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PREFACE

The mission of ACI Committee 214, Evaluation of Results of
Tests Used to Determine the Strength of Concrete, is to "Analyze
the variations which occur in the results of tests used to
evaluate the strength of concrete; present tools of statistics
which are useful in interpretation of these variations, and
report on measures of reliability which can be used in establish-
ing specifications and design criteria for the strength of
concrete." Within this mission, one of the goals of the commit-
tee is to write a state-of-the-art report on the use of computers
‘ (including micro and mini computers) in concrete quality control
e and quality evaluation.

In 1985, at the ACI annual convention in Denver, Committee
214 sponsored an international symposium on the Use of Computers
for Statistical Analysis of Test Data, which brought together
researchers, producers, and users. OSeven papers were presented
during this symposium. This volume includes six of the seven
papers that were presented and an additional paper written
specially for this volume.

;:1 The first paper deals with the analysis of in-place test
data using spreadsheet software. The next two papers deal with
the analysis of pullout test data and cover meter data. Pullout
tests provide an indication of in-place strength and cover meters
provide data regarding the location of the reinforcement. The
fourth paper presents a computer code to compute the required
average strength for a specified compressive strength. The next
two papers deal with the prediction equations of cylinder
strengths. The final paper deals with the analysis and plotting
of concrete data.

Thanks are extended to all the authors for their contribu-
tions. The help of reviewers and the ACI staff who helped to
organize the symposium and prepare this volume are also
gratefully acknowledged., Special thanks are due to Professor
Tarun Naik who organized and chaired the symposium.

P. Balaguru, Secretary

V. ‘Ramakrishnan, Chairman
ACI Committee 214
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Analysis of In-Place 'lest Data
with Spreadsheet Software

by N. Carino and W. Stone

Synopsis: In-place testing offers the contractor an alternative to
testing field-cured cylinders for assessing concrete strength
during critical phases of construction. A relationship between
cylinder compressive strength and the quantity measured by in-place
tests 1s needed in order to use these methods; this requires
statistical analysis of test data. The personal computer and
"electronic spreadsheet" software provide a cost—effective means of
performing such analyses. Available spreadsheet software can be
used to perform the required calculations automatically, thus
providing the user with the benefits of automated computation
without requiring knowledge of a scientific computing language.
Data from a study of the pullout test method are used to illustrate
the use of spreadsheet software to perform linear regression and
determine the required correlation relationship. In addition, a
simplified technique is proposed for using the results of in-—place
tests to make a reliable estimate of the characteristic strength of
structural concrete. The in-place characteristic strength permits
an evaluation of structural safety during construction.

Keywords: compressive strength; computer programs; concrete
construction; microcomputers; pullout tests; safety; statistical

analysis
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2  Carino and Stone

ACI Member Dr. Nicholas J. Carino is a research civil engineer in
the Structures Division at the National Bureau of Standards. His
research interests are in nondestructive testing of concrete. He
is chairman of ACI Committee 306 and Secretary of ACI Committee
228, Dr. Carino was the recipient of the 1986 Wason Medal for
Materials Research.

ACI Member Dr. William C. Stone is a research structural engineer
in the Structures Division at the National Bureau of Standards.
His research interests include the siesmic responses of full-scale
structures, the application of computer graphics to structural
analysis; and design of actuators for dynamic structural control.
Dr. Stone is the co-recipient of the 1985 ASCE T. Y. Lin Award.

INTRODUCTION

The advent of the personal computer will probably be recorded
as one of the most significant developments of our time. For a
very low cost, an extraordinary amount of computing power is
readily available for enhancing productivitye. Paralleling the
developments in hardware have been similar developments in
low-cost, easy to use; yet powerful software (programs) for the
personal computer. As a result one may use the personal computer
for a wide variety of applications without knowing any of the
formal computer languages. This paper discusses how the personal
computer and existing software can be used to analyze data from
in-place tests for concrete strength.

In concrete construction, the contractor needs to be able to
measure the in-place concrete strength before perfoxming critical
operations such as removing forms oxr reshores, applying
post—tensioning forces, or terminating cold weather protection.
Historically, the recommended practice has been to test field-cured
cylindrical specimens as specified in ASTM Method C 31 [1]. This
approach has its drawbacks: 1) Field-cured cylinders are often
subjected to abuse at the job—site and durimg transport which may
lead to erroneous test results. 2) There is no guarantee that the
curing history of the specimens 1is identical to that of the
structures 3) The procedure is inconvenient since the specimens
must usually be shipped to a testing laboratory, and the contractor
must wait for a report of the strength test results. Recognizing
these deficiencies, the latest version of the AGI Code [2] permits,
for the first time, the use of alternative methods. Paragraph
6.2:1.1 states that:

Concrete strength data may be based on tests of field—cured
cylinders or, when approved by the Building Official, om
other procedures to evaluate concrete strengthe.
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The Gommentary to the Code lists some of the alternative
procedures. The Commentary also states that these alternative
methods "require sufficient data using job materials to demonstrate
correlation of measurements on the structure with compressive
strength of molded cylinders or drilled cores."

Hence, in order to use any of the alternative methods, a
correlation curve must be developed to translate the in-place test
results to compressive strength values. In addition, a procedure is
needed for analyzing the results of in-place tests so that one can
estimate the in-place compressive strength with a high degree of
confidence. Both of these steps require statistical analysis of
test data. The personal computer provides a cost=efficient means
for routinely performing such analyses. A variety of computer
programs, known as "electronic spreadsheets'", are available which
are well suited for doing the required calculations.

This paper describes the essential features of the spreadsheet
software used to perform the data analyses mentioned above and
illustrates an application using the pullout test method [3]. A
simple approach is proposed for using the results of in-place tests
to estimate the in-place cylinder strength. The suitability of the
proposed procedure is evaluated by comparing the results with a
more rigorous statistical method recently developed.at the National
Bureau of Standards (NBS).

SPREADSHEET SOFTWARE

A brief description is given of the general features of
oo electronic spreadsheet programs for the reader who is unfamiliar
with the subject. An electronic spreadsheet is a blank page,
residing in the computer's memory, composed of vertical columns
(usually identified by letters) and horizontal rows (usually
identified by numbers) much like the blank forms used for
accounting purposes or for recording engineering data. The
intersection of a column and a row defines a "cell" having a
specific identification name. For example, '"cell C3" is the
intersection of column C and row 3. A cell may contain a number, a
label or a formula. It is this last feature that gives the
spreadsheet program its power, for it permits the user to perform
calculations using the contents of cells in the spreadsheet. For
data analysis, the user must first enter the experimental data into
the appropriate cells. Then, by using the formula capability, the
data are reduced and the results.are displayed.

Figure 1 illustrates how the electronic spreadsheet can be
used for data reduction. In this example, cylinder strength test
results are analyzed. Columns B and C contain the values of
measured ultimate loads for cylinder pairs. The user entered these
numbers into the cells of columns B and C. The remainder of the
values shown in the spreadsheet were generated automatically.
Columns D and E contain the stress values corresponding to the
loads. These values were obtained by entering formulas into cells
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"D4" and "E4" for calculating stress from load. The formula
entered into cell D4, for example, expresses the following
relationship: "take the value in the second cell to the left of D&
(value of ultimate load) and divide it by 28.27 (area of standard
test cylinder)." After the formula has been entered, it is
transparent to the user; only the result of the calculation is
displayed, that is, 119220/28.27 = 4217 (see Fig. 1). The formula
entered into cell D4 was copied into the remaining cells of column
D using the "copy" feature of the program. A similar procedure was
used to create the values in column E. Column F contains the
average strength of the two eylinders. The formula entered into
cell F4 instructed the computer to add the values in the first and
second cells to the left of F4 and divide the sum by 2. Again, only
the result of the calculation is displayed. Column G contains the
average of the three previous tests (a test is the average of two
cylinders). The formula entered into cell G6 instructed the
computer to add the values in the first cell to the left and in the
two cells above it and to divide the sum by three.

The important point is that to create the entire spreadsheet
shown in Fig. 1 the user only had to enter the ultimate cylinder
loads and four formulas. TFigure 1 is the actual appearance of the

: printed copy obtained with the program and using a letter=-quality
T . printer.

