTS

Compressive Strength at Various st
Dy 28-Day 90-Day 365-Day

Se. Xa Xa Xs ¥ X ¥ X3 Xa X3 Y

: 450 960 1,830 2,220 5,460 SBeom; 79,302,200 123,854,700 144,771,500
2 630 1,420 2,280 3,250 7,580 67,159,890 107,750,367 128,439,003
3 570 1,260 2,380 3,120 7,330 12,142,310 16,104,333 16,332,497
4 1,480 3,580 5,180 5,680 15,920

5 B840 2,000 3,560 4,080 10,480

6 1,790 3,910 5,870 6,300 17,870

7 3,490 5,650 5,740 16,410 Prpx; 264,443,800 308,435,500
8 2,390 4,050 5,270 12,770 Sy %il“' 229,421,793 273,471,980
9 2,880 4,560 5,080 13,780 O 33,022,007 34,963,420
10 ,650 6,940 7,560 420

13 1,560 2,670 4,800 5,500 14,530

12 660 1,780 3,700 4,000 10,140

13 950 2,230 3,750 4,800 1,730 Fyyx 488,332,800
14 960 2,240 3,650 4,300 12,150 438,754,535
15 830 1,930 3,270 3,880 9,910 49,578,265
16 710 1,690 2,870 3,820 9,090
17 1,040 1,900 3,190 3,850 9,980

18 1,760 3,360 580 5,880 15,580

15 300 1,040 1,860 2,680 6,080
20 820 50 2,570 3,220 8,060
2t 930 1,660 2,630 3,400 5,620 CHECK
22 T30 1,390 2,630 3,060 7,810 sso,_\_*y 133,472,040
2 840 1,620 1,910 2,600 6,960 SPDy y.x2. 89,158,280
24 1,510 3,000 4,140 4,980 13,630 POy yxZ 139,970,854
25 1,260 2,820 3,590 4,360 12,030 SPDyx X2 99,156,330
26 1,030 2,320 3,230 3,900 20,480 461,737,704
27 800 1,520 2,460 3,160 7,940
28 550 1,130 1,820 2,630 6,130
29 400 950 1,770 2,180 5,300
30 720 1,530 3,080 3,580 8,910
31 830 1,820 3,020 3,250 8,920
s 31,270 66,580 106,820 127,330 332,000
ss 37,539,100 169,149,400 | 418,764,800 573,616,300 4,017,370,600
s'/a 31,542,351 142,996,658 | 368,081,045 522,997,706 3,%55,612,903
sSD 6,016,749 26,182,742 50,683,735 50,618,794 461,757,697
s/n 1008,7 2147.7 3445.8 4107.4
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TABLE 2-3 LINEAR REGRESSION ANALYSIS WITH THREE INDEPENDENT VARIABLES : SOLUTION OF NORMAL EQUATIONS

Explanation of Computations by 5, by so,
w s, = 6,016,749 s, = 12,142,310 a5 = 16,104,333 no = 16,332,497
@ a,, = 26,152,742 a,y = 33,022,007 850 = 34,963,420
(&3] 854 = 30,683,755 2y = 49,578,265
L2 2
@ - o x(- t) Gty - -2¢,504,152 52,499,832 —.‘2—‘:.—" - -32,960,285
) . @@ f22,1 =T 1.646,390 3.1 =+ 2,522,217 20,1 =+ 2,003,135

*3 H
© - ) x <—_— )

« —42,104,535 = 43,715,235

« - 3,064,596

s
w = - 3,858,675
*22.1

a
(M = (3 x <—

8 = (3« (6 « (D)

