Fig. 19--Interferometric fringes from double exposure holograms
(interfacial failure and subsequent matrix cracking)
See Figures 12 & 13 for sketch of crack pattern
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Fig. 20--Interferometric fringes from double exposure holograms
(crack pattern in 1 inch aggregate and 1/2 inch void specimen)
See figqures 13 and 18 for sketch of crack pattern
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Fig. 21--Source location of acoustic emission events at
various loading stages
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Fig. 22--Acoustic emission event rate at
different loading stages
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Comparative Evaluation
of Nondestructive Test Methods
for In-Place Strength Determination

by C.H. Yun, K.R. Choi, S.Y. Kim, and Y.C. Song

Abstract: This paper presents an investigation to
determine the within-test variability of various
nondestructive test (NDT) methods and the correlation
between NDT test results and the corresponding
compressive strength of cores, The size effects of
coarse aggregate on the variability and correlation
were also evaluated, The NDT test methods evaluated
in the test series include: rebound hammer; pulse
velocity; probe penetration; pullout; and CAPO (Cut
and Pullout). Companion tests of field~cured standard
cylinders and cores were also made at the ages when
the NDT tests were made., The tests were performed on
plain concrete slabs, 1000 mm x 1000 mm x 300 mm, at
the ages of 1,3,7,14,28 and 90 days. The test
variables included the size of coarse aggregate (sand
only, 25 mm and 40 mm) and the compressive strength
of concrete (210,280 and 350 kg/sq cm).

The test results show that the within-test
variability of the in-situ tests herein reported
except the pulse velocity test is 2-5 times higher
than that of the corresponding standard compression
test, and is affected significantly by the amount of
coarse aggregate and its size. There is a good
relationship between the results of in-situ tests and
the compressive strength. In general, the highest
degree of correlation is for pullout test followed by
that for CAPO(cut and pullout) test and rebound
test, probe penetration test and pulse velocity test.

Keywords: aggregates; compressive strength; concretes;
curing; evaluation; impact hammer tests; nondestructive
tests; probes; pullout tests; ultrasonic tests;
variability
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1. INTRODUCTION

It is important to determine the in-place
strength of concrete to establish the safety of the
concrete structures. Until recently, the in-place
strength of concrete was determined by the standard
cylinder test. Because the condition under which the
test cylinders are made and cured differ from that of
the concrete in the structure, the strength of the
test cylinder may be different from that of the
concrete in the structure. Therefore, there is a need
for reliable test methods to determine the in-place
strength of concrete. At the present time, various
nondestructive test (NDT) methods are used for this
purpose., But the application of these methods are
limited because the accuracy and reliability of these
NDT methods are not well established. This paper
reports an investigation to determine the within-test
variability of various NDT methods and correlation
between the NDT values and the corresponding core
strength, The effects of coarse aggregate on the
variability and the correlation were also evaluated,
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2. SCOPE OF INVESTIGATION

The NDT methods evaluated in this paper include :
rebound hammer; pulse velocity; probe penetrationg
pullout; CAPO (cut and pullout). Tests were performed
on the four sides of plain concrete slabs, 1000 x
1000 x 300 mm in size, at ages of 1,3,7,14,28 and 90
days., The test specimens were made of two different
mortar mixes and five different concrete mixes. For
each mix, six slabs were cast together with forty
150 x 300 mm cylinders (16 standard-cured cylinders
and 24 field-cured cylinders). The test variables
included the size of coarse aggregate (sand only, 25
mm and 40 mm maximum size coarse aggregate) and the
design compressive strength of concrete (210,280 and
350 kg/sq cm). Cores drilled from the slab were
tested at the time when cylinders were tested. The
core test at the age of 1 day was not performed
because of difficulty in obtaining samples,.

3., TEST SPECIMENS
3.1 Materials and Mix Proportions

Because of the large amount of required
concrete, ready-mix concrete was used with a special
attention paid to maintain uniform quality of
concrete, ASTM type I cement, river gravel and
natural sand were used for concrete, The cement
factor, water-cement ratio, slump, air content and
the other properties for each mix are given in Table
1.

3.2 Preparation and curing

A total of 42 test slabs were cast in wooden
forms. Compaction was carried out in equal two layers
using internal vibrators to ensure uniform casting.
The 150 x 300 mm cylinders were cast using ASTM
single—~use plastic molds and were compacted in three
equal layers using the standard rodding procedure.
Immediately after casting, the slabs and the field
cylinders were covered with wet burlap to maintain
the uniform moisture condition until the day of
testing. Standard cylinders was placed in the water
bath one day after casting. The investigation was
performed from August to November of 1986,
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4, NON-DESTRUCTIVE TEST

The locations where each NDT was performed on the
slab specimens are shown in Fig.l,. To maintain the
surface moisture condition uniform, the side form was
removed just prior to testing. The number of tests
for each NDT procedure was selected based on
available research information (1,2,3,and 4).

~ Rebound Hammer Test: Fifteen readings were
taken at each test location for each test age
according to ASTM C805.