The spreadsheet program offers great advantages over a
calculator for data analysis. One has a permanent record of the
data and the calculated values, which can be incorporated directly
into a report for the client. When multiple calculations must be
performed with the same data, the original data has to be entered
only once. There are also certain advantages over writing an
ordinary computer program to analyze the data. First, the user
does not need programming skills. The spreadsheet program is
interactive, thus allowing one to see the results of the
calculations immediately. This latter feature enables the user to
examine efficiently alternative analysis procedures. Spreadsheet
programs are available that have the full range of scientific

7 - functions commonly found on calculators. There are also
T IR statistical functions for computing the average and standard
- ) deviation of a row or a column of numbers. Finally, some programs

have plotting capabilities to permit a pictorial presentation of
data, Figure 2, which is a plot of the averages in column G of
Fig. 1, illustrates the type of plots that can be obtained. It was
created with a low-cost, 2-pen plotter.

REGRESSION ANALYSIS

Data from a study [4] of the pullout test are used to
illustrate how spreadsheet software can be used to determine the
relationship between cylinder strength and the results of an
in-place test. In addition, a method is proposed for predicting
in=place cylinder strength based on in-place test resultss
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The analysis procedure carried out with the spreadsheet
program is divided into three steps.

1)  Input of the individual results from the correlation
testing;

2) Determination of the correlation relationship by means of
linear regression; and

3) Prediction of the in-place strength based on the results
of the in-place tests.

First, a "template" .spreadsheet was created which contained
blank cells for data input and the formulas required for the
analysis. The template was stored as a file on a floppy disk. To
analyze a particular set of data, the template spreadsheet was
retrieved, the data were entered, and the formulas were evaluated.
The following discussion outlines the tasks performed by various
portions of the spreadsheet.

Liﬂi» ] Figure 3 shows the input portion of the spreadsheet, which was
R designed to analyze the data reported in Reference [4]. Eleven
pullout tests and 5 cylinder compression tests were performed at
each of 8 test ages. (Recommendations for the number of tests to
use in a correlation testing program are given in Reference [4].)
The 8 columns at the top of Fig. 3 contain the individual values of
pullout load. At the bottom of each column are shown the average
- (AVG), the sum of squared residuals (SSR), the standard deviation
. (S.D.), and the coefficient of variation (C.V.) expressed as a
S fraction. These statistical parameters were computed with
functions built into the spreadsheet program. The bottom portion
of Fig. 3 shows the corresponding values for the cylinder strength

tests.

At this point, the usual procedure is to determine the
correlation between cylinder strength and pullout load by
performing a linear regression using the average values of pullout
strength and cylinder strength. Routine linear regression is based
on two assumptions: 1) the standard deviation of Y-values (cylinder
strength) is constant with increasing X-values (pullout load) and
2) the X—values are known without error. However, a study [4] of
the standard deviations and coefficients of variation of cylinder
tests and pullout tests showed that a better description of the
data is that they have constant coefficients of variation. In Fig.
3, the coefficients of variation of the different groups of pullout
loads and cylinder strength are not identical. However, it can be
shown that the differences are not statistically significant and
can be attributed to random errors

It can be shown by propagation of error formulas [5] that if
groups of test data have a constant coefficient of variation, the
standard deviations of the natural logarithms of the data are
constant and approximately equal to the coefficient of variation of
the untransformed data. For example, if the coefficient of
variation (expressed as a fraction) of a data group equals 0,10,
the standard deviation of the natural logarithms of the data is
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also equal to about 0.10. Thus, to satisfy the first of the above
assumptions, a better procedure is to perform the regression
analysis after transforming the data by computing their the natural
logarithms.

When the X-variable has a large variability, as is the case
for pullout load, a procedure other than ordingry linear regression
is needed to compute the best unbiased estimators of the
coefficients of the line. The procedures for such a rigorous
analysis are presented in Ref [13]. However, it was found that the
differences between the correlation curves obtained from the
rigorous analysis and the method presented here are not significant
for the purposes of concrete strength prediction. Hence, for this
study, the data were analyzed using routine linear regression with |
the logarithms of the tests results.

The next step in the procedure is to compute the natural
logarithms of the individual test results. Figure 4 shows that
portion of the spreadsheet giving the logarithms of the test values
previously shown in Fig. 3. These values were generated
automatically wusing the "log" and "copy" functions of the program.
It was not necessary to enter any additional data. Comparing the
standard deviations of the transformed data with the coefficients
of variation of the original data, one sees that the values are
about the same. Also shown in Fig. 4 are the values of the
"pooled" standard deviations for the logarithms of the pullout and
cylinder tests. These are calculated by adding the values of the
sum of squared residuals, dividing by the corresponding degrees of
freedom, and taking the square root of the quotient. Since the
standard deviation of "n" samples is based on "n-1" degrees of
freedom; the appropriate degrees of freedom for the pooled
estimates are 80 for the pullout tests and 32 for the cylinder
tests. These data suggest that for this particular concrete, which
was made with river gravel aggregate, the variability of the
pullout strengths is about three times that of the c¢ylinder
strengths.

The above procedure implies that the individual test results
have a lognormal distribution rather than a normal distribution as
is commonly assumed. It is felt that any errors introduced by this
assumption are not significant as there is evidence that concrete
strength can be represented by a lognormal distribution [6].

The average values of the logarithms of the pullout and

cylinder strengths at each test age are used in the linear
regression analysis. The formula for the straight line is

In(C) =m 1n(P) + b (D

where 1n(C) = average of the natural logarithms of cylinder
strength (C),
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1n(P) average of the natural logarithms of pullout
strength (P),
m = slope of the line,

b intercept of the line on the 1n(C)=-axis

By taking the anti-logarithm of Eq. (1), we obtain the following

equation

C =3 pm (2)
where B = eb,

e = base of the natural logarithm

Thus performing linear regression with the log-values of
pullout and cylinder strengths is equivalent to finding the
coefficients of a power function (Eq. (2)). The power function
passes through the origin and the value of the exponent, ms
determines the degree of non~linearity. For the case where mw
equals 1, the power function is a straight line with a slope equal
to B.

The procedure for performing linear regression is given in
Appendix A. This procedure was adapted from that given in Chapter
5. of Reference [7], which was developed for data analysis using a
calculator. The basic steps of the analysis involve finding the
sums of various columns of numbers =- a simple procedure for the
spreadsheet program. These sums are used to calculate the
coefficients of the best—=fit line and the estimates of error.

Figure 5 shows the portion of the spreadsheet which performs
the regression analysis. The column labeled "X" contains the
average of the logarithms of the pullout loads and the column
labeled "Y" contains the average of the logarithms of cylinder
strengths. These values were copied from the appropriate rows of
the portion of the spreadsheet shown in Fig. 4. The X~ and
Y-values have been arranged in increasing numerical order (using
the "sort"™ function of the program) to facilitate subsequent
plotting. The top half of Fig. 5 gives the results of the
calculations outlined in Appendix A. Of particular interest are
the values of the slope, the intercept, and their estimated errors.
The correlation coefficient, which in itself is not a very useful
statistic [8], is commonly reported as a qualitative indicator of
the fit of the data to the regression line. A more useful
statistic is the standard error (shown as "STERROR" on the
spreadsheet) , which is a measure of the average deviation of the
data points about the fitted line and is used for determining the
lower confidence limit of the correlation curve.

Having established the correlation equation; one may plot the
data and the best—fit curve. The bottom portion of Fig. 5 gives the
information for plotting the test data and correlation curve in ;
terms of logarithms or real units. The values in the columns !
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labeled "Ln(P)" and "Ln(C)" are copied from the "X" and "Y" columns
in the top part of this portion of the spreadsheet. The values in
the column "Ln(C)est" are the logarithms of the estimated average
cylinder strength for the values in the "Ln(P)" column, that is,
they are values on the correlation curve. The values in the column
labeled "Ln(C)low" define the lower confidence limit for the
correlation curve and are computed according to the equation given
in step 11 of Appendix A. Here, the lower limit is set at the 95%
confidence level, which means that for any pullout strength there
is a 957 probability that the true value of the average cylinder
strength is above this limit. The four other columns in the lower
half of Fig. 5 are obtained by taking the anti-logarithms of the
values in the previous columns. Figure 6, which was generated with
the plotting capabilities of the program, shows the average values
of the test results, the correlation curve and the lower confidence
limit. The value of m equals 1.021 for this particular case, thus
the power function is nearly a straight line.