L=+ 3,720,545 *30.12 =+ 2,798,43¢
. 1
b] = 0.75216 b:l - M
*13.12
b, = 0.06433 n, = (\20.2) ~ V231 "3)]
%221
b, = 0.57146 5, - ['xo 1% x % . Ny "z:l
1
Regression Equation:
v . T -z -% -7
T K Yy By T ety Xy - T ek = ®13 x 1 o %23 x P2 o %33 2 % . %30
b4 = -+ 0. .7 797
or 65—day 060 Ky yr # 0.06 Kpg o+ 0TS Koy 4 79
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QUALITY CONTROL 21

future, the compressive strengths at one year could be predicted
from those at 7, 28, and 90 days. A quick glance at Tables 2-2
and 2-3 should convince even the most skeptical engineer that in
these types of analyses the use of a computer becomes mandatory
when the number of test results exceed 20. It should be empha-
sized that apart from the speed at which the calculations are
carried out by a computer, the probability of making an error is
minimal whereas in manual computations the chances of making
errors and repeating them are always present,

Case History 3 -- Fitting of This analysis problem originated
a Hyperbolic Curve during the research work being

carried out by the Construction
Materials Section on the development of a satisfactory accelerated
test for determining the 28-day compressive strength of concréte.
This test procedure is different from the one discussed earlijer;
in this method 6x12-in, concrete cylinders are moist-cured 24 hr
in a standard manner and are then boiled for 3-1/2 hr. The
cylinders are then removed from the boiling water tank and are
tested 1 hr later.8

A total of 792 6x12-in, cylinders was tested in compression
at 7 and 28 days, an average of three test cylinders at each age
comprising one test result. The nature of the data necessitated
the fitting of a curvilinear function to the plot of the accelerated
versus 28-day standard-cured compressive strengths. The data
were fed into an IBM 1620 computer, and various types of curves
were tried using a trial and error method., The best-fitting curve
was of the type:

_X

AX + B

where X = accelerated-cured strength, psi; Y = 28-day standard-
cured strength, psi; and A and B are constants.

Y =

A plot of the test results is shown in Figure 2-8, together
with the hyperbolic curve of the above form.

It was concluded from this investigation that the 28-day
standard-cured strengths could be predicted from the accelerated
strength with an accuracy of about + 12 percent (Figure 2-8).

CONCLUSIONS

Digital computers can be used with advantage in the quality
control of concrete. Furthermore, the case histories discussed
effectively demonstrate that when a large number of test results
are available for interpretation and analysis it becomes very
necessary to make use of the electronic computing facilities.
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PAPER SP 16-3 An integrated system employing computer-

based techniques for data processing and
analysis and information storage and retrieval is described. This
system serves for the evaluation of concrete quality, the selection
of concrete to best match a structural design, and for the study
of performance

Digesting Concrete with a
Computer

By PETER SMITH

THERE MAY BE LITTLE POINT in refining structural designs
with a computer unless we can
improve our ability to build them. In recent times those con-
cerned with concrete as a material have become increasingly
aware of two problems. First, information arising from experi-
ence, performance studies, and research has tended to accumulate
faster than it can be appraised and incorporated in future work,
through better specifications. Second, the speed of construction
often outstrips the conventional means of controlling quality.

In looking for a way out of these difficulties the Department
of Highways, Ontario decided to see if computer -based techniques
for data processing and analysis, and for information storage and
retrieval could help. This, in turn, requires a reorganization
of the fact-gathering processes, principally for those used in
quality control testing at the time of construction. The objective
of this reorganization is to produce the facts in a form that can
be handled quickly, and to insure that only those facts are col-
lected which are of direct use in defining quality in materials and
the effects on design, specification, control, and performance.

The project to be described is concerned with concrete,
specifically with the half-million cu yd of concrete used each
year by the Department of Highways, Ontario. Depending upon
the use made of the stored and evaluated information, the project
falls into one of three main phases.

The first phase of '"the new look in concrete quality control,"

as the project has become known, is that concerned with day to

day operations during construction. A computer is being used

for the analysis of test results, in particular for strength, so

that the effectiveness of control of the product and its compliance

with specification can be better judged as the work proceeds,
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Concrete acceptability, in many specifications, is governed by
minimum 28-day compressive strengths. Both "minimum' and
""28 days' are probably unrealistic concepts if the inherent vari-
ability of concrete and the need to be able to make corrections
before construction has proceeded too far are truthfully con-
sidered. Adjuncts to the new look have, therefore, included the
development of accelerated test procedures and consideration of
more realistic specifications based upon statistical concepts.

The two remaining phases require, in addition, the storage
of information about the concrete materials and mixtures used
and the construction operations employed, in such a manner that
any fact can later be retrieved readily. The stored information
may be retrieved to assist in the selection of concrete or its
constituent materials to meet specific design criteria or to match
materials and structural design in an over-all design-construction
theory based on the probability of failures. Or it may be com-
pared with observations made during performance studies or other
investigations to determine the governing variables. This should
result in the long-term improvement of portland cement concrete
technology and specifications.

The first phase is now in operation and the second and third
phases will be developed as the inventory of data accumulates.

PHASE 1 -- COMPUTER ANALYSIS OF
CONCRETE TEST RESULTS

It is beyond the scope of this paper to discuss the in-
adequacies of many concrete specifications with respect to the
properties, limits, sampling procedures, method of test, test-
ing frequency, responsibility for quality (or product) control,
and basis of acceptance specified or the alternatives that are
currently being advocated. It appears that the computer project

to be described could readily be modified to suit future changes;
Documents


http://www.avadocuments.com/doc/aci-sp-16
http://www.avadocuments.com/doc/aci-sp-16

DIGESTING CONCRETE 25

indeed the project itself may provide the facts necessary to justify
the changes. The project has been based on the Department of
Highways' present practice, which is to test concrete for both
control and acceptance purposes at the same time, against the
requirements of a specification that is a fairly typical example
of those that are on a partially statistical basis.

One feature of such an approach to quality control should
be emphasized--that is, the time occupied by testing and evalu-
ation of the results often prevents the information from being
used to the fullest extent as the work proceeds. This is particu-
larly true of concrete strengths; in addition to the long testing
time, evaluation of the results takes considerable time and effort.

Statistical parameters appropriate to the analysis of con-
crete strength results have been in common use for many years.
They are probably best described in ACI 214- 65.1 The problem
is not with the evaluation, as such, but with the tedious mathe-
matics involved., In spite of simplifications suggested in the
standard referred to or by the use of graphical methods, © results
can rarely be conveniently analyzed as the work proceeds and
hence statistically based specifications lose a lot of their meaning.
Southworth3 and Clague and Evans,4 among others, have all
recently demonstrated that the computer can, by its ability to
make many calculations rapidly, take the hard work out of the
determination of mean strength, standard deviation, coefficient of
variation, required or desired strength, and within-test variations.

The full value of such an analysis is, however, only ob-
tained if the results are presented immediately to the person in
a position to take action on them, along with other supporting
data that he may need on what went into the concrete and what
happened when it was placed. This is achieved in the Ontario
program by presenting a summary of such information and a
collation of all other test results on the computer printout sheets
showing the strength analysis.

One of the axions of computer technology is that only that
which is put in can be got out. Therefore, it is necessary to
devise an input system which, along with appropriate storage and
retrieval, will contain all the needed information. Information
could be manually abstracted from conventional reporting pro-
cedures and placed on punch cards; however, this would be an
extra step requiring much clerical effort. Instead, report forms,
filled in at the time the concrete is placed, have been devised
which contain the requisite information for direct card punching.

Much thought has been given to the question, '""What is the
requisite information?" No two people will precisely agree on
which records it is essential to preserve, bearing in mind that
these same records will also have to serve the other phases of

the program that deal with performance studies and the matching
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of materials to design. Figure 3-1 shows those selected for
recording on the concrete construction report. An interesting
feature of this form is that many items involve multiple choices.
This has the great advantage of aiding the inspector in producing
the correct information and it also cuts down on the manual coding
required prior to processing of the data. When completed, copies
of this report are sent immediately to others concerned with
quality control so that they know what happened when the concrete
was placed.