PREDICTION OF IN-PLACE STRENGTH

The correlation equation may now be incorporated into a
procedure to estimate in-place cylinder strength based on the
results of in-place tests. No standard practice presently exists
for making a reliable estimate of in-place strength. The following
paragraphs discuss the nature of the problems associated with this
aspect of in-place testing. A simple procedure was developed to
address these problems and was implemented with the spreadsheet
program.

In designing a structure to safely resist service loads; the
designer uses the specified compressive strength of the concrete.
However, the strength of concrete in a structure is variable and
can be described by some type of probability density function. The
specified strength used for design is generally taken to represent
the strength that is expected to be exceeded with 90% probability,
that is, if 10 random samples were taken, 9 of them would be
expected to exceed the specified strength. To ensure that this
condition is achieved, the contractor is required to use a concrete
mixture having an average cylinder strength well above the
specified strength, as prescribed in Chapter 4 of ACI 318-83 [2].

The objective of in-place testing is to assure, with a high
degree of confidence, that the strength of concrete is sufficient
for the structure to safely resist comstruction loads. To provide a
safety margin during construction consistent with that under
service conditions, one needs to know the in-place "characteristic
strength" of the concrete in the structure; that is, the strength
expected to be exceeded with 907 probability. Using the results of
in-place tests and the appropriate correlation curve, one obtains
information about the average in-place strength. However, this is
insufficient for a safety evaluation because one must also account
for the variation of the strength in the structure. Presently, no
standard practice exists for making this determination based on
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in-place testss For the case of pullout testing, a suggested
approach [9] assumes that the coefficient of variation of the

- in—-place compressive strength is the same as the coefficient of
variation of the in-place pudllout tests. This does not seem to be
a reasonable assumption because the reported results from
correlation testing programs indicate that the within-batch
coefficient of variation of the pullout test is greater than that
for the compression test of cylinders [4,10,11]. Thus the approach
in Reference [9], which is based on computing the lower tolerance
limit, overestimates the variability of in-place cylinder strength
and gives overly conservative estimates of in-place characteristic
strength [4]. An alternative approach for estimating in=-place
variation of cylinder strength has been proposed [4] and 1is
discussed below.

When an estimate of in=-place compressive strength is desired,
one should perform in-place tests and compute the average and
standard deviation of the test results. However, because of the
sampling process;, the sample average based on a finite number of
tests may not be the true average value of the concrete. Hence, to
have a high degree of confidence in the in-place test results,
allowance must be made for the uncertainty of the sample average.

The correlation equation is developed from a finite number of
tests in the correlation testing program. Thus there is
uncertainty associated with the relationship obtained from the
regression analysis. This uncertainty must also be considered when
using the correlation curve to convert in—place test results to
cylinder strength.

Based on the above discussion it is concluded that, to assure
structural safety during construction, it is insufficient to rely
simply upon the correlation curve and the average value of the
in-place tests. A rigorous statistical procedure has been
developed to estimate the in=-place characteristic strength at any
desired confidence level [13]. The procedure, which is referred to
as the "NBS Method", is rather involved and is best-suited for
programming using a computer language such as FORTRAN or BASIC.
Therefore, a simpler alternative procedure was developed which can
be incorporated into the present analysis using the spreadsheet
programe This simplified approach is compared with the NBS Method
in a subsequent part of the paper.

The simplified procedure is similar, in principle, to that
proposed in Ref. [12], and attempts to account for the
uncertainties mentioned in the above discussion. The pullout test
is used as a specific example to illustrate the approach, but the
procedure is equally applicable to other methods that use a
correlation equation.

Figure 7 illustrates the steps of the proposed procedure,
which are as follows: : - : .
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1 Determine the average, P,» and the standard deviation,
S,g»> of the natural logarithms of the in-place pullout
tests.

2) Compute the 90% lower confidence limit, Plow’ for the
average of the natural logarithm of the in=-place pullout
strength using the following equation:

pf
Plow = P, - —ememeieee (3)

where ¢t the Student t-value for (n fnl) degrees of
freedom at the 90% confidence level

nog = number of in-place pullout tests

3) Compute the 95% lower confidence limit for the estimated
average of the logarithm of the in-place cylinder
strength: (Ca)low’ by using.the value of, Py, and the
formula in step 11 of Appendix A.

4) Compute the logarithm of the in=-place characteristic
cylinder strength, CS, using the following formula

cs = ((:a)10w -Z S ¢ (&)

where Z = 1.282, which is the value of the standard
normal variable for the 10th percentile point
of the normal distribution
8.¢= the estimated standard deviation of the
logarithm of the in-place cylinder strength

It is proposed [4] that S can be estimated by assuming that
the ratio of the standard deviation of cylinder strength to the
standard deviation of pullout strength has the same value in the
field as in the laboratory during the correlation testing. Thus
S.¢ is obtained as follows: 7

S S
£ “cl
§ ¢ = =mmEmmmtmen (5)
Spl
where 8.y = the pooled standard deviation of the logarithms of
eylinder strength from the laboratory correlation
tests
Spl = the pooled standard deviation of the logarithms of
pullout strength from the laboratory correlation
- tests
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The final step is to take the anti-logarithm of the value
obtained in Eq. (4). Thus one obtains an estimate of the in-place
characteristic strength which can be compared with the strength
required to safely resist construction loads.

Figure 8 shows the portion of the spreadsheet which estimates
the in-place characteristic strength according to the proposed
procedure. For the sake of illustration, 10 hypothetical in-place
pullout strengths are shown on the left side of the spreadsheet.
These values are entered into the cells of the spreadsheet by the
user. The program computes the logarithms of the pullout values
and computes the average and standard deviation. These values are
automatically substituted into the appropriate equations which have
been entered into the template spreadsheet, and the in=place
characteristic strength is computed and displayed. Figure 9 shows
a portion of the correlation curve and its lower confidence limit,
and it illustrates the sequence of steps in going from the average
of the logarithm of pullout strengths to the logarithm of
characteristic strength. If the number of in-place pullout tests
were not equal to 10, the user enters into the appropriate cell of
the spreadsheet the correct t-value for the number of tests.

In this example the estimated characteristic strength (rounded
off to the nearest 10 psi) is 1650 psi. Notice in Fig. 8 that the
value of average cylinder strength, C_, is 2140 psi (also rounded
off to nearest 10 psi). This difference of 490 psi arises because
the proposed method accounts for: 1) the variability of in=-place
cylinder stremgth; 2) the variability of in-place pullout tests;
and 3) the variability of the correlation equation. To assess
structural safety during critical stages of construction, the
estimated characteristic strength of 1650 psi would be compared
with the required strength.

The proposed procedure is conservative as assures with high
confidence that the true in-place characteristic strength will be
as least as large as the estimated value. The next section
compares the present procedure with the rigorous NBS Method.

CONFIDENCE LEVEL OF STRENGTH PREDICTION

The rigorous analysis determines the value of the in-place
characteristic strength for any desired confidence level. For
example, if the confidence level is 0.95, there is a 95%
probability that the true characteristic strength is as least as
large as the computed value. The details of the method are
presented in Reference [13]. The key step involves computing the
variance of the estimated in-place characteristic strength. This
variance and the appropriate Student t-value are used to calculate
the lower confidence limit of the true characteristic strength.
The rigorous method accounts for the variability of pullout
strength in. the regression analysis, and it also uses Eq. (5) to
calculate the standard deviation of in=place cylinder strengths.
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The proposed simplified procedure simultaneously uses the
lower 90% confidence limit of the average in-place pullout strength
and the lower 95% confidence limit of the predicted average
cylinder strengthe In addition, regression analysis does not
account for the uncertainty in the pullout strength. Thus the
confidence level of the computed in-place characteristic strength
is not entirely clear. To determine whether the proposed method is
reliable, the characteristic strengths computed by this method were
compared with the values obtained by the NBS Method.