The concrete construction report is dual purpose; when en-
closed in a waterproof envelope it also serves as the cylinder
shipping tag. The original of the report, completed in full with
all the information on the day's placement and a summary of all
tests, is sent in for each concrete placement, accompanied by a
set of cylinders for compression testing at 28 days. The results
of these tests are the ones analyzed. All other cylinders or
beams submitted for test are accompanied by the same form but
only completed sufficiently to record identifying data and the re-
sults of tests made on the plastic concrete represented by that
particular set of specimens.

Another source of input information is the mix design card
shown in Figures 3-2, 3-3, and 3-4, which contains all the basic
background information on the concrete mixture and on the ma-
terials used. Additionally, this card serves to record one set
of quality and gradation information about the aggregates used.
This information comes from results of tests on the samples of
aggregate upon which either original quality approval or mix
design was based. This is an interim step in order to have some
information on the quality of aggregates that can be retrieved
for performance and other studies. When the whole of the
department's granular inventory and test result recording is
computerized, there will be cross reference simply through
sample numbers, to every piece of information about any material
used,

The third input source is the strength results obtained from
the testing laboratory. The report of concrete strengths used
for this purpose, is shown in Figure 3-5. The recipient of this
report first matches and attaches it to the corresponding con-
struction report so that he now has all the information about that
particular concrete placement on a single sheet.

The originals of the corresponding reports on concrete
construction and strength are then checked over for errors and
to make sure that no changes have been made in the mix or ma-
terials that would invalidate an analysis. Certain items, against
which numbers cannot be conveniently placed in the field, are
coded and the reports are then filed until a significant number of
new sets of information (usually five) is accumulated.
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The new sets of information are then key punched and pro-
cessed through the computer along with all the results to date
for that particular class of concrete on the contract. The com-
puter is also programmed to recall from storage any necessary
background information. The program is written in Fortran IV
and the specific computer used is an IBM 7044 32K.

The printout, on three standard attached sheets, contains
the following information. Sheet 1 summarizes the five concrete
placements, identifying the location and amount of concrete, how
it was produced and placed, what materials and mix were used,
and the maximum, minimum, and average results of all tests
made on the plastic concrete. Sheet 2 specifically deals with the
last five sets of cylinders. In addition to recording the strengths
of individual cylinders it presents the statistical analysis for each
set and the corresponding tests made on the plastic concrete,
Sheet 3 is a graphical presentation of the strength analysis and
shows the control chart for the last five sets of tests and a con-
trol chart for the whole job to date, averaging each group of
five, and including the last five sets of results.

A complete copy of the printout is dispatched at once to
those people concerned with quality control on the particular job
so that, without reference to individual reports, they have a full
picture of concrete quality from the beginning of the work, which
is updated by the day after each fifth set of 28-day cylinders is
broken,

The reaction of the recipients of the printouts has yet to be
gaged. Two attitudes are possible; one would be to find that the
evaluation of quality is of real worth to them in their job and
as a side effect, because the results now appear to be used by
somebody for something, greater attention will be paid to the
frequency and accuracy of field testing, cylinder making, handling
and curing, and preparation of reports. If, however, the field
inspection staff does not accept this new look in quality control,
it could become pointless and even dangerously misleading., Signs
are hopeful that the former attitude will prevail, but any such
project must include a selling job to explain what it is all about,

At present it is the 28-day compressive strengths that are
being used in the analysis. This means it is over a month after
the concrete placement before the engineer knows if it meets
the acceptance requirement of the specification or not. This of
course is far too late for the full value of the test to be realized.
It is of no value for day-to-day control and therefore the 20,000
cylinders made each year by the department at a cost approaching
$100, 000 serve only as a very costly and doubtful way of judging
concrete acceptability. This has been recognized for some time
and considerable effort has been put into the development of an
accelerated strength test. One such test® has been in use and
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is a specification requirement for certain work such as concrete
pavement, This and other promising procedures are currently
being evaluated by a subcommittee of ASTM Committee C9. De-
velopment of a standard accelerated strength test is one of the
main needs of concrete technology at the present. A review of
the subjectb suggests that this will probably happen in the not too
distant future., While initially it may be used only as a control
test to check the likely corresponding 28-day strength there isa
very strong possibility that it will eventually replace the 28-day
test. When confidence is sufficiently established to permit this,
the whole concept of concrete strength testing and its value and
use for both control and acceptance purposes will be completely
revolutionized and the computer evaluating program will attain its
full worth,

A valuable side effect of the program is that it includes
information on the number of each kind of test made in relation
to the amount of concrete placed. The result of this--especially
when studied in relation to performance, control levels, and
testing costs--may well be to show that some tests are more
valuable than others and that each has an optimum frequency.

Lastly, the report forms provide information necessary
for accountants to bill and recover the cost of tests. Also, to
gladden their hearts and those of business efficiency experts, it
may be remarked that three forms replace the twelve forms pre-
viously used to attain the same end.

PHASE II -- MATCHING CONCRETE MATERIALS TO
STRUCTURAL DESIGNS

Lount? has stated that "Among the principles that need to
be reviewed is our conception of safety factors and load factors.
As long as the same design structure can be built by two different
contractors and have two different collapse loads, we cannot be
satisfied that our concept of load factors is soundly based. Es-
sentially, we want a structure to sustain the loads which it may
reasonably be expected to carry--presuming that reasonable care
will be exercised in its construction., This can be stated in terms
of probability."

He continues by illustrating that there could be tight or
wide probability curves for structural loadings, just as there are
for good or poor inspection and quality control, with the end re-
sult being to pile the material and control probability on top of
the design probability. In concluding, he suggests that the system
should be considered as a whole. '"........ On critical work,
why should not the tightly controlled job be designed for a lower
factor than the job with little control? The cost of control and
inspection becomes then a real factor in design.
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"The over -all probability of failure is a combination of many
factors, which are not well considered in our present approach
to design. The fact that an analysis based on the probability of
failure becomes practical when the computer is used as a tool,
means that our approach to many aspects of our work must be
re-examined."

If Phase 1 of the program results in a reduction of one
probability, that of concrete variability, and at the same time
provides early assurance through accelerated strength testing as
to the ultimate strength potential and quality of the concrete,
much will have been done to build up the designer's confidence
to examine this approach to design or at least to try more daring
designs on conventional theories.

Daring designs, no doubt themselves refined by the com-
puter, will demand the optimum materials for building the
structure. A couple of examples may serve to illustrate what
this may require in the selection of concrete and concrete
materials.

The recently constructed Willows Creek Bridge in Toronto
is a large structure (88 ft wide, 790 ft long, and composed of
five spans) with several unusual features.8 The fifty prestressed
concrete beams, each 158 ft long and 8 ft 3 in. high and con-
taining 62 cu yd of concrete, are of specific interest to this paper.
The designer specified that the concrete should have a minimum
compressive strength at 28 days of 6000 psi. This was to be the
first break through the 5000-psi barrier in the area and there
was some concern as to how this might be achieved.

An initial meeting was devoted to trying to find out what
the designer meant by "minimum compressive strength 6000 psi
at 28 days." Was it 100 percent, 95 percent, or 90 percent of
all test results? Was it to be judged on cylinders cast hori-
zontally or vertically? In what sort of mold? Field cured or
laboratory cured? Capped or with the ends sawn? Or did he
really mean every little bit of concrete in the beam after steam
curing, or after steam curing plus a period of normal curing or
air drying? Did he care how far above 6000 psi some of the
concrete was? ........ and so on.