For this comparison, four different correlation relationships
were used along with different simulated in-place pullout test
results. The four correlation relationships are for the test
series described in Ref. [4]. Test series "G70" and "G54" refer to
tests on concrete made with river gravel coarse aggregate and using
apex angles of 70 and 54 degrees, respectively. Test series "LS"
and "LW" refer to tests using crushed limestone and lightweight
aggregate with a 70-degree apex angle.

Table 1 compares the results of the regression analyses of the
correlation test data obtained with the approximate procedures
proposed here. Note that the best—fit lines have standard errors
ranging from 0.032 to 0.093. The reader will recall that the
standard error is a measure of the average deviation of the data
points about the regressionm line. Also note that for the
correlation tests with lightweight aggregate concrete the pooled
standard deviation of the logarithms of pullout strength was lower
than for the concretes made with gravel and crushed limestone. The
significance of this fact is discussed later.

Three nominal levels of simulated average in-place pullout
strength were used (3000, 5000, and 8000 1bs) along with two levels
of coefficient of variation (10 Z and 20%). In addition, two cases
were studied: in one case there were 10 in~place pullout tests, and
in the second case there were 15 tests. For the lightweight
concrete the 8000-1b pullout strengths were not used because they
are greater than the maximum pullout strength obtained during the
correlation testing. A correlation equation should not be used for
extrapolating beyond the limits of the correlation testing program.
Therefore, when developing the correlation curve, one should be
certain to cover the complete range of strengths expected at the
job site.

Table 2 summarizes the results of the calculations. Column 5
gives the average predicted cylinder strength corresponding to the
average pullout strength based on the correlation curve obtained
from the procedure presented here. Columns 6 and 7 give the
estimated characteristic strengths based on the NBS Method and on
the method proposed here. The characteristic strength for the NBS
Method represents the lower 957 confidence limit. The last column
in Table 2 shows the percent differences between the values in
columns 7 and 6. The differences tend to be smaller when tlie
pullout tests have greater variability. The average of the percent
differences is -2.6%, which means that the proposed method results
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S in a characteristic strength which is, on the average; smaller than
RIS the lower 957 confidence limit of the NBS Method. This difference
: is on the conservative side and is considered to be acceptable for
predicting in-place concrete strength.

Figure 10 shows the percentage differences given in Table 2
plotted as a function of the standard error of the correlation
curves, It is seen that the number of in-place tests does not have
a significant effect on the differences. However, the standard
error of the correlation curve affects the difference between the
two methods. With increasing standard error, the proposed method
tends to be more conservative than the NBS Method. Note that the
percent differences for the lightweight concrete series appear to
deviate from the trend of the normalweight concretes. This is
probably due to the lower coefficient of variation of the pullout
strengths obtained during the correlation testing with the
lightweight concrete. When the same hypothetical in-place pullout
test data are used with the lightweight concrete, the predicted
variability of the in-place cylinder strength is greater than with
the normal weight concretes (see Eqe. (5)); and this apparently
reduces the difference between values obtained by the two methods.

In summary, it has been shown that the simplified method is
reliable and gives values of in-place characteristic strength that
are, on the average, slightly less than the lower 957 confidence
limit obtained from the rigorous NBS Method. The degree of
conservatism of the proposed method increases with increasing
standard error of the correlation curve, and it decreases with
increasing variability of the in=—place strength. The proposed
method is a significant improvement over the tolerance limit
approach [9], which has been shown to be overly conservative [4].

SUMMARY

The use of in-place testing to assess concrete strength during
the application of c¢ritical construction loads requires a
previously established relationship between cylinder strength and
the quantity measured by the in-place test. In addition, the
in-place test results need to be evaluated in a manner that assures
high confidence in the estimate of the in-place characteristic
strength. It is proposed that the evaluation of in-place test
results should account for the following major sources of
variability or uncertainty:

1) the variability of in-place concrete strength;

2) the uncertainty in the sample average of the in-place test
results; and

3) -the uncertainty in the correlation relationship derived
from a limited set of laboratory testse.

ot - This paper has described how a personal computer, combined with

' available spreadsheet software, can be used to automate the

computations required for establishing the correlation curve. A
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procedure is proposed for making statistically valid estimates of
in—-place characteristic strength. The proposed method, while
simple to implement, has been shown to give strength estimates
similar to those of a more rigorous analysis. The rigorous
analysis, being more involved, is better suited for coding with a
computer language such as FORTRAN or BASIC. Efforts are underway to
prepare an interactive computer program~ which is based on the
rigorous analysis and which will assist the user in interpreting
in-place test resultse.

To use a spreadsheet program for the data analysis procedure
described in this paper, the user must first prepare a "template"
spreadsheet containing blank cells for data input and formulas for
the required computations. A detailed procedure for preparing the
template spreadsheet us%é in this study is available on request
from the first author After it 1is prepared, the template
spreadsheet is stored as a file on a disk.

When a correlation relationship needs to be determined, the
template spreadsheet is retrieved and the test data from the
correlation testing program are entered into the appropriate blank
cells. After all data are entered, the formulas are evaluated and
the results are displayed. The completed spreadsheet may be stored
as another file, thereby creating a complete record of the data
and the correlation relationship. The template spreadsheet remains
available for analysis of other correlation data.

After in-place tests are performed, the completed spreadsheet,
which is stored on disk, is retrieved and the test results are
entered into the appropriate cells, The user also enters the
Student t=value corresponding to the number of tests. The program
computes the in-place characteristic strength according to the
proposed method. This value can then be compared with the strength
required for safe application of construction loads.

A o By using spreadsheet software for this type of data analysis,

o cT one may take advantage of the speed and consistency of automated
computation with no background in computer programming. A further
benefit of automated analysis is that it promotes uniform data
analysis among different organizations.

1Stone, We Co; "NBS-INSITU: An Interactive Microcomputer
Program for Analysis of In-Place Test Data," Manuscript in
preparation

ZMailing address: National Bureau of Standards, Building 226,
Room B 162, Gaithersburg, MD 20899
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TABLE 1

Comparison of Regression Analyses of Data
From Correlation Testing Program [4]

REGRESSION
SERIES AGGREGATE APEX POOLED S.D, COEFFICIENTS STANDARD

TYPE ANGLE Ln(QC) Ln(P) m B ERROR

G70 River 70 00037 00112 10021 01606 000546
Gravel

G54 River 54 0.037 0.093 1.024 0.474 0.0931
Gravel

LS Crushed 70 0.045 0.096 0.860 2.239 0.0321

Limestone

v Expa Shale 70 0.051 09064 10095 00342 0-0531
Lightweight
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Comparison of In=Place Characteristic Strengths

Using Proposed Method and NBS Method [13]

oo o

IN-PLACE PULLOUT TESTS

CHARACTERISTIC STRENGTH

PRED NBS METHOD PROPOSED ¥ DIFF
TEST No PO AVG. LOAD C.V. AVG STR 95% Prob METHOD (7-6)/6
SERIES TESTS (1b) (%) (psi) (psi) (psi) %
[1] [2] [3] [4] [5] [6] [7] [8]
G70 10 3010 10.9 2140 1880 1810 -3,7
G70 10 3030  20.7 2130 1700 1650 -2.9
G70 10 4970 11.9 3590 3130 3060 =2.2
G70 10 5060 20.3 3610 2890 2860 -1.0
G70 10 8120 9.9 5960 5260 5040 —4,2
G70 10 8110 21.9 5820 4400 4320 -1.8
G54 10 3010 10.9 1690 1420 1320 -7.0
G54 10 3030 20.7 1680 1300 1200 -7 .7
G54 10 4970 11.9 2860 2450 2330 ~4,9
G54 10 5060 20.3 2880 2270 2170 A
G54 10 8120 . 9.9 4790 4160 3930 =5.5
G54 10 8110 21.9 4680 3500 3360 ~4,0
LS 10 3010 10.9 2170 1890 1850 -2.1
LS 10 3030 20.7 2160 1680 1670 -0.6
LS 10 4970 11.9 3350 2880 2870 -0.3
LS 10 5060 20.3 3370 2620 2660 1.5
Ls 10 8120 9.9 5120 4510 4440 ~1.6
LS 10 8110 21.9 5020 3680 3750 1.9
LW 10 3010 10.9 2180 1760 1720 2,3
LW 10 3030 20,7 2160 1470 1470 0.0
LW 10 4970 11.9 3780 2990 2970 ~-0.7
LW 10 5060 20.3 3810 2590 2640 1.9
G70 15 3070  10.1 2200 1950 1880 ~3.6
G70 15 3005 19.6 2120 1760 1690 -4,0
G70 15 4970 9,1 3600 3270 3180 -2.8
G70 15 5180 19.8 3690 3030 2980 -1.7
G70 15 7990 9.7 5840 5240 5020 -4 o2
G70 15 8430 19.8 6080 4980 4800 -3.6
G54 15 3070 10.1 1760 1460 1380 ~5.5
G54 15 3005 19.6 1700 1330 1230 =745
G54 15 4970 9.1 2880 2540 2440 -3.9
G54 15 5180 19.8 2960 2380 2270 -4.6
G54 15 7990 9.7 4680 4140 3910 ~5.6
G54 15 8430 19.8 4870 3950 3730 =5.6
LS 15 3070 10.1 2220 1960 1910 ~2,6
LS 15 3005 19.6 2150 1740 1710 -1.7
LS 15 4970 9.1 3360 3030 2990 -1,3
LS 15 5180 19.8 3430 2730 2750 0.7
LS 15 7990 9.7 5040 4510 4430 -1,.8
LS 15 8430 19.8 5220 4160 4150 -0.2
LW, .15 . 3070 . 10.1 2230 1840 1800 -2,2
LW 15 3005 19.6 2150 1540 1530 0.6
LW 15 4970 9.1 3790 3220 3150 ~2,2 ,
LW 15 5180 19.8 3900 2730 2750 E57 :
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APPENDIX A

PROCEDURE FOR LINEAR REGRESSION

X; = Average of natural logarithms of Pullout Load in Group i

o
it

; = Average of natural logarithms of Cylinder Strength in Group i

n = Number of data groups

Procedure

1. List the ZX-values and Y-values and compute their products.
Compute the sums of the columns.

, 2 2
Xy o (%) (¥ XYy
2 2
Xy Y,  EP® (X Xy¥y
9 2
X3 Y3 (Xg) (Y3) X3Yq
L] a ] 2 e 2 -]
X, Yn (Xn) (Yn) X
IX Ty > %2 % v2 I XY

2. Compute the average of X-values and Y-values.

ZX
Xa= _____
n
ZY
Ya= uuuuu
n

3. Compute the following sum of squares.

x2 - (zx)2

Skx = T
n

Y2 - (3?2

Syy = T
n

T ZXY - X Xe3Y

S}{y = wewceummmeme
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4, Compute the slope of the line.

6. Compute the sum of the squares of the residuals of Y-values
from the best-fit line.

SSR = S = —m=m--

8. Compute the standard error of the slope.

9. Compute the standard error of the intercept.

1 (xa)2
SEb = SE +

y
n Sxx

10. Compute the correlation coefficient.

11. Compute the lower confidemnce limit (Yy ) for the estimated
value of Y (Yest) for any new value of X.

2
(X - X)

1
Yiow = (b +m X) =\/2F SE %/—--— R
n

X

where F = value from F-distribution at the desired
confidence level and for (2,n-2) degrees
of freedom '
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! A ! B ! C 1 D ! E ! F 1 G 1
——] ! ! 1 ! ! ! !
1 1 TEST ! LOAD 1 ! LOAD 2 ISTRESS 1 !STRESS 2 ! AVG 1 3-AVG |
21 No.! (1bs) ! (1ibs) ! (psi) ! (psi) ! (psi) ! (psi) !
31 ! { ! 1 ! 1 !
41 1t 119220 ! 112000 ! 4217 1 3962 ! 4089 ! 1
51 2 1 119480 ! 138470 ! 4226 ! 4898 1 4562 1 !
6! 3! 113910 ¢! 111150 ! 4029 1 3932 1 3981 ! 4211 1
71 4! 103140 ! 128090 ! 3648 1 4531 1 4090 ! 4211 1
81 51 161100 ! 110190 ! 5699 ! 3898 ! 4798 1 4289 1
91! 6 1 137740 ! 130730 ! 4872 1 4624 1 4748 1 4545 |
10 1 7 ! 141850 1| 132220 ! 5018 4677 1 4847 4798 1!
11 1 81 130530 ! 121260 ! 4617 ! 4289 1 4453 1 4683 1
12 1 9! 136620 ! 107780 ! 4833 1 3813 ! 4323 1t 4541
131 10 ! 136870 ! 136720 1| 4842 4836 1 4839 1 4538 |
14 1 11 1 110800 ! 106140 1! 3919 1 3755 1 3837 | 4333 |
151 12 1 150090 ! 126900 1 5309 ! 4489 | 4899 1 4525
16 1! 13t 147530 ! 131250 ! 5219 1 4643 4931 1 4556 1
17 1 14 ' 136070 ! 129450 ! 4813 1 4579 1 4696 ! 4842 1
18 1} 15 1 139570 t 130920 ! 4937 1 4631 1 4784 1 4804 1
19 1 16 ¥ 129300 ! 119730 ! 4574 | 4235 1 4404 1 4628 |
20 ! 17 t 135060 ! 130611 ! 4778 4620 1 4699 ! 4629 1
211 18 ' 135290 ! 122850 ! 4786 1 4346 1 4566 1 4556 !
22 ! 19 ! 105380 ! 123250 ! 3728 ! 4360 ! 4044 1 4436 1
23 1 20 ! 129980 ! 125620 ! 4598 | 4444 | 4521 1 4377 1
24 1 21 | 143500 1! 144900 ! 5076 1 5126 ! 5101 ! 4555 1
25 1 22 ¥ 113403 ! 129660 ! 4011 1 4586 1 4299 1 4640 1
26 1 23 1 138670 | 134550 ! 4905 ! 4759 1 4832 | 4744 1
27 1 24 ! 118040 ! 128050 ! 4175 1 4530 1 4352 1 4495 |
28 1 25 1 129350 ! 133621 1 4576 4727 | 4651 ! 4612 |
29 1 26 ! 141400 ! 121600 ! 5002 ! 4301 ! 4652 1 4552
30 1 27 1 130180 ! 129050 ! 4605 ! 4565 1 4585 1 4629 t
311! 28 1 127450 1 124340 1 4508 ! 4398 1 4453 1 4563 1
32 1 29t 140930 ! 128800 1 4985 1 4556 1 4771 1 4603 1
33 1 30 ! 133150 ! 121520 1} 4710 t 4299 4504 1 4576 |

Fig. 1--Example of spreadsheet used to analyze cylinder test results
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Fig. 2--Example of plot generated by spreadsheet program

AR A REE AR AR AR AT RN RAER AT T RR AR RERE BRI AR R TRRENRRBIRRBERERR A RRR IR R AR RhhkikRikhidfihkhihikikk®
CORRELATION DATA
PULLOUT LOAD (1b)

1 2580 5772 2892 6392 3940 6647 4022 6971

2 1876 6110 2646 7702 3703 8679 4093 8177

3 2124 6387 2728 6705 3632 7385 3566 8820

4 1988 5227 2754 5388 3685 7351 4178 9027

5 2309 6341 2717 5904 3282 7530 4850 8983

6 2164 4621 - 2647 5213 3727 6498 4741 5411

7 2164 6663 2783 8268 4218 8057 4694 8163

. 8 2074 6466 2675 6987 3385 8804 4528 8421

— 9 2415 6179 2970 7683 3706 7989 4828 9091

10 2481 6830 2792 7330 3954 7846 5042 8872

11 1864 6476 2506 6871 3837 7473 4779 7064

n= 1’ 11 11 11 11 11 11 11

AVG= 2185 6097 2737 6768 3734 7660 4487 8091

SSR= 566171 4329075 ¢ 157810 9548259 676403 5246931 2096207 13426171

§.D.= 238 658 126 977 260 724 458 1159

R C.V.= 0.109 0.108 0.046 0.144 0.070 0.095 0.102 0.143

o GYLINDER STRENGTH (psi)

1 1610 4090 2110 4580 2705 6070 3295 6335

2 1550 4060 1925 4605 2850 5490 3355 6040

3 1495 4135 2150 4615 2540 5530 3270 6370

_ 4 1430 4330 2020 4560 2660 6120 3335 6375
; 5 1460 3940 2090 4600 2800 5830 3295 6000

; .