These questions having been somewhat resolved, the follow-
ing steps were undertaken to determine how such concrete could
be made:

1. Analysis of the capability of the ready-mixed con-

crete producer to attain a low coefficient of variation so
that the required strength need not be set unduly high.

2. Selection of a concrete mixture of the required
properties, principally excellent workability with high
strength.
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3. Selection of suitable constituent materials at the
lowest cost.

4, Construction technique selection for placing, con-
solidation, and curing to suit the ideal concrete designed
rather than the converse.

5. Consideration of the method of testing most indica-
tive of the true strength of the concrete.

Using present manual methods, many hours of record
searching, manual statistical analysis, visiting and sampling
aggregate sources, making trial mixture designs, and several
additional meetings between the parties concerned were required.

In the future the quality control phase of the computer
project will build up an inventory from which the required infor-
mation can be extracted to narrow down the possibilities., Obvi-
ously, previous mixture designs can be searched for those which,
on the basis of laboratory trial mixes and subsequent field per-
formance, show promise for high strength with good workability.
Also, the producer's ability can be statistically analyzed on the
basis of strength results on previous work. Less obviously, but
of great help, because each aggregate or other material source
is coded (see Figure 3-2) it will be possible to call forth the past
physical and other test results on any likely constituent material.
In this case, for example, it would be helpful for locating aggre-
gates having a good shape and suitable maximum size, with
constant and ideal gradings that have proved to have adequate
strength and bond-to-paste characteristics. It would also be
interesting to look at the strength-producing properties of the
alternative cements in combination with various admixtures for
different steam curing cycles.

The second example serves to emphasize the tie-in needed
with research on materials., Shrinkage and creep, even after
decades of study, are still a problem to designers since they do
not know precisely what to expect and hence must make some-
what undue allowance for their effects. The materials used to
make concrete, especially the aggregate, have a large influence
on the amount of shrinkage. Following a recent over-all as-
sessment of their influence by Tremper and Spellman? detailed
material investigations for specific projects are now becoming
routine, especially in the San Francisco Bay area. A good ex-
ample of the way a daring design benefits from this approach was
in the construction of the Stanford linear accelerator described
by Osgood and Keith.10

Concern with selecting aggregates, cements, and admixtures
to minimize drying shrinkage and creep will undoubtedly become
of increasing importance, and designers are going to demand
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both more specific information and the better control of these
properties. This will first require considerable applied research
on local materials. If the results of this research are stored in
the right form, they could be retrieved along with other signifi-
cant information and quickly matched or compared through the
computer with what is required to realize a design concept, so
that undesirable side effects are minimized and the properties
sought in the concrete are enhanced.

In the beginning, the second phase of the computer project
will merely offer assistance to the designer through material
selection and better control. In the long-term view it may result
in a complete integration of material technology and structural
design. This phase of the project will only become operable as
inventory data accumulates with time. The alternative would be
to speed up the process by feeding the system with data obtained
from past experience. This would involve considerable work and
is not contemplated.

PHASE III -- COMPUTER AND PERFORMANCE STUDIES

Like the weather, everybody talks about the performance
of concrete, but in practice they are able to do little about it
when it proves inadequate. Only when a problem reaches epi-
demic proportions--for example salt scaling, sulfate attack, or
aggregate-alkali reactivity--do the results of performance in-
vestigations and research inspired by them receive adequate
feedback to the designers and specifiers. Even then there is
usually an unnecessary time lapse so that the original deficiencies
continue to be repeated. There is, therefore, a need for better
understanding of those factors which affect concrete performance,
for greater ease in locating the results of applicable research
from throughout the world, and for better correlation and dis-
semination of the conclusions reached. If the computer project
can help achieve these things, tremendous advances in the under-
standing of concrete and application to future work through better
specifications will result.