} n= 5 5 5 5 5 5 5 5
AVG= 1509 4111 2059 4592 2711 5808 3310 6224

SSR= 20720 80820 31320 1930 59120 344880 4700 140470

S.D,= 72 142 88 22 122 294 34 187

CuV.= 0.048 0.035 0.043 0.005 0.045 0.051 0.010 0.030

. Sedededode st et dede A e Bt ke e e dede e e e e edede B e BB o e ededede e Ao oA de el ded e et et Aotk e ek

Fig. 3--Portion of the spreadsheet used for entering data from
correlation testing program Documents
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Fhkkkkkhkkdkkhikhdddfddihhihkkiddhdkihkrkihihkhihidkkkiohihiohhkhiohkiohihik ik khkhihhkihhihkrkk
TRANSFORMED CORRELATION DATA

NATURAL LOG OF PULLOUT LOAD

1 7.856 8.661 7.970 8.763 8.279 8.802 8.300 8.850

2 7.537 8.718 7.881 8.949 8.217 9.069 8.317 9.009

3 7.661 8.762 7.911 8.811 8.198 8. 907 8.179 9.085

4 7.595 8.562 7.92]1 8,592  8.212 8.903 8.338 9.108

5 7.745 8,755 7.907 8.683 8.096 8.927 8,495 9.103

6 7.680 8,438 7.881 8.559 8.223 8.779 8.464 8.596

7 7,680 8.804 7.931 9.020 8.347 8.994 8.454 9.007

8 7.637 8.774 7.892 8.852 8.127 9.083 8.418 9.038

9 7.789 8.729 7.99 8.947 8.218 8.986 8.482 9.115

10 7.816 8.829 7.935 8. 900 8.282 8.968 8.526 9.091
11 7.530 8.776 7.826 8.835 8.252 8.919 8.472 8.863
n= 11 11 11 11 11 11 11 11
AVG= 7.684 8.710 7.914 8.810 8.223 8.940 8.404 8.988
SSR= 0.118 0.135 0,021 0.222 0.049 0.091 0.114 0.255
S.De= 0.108 0.116 0.046 0.149 0.070 0.095 0.107 0.160

POOLED SD= 0.112

NATURAL LOG OF CYLINDER STRENGTH

1 7.384 8.316 7.654 8.429 . 7.903 8,711 8.100 8.754

2 7.346 8.309 7.563 8.435 7.955 8.611 8.118 8.706

3 7.310 8.327 7.673 8.437 7.840 8.618 8.093 8.759

4 7.265 8.373 7.611 8,425 7.886 8.719 8.112 8.760

5 7.286 8.279 7.645 8.434 7.937 8.671 8.100 8.700

o= 5 5 5 5 5 5 5 5
AVG= 7.318 8.321 7.629 8.432 7.904 8.666 8.105 8.736
SSR= 0.009 0.005 0.008 0.000 0.008 0.010 0.000 0.004
S.D.= 0.047 0.034 0.044 0.005 0.045 0.051 0.010 0.030

POOLED SDh= 0.037

Kkkikkkkddikhkhkhkkkikhihkkikiihthihfkkhidhhidbhdhdkickihkikickkdickiikhihiihihikidhihtikihickiks

Fig. 4--Portion of the spreadsheet used to calculate the natural
logarithms of the test data shown in Fig. 3
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B T L T e L e L
LINEAR REGRESSION ANALYSIS

Rhkkkhhhkikkdhhikikiid

*ARRERII A KA RFXfickhkk

Ln(P)

7.684
7.914
8.223
8.404
8.710
8.810
8.940
8.988

DATA TO PLOT CORRELATION CURVE AND LOWER LIMIT

Ln(C) Ln(Clest Ln(C)low

7.318
7.629
7.904
8.105
8.321
8.432
8.666
8.736

7.347
7.582
7.898
8.083
8.395
84497
8.630
8.679

7.247
7.503
7.850
8.032
8.337
8.433
8.556
8,601

P
1be
2174
2735
3725
4455
6062
6701
7629
8004

C
psi
1508
2057
2709
3310
4109
4592
5802
6222

Cest

psi
1552
1963
2691
3238
4425
4902
5596
5878

Equation: CYL(psi)= 0.606 PO(1b)** 1.021
N= 8 AVGX= 8.459 . AVGY= 8,139
s T SUMK= 67.672 SUMY= 65.111 SUMKY= 552,465
E SUMR*X=  574.091  SUMY*Y=  531.677 SUMK*Y=  552.465
SR SXY= 1.688 SXX= 1.653 SYY= 1.743 ALPHA=
SLOPE= 1.021  INTCPT= -0.501 SUM(SR)= 0.018 F(2,8-2)=
STERROR= 0.055 ERRSLOP= 0.042 ERRINT= 0.360
CORRCOEF= 0.995 :
X Y X*X Y*Y X*Y Y-est Y-low
.7.684 7.318 59,047 53.558 56,235 7.347 7.247
7.914 7.629 62.628 58.205 60.376 7.582 7.503
8.223 7.904 67.616 62.477 64,996 7.898 7.840
8.404 8.105 70.627 65.686 68.112 8.083 8,032
8.710 8.321 75.860 69.238 72.474 8.395 8.337
8.810 8.432 77.617 71,100 74.287 8.497 8.433
8.940 8.666 79.917 75.099 77.471 8,630 8.556
8.988 8.736 80.779 76.314 78.515 8.679 8.601

KK FAoh ARk A ARRE AR SR & IR I TR RFAKERIRETRRRRERRRURIRIKRRRERR RIS IIRRThk ik kkkdihikhidikkickik

Clow

psi
1404
1813
2541
3076
4176
4597
5197
5437

Fokkedokokkkhdkkih ik iddk ki kIR kA i kR ER KRRk kkkkkk ik kkkikkkddid bk kikiokikks

0.10
3.460

Full do>cument details: ACI SP-101-8_7 _

Fig. 5--Portion of the spreadsheet used to perform regression
R analysis and provide values for plotting the correlation curve
O and its lower confidence limit -

Documents

Document Sharing Hub


http://www.avadocuments.com/doc/aci-sp-101-87
http://www.avadocuments.com/doc/aci-sp-101-87

R R R R R I I I I R R R EEERRRREE——

ACI SP-101 87 BB Dbke4d 0002k52 9 =8

24 Carino and Stone

o -

" 5 CORRELATION CURVE —

&
a

£S o,

z 8

W 3 “—-LOWER 95% LIMIT

= £ 3

neE

<

>

Q

-

0 LI 1 1 i I i i

(Thousands)
PULLOUT LOAD (Ib)

Fig. 6--Plot of data, the correlation curve, and the lower
confidence limit
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Fig. 7--Schematic illustration of method for estimating the
in-place characteristic strength based on pullout teﬂi)cuments
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e T T sy T T L e L L R Y £ L 2ttt L)
INPLACE STRENGTH PREDICTION
INPLACE
PO LOAD LN (PO)
(1bs)
1 2830 7.948 STAND. DEVIATIONS OF TRANSFORMED DATA
2 2770 7,927 SD(PL1)= 0.112 SD(Pf)= 0.208
3 3460 8.149 SD(C1) = 0.037
4 2670 7.890 INPLACE ESTIMATES
5 2640 7.879 SD(Cf) = 0.069 Z-VALUE
6 3890 8.266 Ln(Ca)= 7.668 Rk Rkddekdloichokdekdokdk
7 3680 8,211 Ca= 2140 psi P= 0.9
8 2150 7.673 . Ln(P) low= 7.907 Z= 1.282
9 2410 7.787 Lua(C) Low= 7.496
10 3840 8.253 Clow= 1800 psi t-VALUE
Ln(CS) = 7.408 L LA bttt s ss]
N= 10 10 kdkkdkkkkikkhkhkkihkhhkikikikhkhik ALPHA= 0.1
AVG= 3034 7.998 *CHR STR= 1650 psi * p(N-1)= 1.383
SD= 623 0.208 AHERERRAEER KRR R R AR RIENERS
CcV= 0.207
AR KRR IITRRIARAEEI AR IR RARRRERRRERIIERTRIRERRIIRREEE R AR TN E IR BRI R AR AN K &L kAT ddhkhdkkiy

Fig. 8--Portion of the spreadsheet for entering in-place test
results and computing the in-place characteristic cylinder strength

7.8

7.7 CORRELATION CURVE

7.6 -
LOWER 95% LIMIT

7.5

7.4 B CS

Ln CYUNDER STRENGTH
4

7.3
AYG. OF IN—-PLACE TESTS

7.2 T T e T
7.6 7.8 8 8,2

Ln PULLOUT LOAD

Fig. 9--Illustration of how characteristic strength in Fig. 8
was obtained
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STANDARD ERROR

Fig. 10--Effect of the standard error of the correlation relationship
on the difference between characteristic strengths computed by the
proposed and the rigorous methods
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Analysis of Maturity/Pullout Testing Data

by R. Dilly, V. Beizai, and W. Vogt

Synopsis: Pullout testing provides a measurement of
inplace strength of concrete and maturity can be used
to estimate strength development. Test statistics
are useful tools for interpreting the significance of
the data., Maturity may correlate to pullout strength
; by regression analysis. The simplest correlation
R would be linear using the logarithm of maturity. Lin-
ear relationships may be compared using test statis-
tics to determine if slopes and/or intercepts are
significantly different. Statistical analysis tech-
niques are used to evaluate pullout strength and
maturity data. Some limitations associated with these
techniques are discussed. A programmable calculator
was utilized in developing the programs to illustrate
the application of these analysis techniques.

Keywords: age-strength relation; coefficient of variation;
computer programs; concretes; evaluation} nondestructive tests;
pullout tests; regression analysis; standard deviation;
statistical analysis
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INTRODUCTION
The pullout test provides a method of determining
inplace strength of concrete, The maturity method
can be used to estimate concrete strength develop-
ment, These methods may be combined and used when
construction activities require monitoring of
strength development. Statistical analysis can be
used to interpret test data acquired with these
methods and to determine if significant differences
occur between test ages, test locations, or curing
regime,
BACKGROUND
The maturity concept 1is vreported to have been

presented by Saul(l) in 1951 as an empirical approach
for predicting concrete strength development based
upon time-temprature histories(2).

The
mixture

where
average

time-temperature curing history of a concrete
can be used to calculate maturity by:

M= Z(T—TO)At..,.e(l)

M is the maturity of the concrete, T is the

concrete temperature where the Charﬁ%éﬁ?‘ﬁr@nts
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at an approximately constant rate for an increment of
time, Aty and TO is the datum temperature at which
or below concrete céases to gain strength with time.

This concept postulates that strengths will be ap-
proximately equal at the same maturity. However, the
results of an experimental investigation conducted by
Carino, Lew, and Volz(3) confirmed that different
early age temperatures can affect the strength-
maturity relationship, as recognized earlier by
McIntosh(4) and Klieger(5).

The maturity concept has been investigated by a
number of other researchers. Strength prediction
equations using the logarithm of maturity for acceler-
ated curing methods were developed by Ramakrishnan
and Dietz(6) using a linear form of an equation orig-
inally suggested by Plowman(7). Nonlinear regression
analysis has been used by researchers to develop
compressive strength relationships with maturity. An
experimental dinvestigation by Naik(8) has shown that
a predetermined strength/maturity relationship for a
concrete mixture <can be wused with about the same
degree of accuracy as a core strength. ASTM C 918 is
a standard method for estimating later-age strengths
using early-age compression test values with maturity
calculations(9). A datum temperature is not used in
this method. ACI 306 has recognized the use of the
maturity concept(10).

Malhotra(ll) and Richards(l12) undertook many of
the initial experimental dinvestigations of pullout
testing conducted in North America. The pullout test
is a method of determining the inplace strength of

concrete. =~ A standard method is provided by ASTM C
900(13). Bickley has reported on the use of pullout
testing to evaluate inplace strength during construc-
tion(1l4). Vogt, Beizai, and Dilly(l5) reported the

results of pullout testing conducted on a project in
which ACI 214(16) statistical methods were used to
report the data, although these methods were devel-
oped exclusively for compressive strength evaluation.

The pullout strength of concrete is determined by
measuring the force required to extract an embedded
insert from hardened concrete and dividing by the
surface area generated from fracturing the concrete.
Relationships have been developed between pullout
strength and concrete maturity to evaluate inplace
concrete strength. Maturity-pullout relationships
have been reported by Parsons and Naik(17), and Dilly
and Ledbetter(18).
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APPLICATION OF STATISTICS

FOR
INTERPRETATION OF TEST RESULTS

Single variable tests can be used to estimate if
significant differences exist between different test
locations or test ages. Multivariable methods, such
as 1linear regression analysis, can be used to esti-
mate if significant differences exist between differ-
ent curing regimes,

Two HP, Hewlett-Packard 41C/41CV programs were de-
veloped for statistical analysis of test results.
Each program utilizes the <calculator's statistical

functions. The first program designated "ST" pro-
vides an analysis of two test sample means, while the
second program, "LT" performs a least square regres-
sion multiple variable analysis of slopes and inter-
cepts of two linear relationships. "ST" includes a
test statistics for significant differences between
sample means, and "LT" includes test statistics for

- L significant differences between the slopes and the
S AR intercepts of least square regression relationships.
T Reference 19 was used to develop program "ST", and
references 20 and 21 were used to develop program
"LT". Flowcharts, wuser's manuals, and program

listings appear in the Appendix.

Two examples are discussed, illustrating the use

of these programs. Table 1 is a summary of test
statistics wused 1in "ST", and Table 2 is a summary of
test statistics wused in "LT". The data in the ex~-

amples was the result of an experimental investi-
gation reported by references 18 and 22. Both of
these refer to the same experimental investigation in
which a hydraulic centerpull ram pullout testing
apparatus was used to estimate the inplace strength
of a 6.0 ft (1.8 m) tall concrete column. Sets of
inserts were placed at the base and top of the column
at a vertical spacing of 5.0 ft (1.5 m). When in-
serts were extracted, the resulting approximate conic
frustums had heights of 1.8 in (30 mm) and base dia-
meters of 2.76 in (70 mm) and 1.8 in (30 mm). The
apex angle for the assumed conic frustum is 67.&

degrees 2resulting in a surface area of 8.79 in
(56.6 cm™)

The pullout strengths which appear in the first
example were obtained by dividing the force on the
ram at failure by the assumed conic frustum area,
The average pullout strengths which appear in the

second example were obtained by averaging three
pullout strengths determined in the same manner.
Documents
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Example using program "ST"

At an age of 28 days, the following pullout
strengths resulted from tests conducted on the
column:

fp-Individual pullout strength, psi

Top of column Base of column
376 681
376 , 704
400 634

- Note: 1 psi = 6897 Pa

Program "ST" performs an analysis of this limited
data, The input and output shown in Figure 1 indi-
cate that for set 1 (top of column), the average is
384 psi, the standard deviation is 13.9 psi, and the
coefficient of variation is 3.6%. For set 2 (base of

column), the average is 673 psi, the standard devia-
tion is 36 psi, and the coefficient of variation is
5.3%. "F"  calculated is 6.63, and "F" tabulated is

19.00 at the 5% significance level. "F" calculated
is less than "F" tabulated, so the calculated "t"
test statistics value of 13.08 applies. For this

example, the two "t" test statistics values are the
same due to the equal number of observations from
each set. At a significance level of 5Z, "t" tabu-

lated is 2.13, thus a significant difference exists
between top and bottom average pullout strength.
Refer to reference 19 for details on these statis-
tical testing concepts.,

Example using program "LT"

At ages 3, 7, 14, and 28 days, the average pull-
out strengths shown below resulted from tests
conducted on a column. The values of logarithm of
maturity shown on each of the following test ages was
calculated wusing Equation (1), where 14°F (-10°0C)
was used as the datum temperature,To.

fp-average of three

Log pullout strength tests
Test age og maturity psi
days F~-hrs Top of column Base of column
3 3.8104 224 490
S 7 4,1671 290 548
T 14 4,4476 361 575
28 4,7249 384 673

Note: Lo of maturity( F-hrs) 0.2553 + Log of

maturity( C-hrs)
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Program "LT" provides an analysis for this
limited data, The 1linear regression expression
corresponding to the output would have the general
form:

fp = a + b x Log of maturity ......(2)

where "a" is the intercept and "b" is the slope.