Performance studies of concrete in service involve five
principal types of investigation:
Assembly of records
Condition surveys of structures
Sampling

Physical tests on samples obtained

[$) B I -
o e s e e

Analytical techniques--physical, chemical
and microscopical

Documents


http://www.avadocuments.com/doc/aci-sp-16
http://www.avadocuments.com/doc/aci-sp-16

DIGESTING CONCRETE 37

In setting up the Department of Highways' computer and
concrete project, it was decided to try to make it compatible
with assisting such a study. Records for future retrieval will be
automatically stored during Phases I and II of the project. They
will therefore include: all the data on the concrete and concrete
materials used; the analysis made of test results, especially
strength; the location of particular concrete placements; and the
general influences on concreting operations such as the weather
conditions and the methods used.

The people who understand computers say this will permit
such things as:

1. The record for any given structure to be called for
and printed out.

2. Any factor common in performance to be identified
for study; for example, a list of all structures that contain
suspect aggregate "X" could be printed out.

3. Any variable under study to be compared with any
other variable to see if it appears significant in relation
to the observations made on the present condition of the
concrete.

The recording of performance features is one of the areas
of the project that is only just opening to study. There are many
questions to resolve. These are largely concerned with the nature
of the observation and how to set numbers against it. When the
observation results from a test this is already done, but when it
is visual or subjective it is another matter. How do you classify
differences in exposure or a pattern of cracking with numbers?
It would be very helpful if the present work of ACI Committee
201, Durability of Concrete in Service, could lead to a recom-
mended practice in this respect.

The department has a pilot performance study currently
under way but it would be premature to report upon it at this
time. This aspect of the project is now receiving great attention
since performance is the ultimate judge of the adequacy of every-
thing that has been done to insure good quality concrete.

FUTURE DEVELOPMENT

The three phases described are the extent of the present
scope of the department's computer project. This is by no means
all that could be done, especially in the area of performance
studies, if every modern aid were used regardless of cost.

Computers have proved invaluable in making sense out of

full-scale research projects such as the AASHO test road, and

the data arising from almost any field or laboratory investigation
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of any complexity are analyzed more readily by their use, It is
possible, in the mind's eye, to see the intermediate step of
manually recording and collecting data being replaced by a direct
connection between the recording instrument and the computer,
This would be of particular value in performance studies.
Permanently installed measuring devices could maintain a constant
surveillance on the behavior and environment of a concrete
structure or pavement in service,

For example, using only techniques we know of at the
moment:

1. Loads and frequency of application could be measured
by load cells.

2. Strategically located strain gages could record the
response of the concrete.

3. Ultrasonic testing could warn of the onset of cracking
or deterioration indicated by a reduction in amplitude or
pulse velocity.

4, Electrical potential readings could indicate the onset
of corrosion in embedded materials.,

5. Temperature changes, moisture conditions, number
of freeze-thaw cycles in the concrete and ambient weather
conditions could be recorded.

While similar things are being done every day as part of
the space program, complexity, cost, and lack of a clearly es-
tablished need preclude application to concrete at present. How-
ever, if the little black boxes were built into each structure now,
the data could be collected during say the 1984 annual inspection
for analysis by a computer at its leisure. This proposal, which
is equivalent to the installation of such recorders in aircraft to
monitor performance in case of accident, is within practical
bounds.

The other areas for the future wider application of
computer -based techniques to concrete are well known and beyond
the scope of this paper. They include such things as the general
problem of reference and information storage and retrieval and
the application of critical path methods to design and construction
programming which, when in general use, will also offer con-
siderable help in taming the information-construction explosion.

CONCLUSIONS

The realm of concrete as king of construction materials is
limited only by its own weaknesses. These stem from impre-
cision in structural design, lack of knowledge of many properties,
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or uncertainties as to uniformity or performance in the structure.
While many of the problems are widely recognized each of us
tends to concentrate study only on one particular aspect without
due thought that the factors involved are complex and other work
must be taken into account to arrive at the complete answer.

The first thing that needs to be done is obvious. Designers,
material experts, producers, and users should all work together
more closely to identify problems, initiate the search for so-
lutions, and then appraise and apply the results. This might best
be done through greater participation in the work of ACI technical
committees.