The input and output shown in Figure 2 dindicate
that for set 1 (top.of column), the intercept is -470
psi, the slope is 183, the standard error of the esti-
mate squared is 212, and the coefficient of determina-
tion is 0.97. For set 2 (base of column), the inter-
cept 1is -238 psi, the slope is 189, the standard
error of the estimate squared is 573, and the coeffi-
cient of determination is 0.93. "F" calculated is
2.71 and "F" tabulated is 19.00 at the 5% signifi-
cance level. "F" calculated is less than "F" tabu-
lated, so the test statistics for slope and intercept
ap-ply. The "t" calculated values are 0.14 for the
slope, and 1,30 for the intercept. At a significance
level of 5%, which is generally used, "t" tabulated
is 2.13 suggesting that there is no significant dif-
ference ©between the slopes or the intercepts, and the
data may be pooled. If this pooling was done, the
RS ) - accuracy of prediction would be expected to decrease,
LT e If the sample sizes had been 1larger, significant
ET P differences may have been more apparent for the
intercepts. :

DISCUSSION AND CONCLUSIONS

A requirement for the statistics incorporated in
these programs is for the data to be acquired ran-
domly. Pullout testing of inplace concrete using
preplaced inserts may not represent a random sample
due to factors such as installation constraints.
Even though this requirement may not be satisfied for
single variable analysis, two-sample tests of means
may be used to distinguish whether significant differ-
ences are apparent between concrete strength at dif-
ferent 1locations. Correct interpretation of inplace
strength differences can influence project safety and
the construction schedule. These differences may be
attributed to many factors, and to be properly evalu-
ated, the influence of top-to-bottom effects may have
to be considered.

Linear regression analysis test statistics for
comparing slopes and intercepts requires assumptions
in addition to random sampling, These additional
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assumptions are based'upon conditional distributions
of the dependent variable, Y, on the regression line.
For »pullout strength vs. logarithm of maturity re-

lationship, these other assumptions as well as the
assumption of randomly obtained observations, may not
be satisfied. With an accurate temperature recorder

for maturity data <collection, an additional assump-
tion that X wvalues are known without error may be
nearly satisfied. Even though all assumptions may not
be met, the 1logarithm of maturity may still be used
in reducing errors of predicting required pullout
strength and in determining whether significant dif-
ferences are apparent between slopes and/or inter-
cepts due to variations in —concrete mixture and
curing conditions,

The results of the logarithm of maturity relation-
ships established in the second example were not sig-
nificantly different. However, the resulting general
trends established with limited observations indicate
that top and bottom differences are apparent and per-
haps the vertical locations of embedded inserts
should ©be considered in order to reduce variations of
f about the ©best fit 1line established with log-
aPithm of maturity.

-“‘flf Although not specifically stated in this paper,
G larger sample sizes improve estimates of the mean
pullout strength and pullout strength vs. logarithm

of maturity relationships. Significant differences
may not be detected unless larger sample sizes are
used.
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TABLE 1--SINGLE VARIABLE ANALYSES (TESTS CONCERNING MEANS)

Function Standard Display Expression
symbol symbol
— * X
Average of X values X XM o
* X2 (EX)
Standard deviation of X s SDM 3
x ~1
values w
* Sx
Coefficient of variation v W ,Z ——x 100
X
*
Sample size n M -
§2 largest
F test to determine the F F X
equality of variances S: smallest
: :'.f F{:t}::?{:; T Tabulated F values le,mz,r.cf* FT Obtain from F Distribution tables
- Kk
If F<FT
Studenr t Distribution t T | Xi-xz|
_131a2 _1}82
V/(nl 1)8% +(n2-1)82, o (b L
nl+n2-2 al " n2
Degrees of freedom d.£. D.F. nl+n2-2
Kk
If F>FT
|XL-x2 |
Student t Distribution 3 T - e ———
B 52
x1 + x2
ni n2
2
s2 52
1 2
(st
Degrees of freedom d.f.approx. D.F.APRX 2
(approximate) §2 1 §2 1
(M (2L
nj nl-1 n2 n2-1

* M reflects the set number

*% ml is the degrees of freedom for the numerator, (nn—l)
m2 is the degrees of freedom for the denominator, (nd-l)
r.t. is the right tail of the distribution

k%%See text for details
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TABLE 2--LEAST-SQUARES ANALYSES

Function Standard Display Expression
symbol symbol
* _
Slope b B _DLXY-IXLY
alx3-(Ix)?
* R
y—-intercept a AM Y-bX
2 * % X2- 02
Yariance of X values Sx SQ SDXM n
n-1
* 2_a%Y-
Square of the standard 52/x $Q SDY/XM L:%%—M-
error of estimate ¥
Coefficient of nT2
determination r? SQ R —MEYT“-Y—-
Ly2-ny¥2
. lb1-52 |
€ test for parallelism s TB ﬁ’-** ” T N T 5
P,y/x ~1)s2 —1y52
34 (nl l)le (n2 l.)Sx2
1-
t test for common ti TA |al-a2] 3 3
intercept /:z’ / (._1.+_1__+ Xl + X2 —)
X - 2 -
3 nl a2 (al l)le (n2 I)sz
Degrees of freedom d.f. D.F, nl+n2-4
|bi-b2}
z test for parallelism 2 ZB
s 52 52
y/xl | “y/x2
~1)52 ~1}52
(nl 1)Sxl (n2 I)SX2
| a1-a2]|
z test for common z, ZA —— ==
o
fntercept Az U NP W - I
y/x1%q1 (a1-1)s2, " ¥/¥2°n2 (n2-1)s2
x1 x2
% M reflects the set number
- 2 - 2
o g2 . (nl 2)(Sy/xl)+(n2 2) (Sy/xz)
P.y/x nl+n2-4
NOTE: Tabulated F values are obtained as explained in Table 1, except:
ml =n - 2, and
n
m2 = ny - 2.
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EHTER 3ET!
376, B8RE
i76, hoea
302, 0680

.
&t
£+
=

I+
kUK

RUH

RiM

RUH
ENTER SET2
641, GREA it
784, BaAR I+
634, Bfbe I+

Rilf

A2=673, 8880
RiH

§D2=33.6791
' RiH

¥2,%=5,3815

IF FCFT
T=13.8779
D.F.=4. 3808

IF FOFT

Rl

RUK RUNT 7=13.8779
K1=3,Aa8¢ H2=1, Baig Rilk
B.F.AFRE=8.5069
Rily
ENTER SETI
Fig. 1--Input and output for program "ST"
SEg =i7- Els Ri
EHTER SETI EHTER SETZ F=2.789%
274 BRRR FHTER: 498, A6AG EHTERY RijH
38184 £+ I.8184 EHLIF Fert
298, BRAL FHTERY 048, 6888 EHTERT RUH
4, 167 24 4,1871 2+ | TR=8, 1427
361,0080 EHTERY 373.6088 EHTERT RIUK-
4,447 £+ 4.4475 &t | 18=1.3822
384,0088 EHTERY £73.0088 ENTERt RUN
4,724% Bt 4.724% £+| p.F.=4. 8008

Bi=182,9136
A1=4,2875
Y1=314.7568
Rg SBRi=8. 1538

58 SOY/A1=211,5455

RUH
RUH
Rilf
RUK
RUH
RilK
Rl

RUM

RUH
Hz=4, 0858

RiH
f2=-237. 9564

RUH
B2=188.7931

RUH
42=4, 2875

RUHN
Y2=371.5808

RUH

RUN
50 SDY/K2=573.1%85

RUK
58 R=8, 9343

ERTER SET1

RUH

Fig. 2--Input and output for pbogram n"LT"
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