The second thing is that the use of computer-based systems
for data processing and analysis and for information storage and
retrieval may be the needed key to unlock many of the doors that
are still closed in concrete technology.

The Department of Highways, Ontario has initiated such a
system with the hope that one key may open three locks: con-
struction quality control, material selection, and performance
studies. This should permit the concrete engineer to better
evaluate and use the information at his disposal for the control
of concrete quality at the time of construction. Since it is es-
sential to have the facts in time for them to be of practical value,
accelerated tests, especially for strength, should be developed
and used.

The information accumulated for quality control will also
serve to provide a more realistic basis for selection of materials,
performance studies, and improved specifications for future work.

The initial phase of the project is now in operation and is
just starting to prove its value in day-to-day control. Though
much remains to be done, especially in the area of performance
studies, progress is encouraging and the possibilities for over-
all improvements in concrete technology appear immense and
exciting.

Computer skeptics may at least be comforted to know that
by making 20, 000 concrete cylinders per year and analyzing the
results, one computer can be kept out of other mischief for a
couple of minutes per working day.
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PAPER SP 16-4 In proportioning concrete mixtures with the aid

of computers, due regard must be given to
such parameters as rheological properties of the mix and intensity
of vibration. Translation of given relations into mathematical
formulas presented here makes it possible to use automatic com-
puters to calculate parameters of the mix. Simple relations are
summarized in flow chart and block diagrams, and the calculations
necessary for checking and adjusting the mix are introduced.
After a simplification of the theory, the derived relations can be
applied in practical production of ready-mixed concrete and in
batching plants of large construction firms which have computers
available. The whole process of computation is demonstrated by
practical examples.

Proportioning Concrete Mixes
Using Digital Computers

By J. STORK

USE OF COMPUTERS for the proportioning of concrete mixes
presupposes the derivation of theoretical relations that are neces-
sary for the transition to automatic control in the production of
precast concrete elements. The theoretical bases for the de-
velopment of such production control have been published, 1 and
now research workers are studying the possibilities of their
practical application. The present paper covers only that part of
the theory which can be applied for proportioning of the concrete
mix,

To facilitate computer applications for mix proportioning
problems, it was necessary to fulfill the following conditions:
a. To derive a reversible relation between the mix compo-
sition and the consistency, established by a sufficiently
precise method.
b. To derive the relation between the mechanical proper-
ties--mainly that of strength--and the consistency of the
mix, assuming that the same parameters are applied as
have been used when determining the reversible relation
between the composition of the mix and its consistency.
c. To establish the relation between the consistency and
the intensity of compaction (vibration) on one hand, and the
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time required for almost complete compaction of the con-
crete mix, given by the degree of compaction H = 0.99
(i.e. 1 percent of voids is tolerated) on the other.

d. To formulate all necessary relationships by means of
mathematical equations, thus enabling the use of digital
computers.,

To fulfill the requirements of (@) and (b) it was necessary
to introduce a whole series of new material characteristics which
will be defined in the text, In doing so we have availed our-
selves extensively of physical values that can be determined
objectively, while empirical values have been applied only in a
limited degree.

The relationships we have set up for proportioning concrete
mixes are numerous, and we shall give here only the basic
equations from which an entire series of other relationships can
be derived. In doing so we have tried to use, as far as possible,
those relationships which are familiar and well-established. Only
when we could not find a required equation in published literature,
did we derive a new relation. The reader may examine Refer-
ence 1 for further data.

The mathematical theory of mix proportioning does not ex-
clude the use of other relationships besides those given here
as long as they have been verified and as long as they are
structurally similar to those we have applied, and provided
that they are connected with other relationships of the material
properties or with the considered parameters.

To obtain these connections many known relations had to
be transformed, or adjusted in such a way as to conform to
reversible connections. These known relations are not given
here in their original form, because in that form they do not fit
into our theory.
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