— Pulse Velocity Test: Eight measurements were
made using a portable digital ultrasonic pulse
velocity apparatus through the slab width of
1000 mm., This number of readings was somewhat
greater than the minimum of five which is a
common practice because of non-uniform surxface
conditions for contact of the transducer, To
reduce the effects of the surface
irregularities, the rubber couplant was used.
The transducer was calibrated using the
standard reference bar before and after each
test. Between tests the slabs were kept moist
using a wet burlap.

- Probe Penetration Test: Four penetration tests
were performed at each test location according
to ASTM C803.

Explosive charges required to fire the steel probe
were selected as follows:

* Low power charge for concrete strength of 210
kg/sq cm.

* Standard power charge for concrete strength
of 350 kg/sq cm.

* Low and standard power charges for concrete
strength of 280 kg/sq cm,

- Pullout Test: Eight pull out tests were
performed on each specimen., Both the depth and
diameter of the insert were 25mm, which met the
requirements of ASTM €900,

- CAPO Test: The purpose of the CAPO (cut and
pullout) test was to compare its results with
those of the Pullout Test., In general, the CAPO
test is to overcome the requirement of the
Pullout test that inserts need to be placed in
concrete before setting of the concrete. The
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diameter and depth of the insert used in the
CAPO test were 25 mm, respectively. Eight CAPO
tests were performed at each test age.

5., COMPRESSIVE STRENGTH TEST OF CYLINDERS AND CORE

The compressive strength tests were performed on
three kinds of specimens, They were standard-cured
cylinders, field-cured cylinders and cores taken from
the slab specimen, Table 2 shows the number of
compressive strength tests carried out at each curing
age., All cylinders were capped with a sulphur flint
mixture according to ASTM C617 and tests were carried
out following the procedure specified in the ASTM
C39.

6. DISCUSSION OF TEST RESULTS

This investigation was carried out to obtain
information on the accuracy of each NDT method in the
following aspects.

- Comparison of the within-test variability of
various in-situ tests.

- Comparison of the degree of correlations
between compressive strength and in-situ test
results,

- Evaluation of the effects of the coarse
aggregate on the variability and the
correlation referred above.

The within-test variability is expressed in
terms of the coefficient of variation (COV). The
correlation between the compressive strength and the
results of in-situ tests was obtained by means of
linear regression analysis.

The compressive strength tests in this
investigation were performed on standard cured
cylinders, field cured cylinders (150 x 300 mm) and
drilled core from the slab specimen. Fig.2 and Fig.3
show the compressive strength relationships among the
three types of specimens for all ages (1,3,7,14,28,
and 90 days).

6.1 Within-test Variability
In this paper, the within-test variability

relates to the single-operator-material precision of
the test methods. The number of tests for each of the
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in-situ tests was based on the variability which was
reported in literature. The within-test variability
can be described in terms of either the standard
deviation or the coefficient of variation., Herein,
the variability is represented using the coefficient
of variation. For the probe penetration test, the
coefficient of variation was calculated for the
embedded probe length instead of the exposed length
because the strength of concrete is related to the
embedded length, Table 3 gives the average
coefficient of variation for each test method at
various test ages. The compressive strength, the NDT
values and the coefficient of variation for each mix
case are shown in Appendix,

In general, the within-test variability of the
in-situ tests is 2-5 times higher than that of the
compressive strength test except for the pulse
velocity test, The variability is also affected
appreciably by the size of coarse aggregate.

For the specimens made of mortar, the COV was
the lowest for the pulse velocity test, less than 1
percent, The COV increased, in dincreasing order, for
the pullout test, the probe penetration test and the
CAPO test. The highest within-test coefficient of
variation was for the rebound test with 7.7 percent.
However, for concrete mixes with maximum aggregate
sizes of 25 mm and 40 mm, the rebound test results
are the lowest with about 10 percent except the pulse
velocity test, and for the pullout, the probe
penetration and the CAPO tests, COV increases to 11
to 19 percent. These test results are substantially
different from those of the CANMET tests (1) which
analyzed various within-test variabilities at early
ages (1,2 and 3 days) for mixes with 19 mm coarse
aggregate., This difference may be due to the fact
that for this investigation, relatively 1large
agpregate sizes, over 25 mm, were used and they
significantly affected the pullout, the CAPO, and the
probe penetration test values, but not so much the
rebound hammer test. From these results, it appears
that the tests which are related to local failure are
affected by the size of aggregate.

The highest COV for the within-test variation
was for the CAPO test whose COV was about 19 percent
for 40 mm aggregate size. This high value probably
resulted from the complex test procedure,
Furthermore, the CAPO test could be more
significantly affected by coarse aggregate than the
pullout test because it was performed after hardening
of concrete.
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The pulse velocity test was not affected by the
coarse aggregate and exhibited a low COV, less than 1
percent. Also, the within-test variability of all
in-situ tests was not affected by age of concrete.

6.2 Correlation between compressive strength and
in-situ test results

The correlations between the in-situ test results
and the corresponding core strengths were obtained.
The effects of the size of coarse aggregate were
also obtained for several mix combinations,.

- Combination 1 ¢ Concrete with max.
aggregate size of 25 mm and 40 mm.

- Combination 2 : Concrete with max.
aggregate size of 25mm.

- Combination 3 : Concrete with max.
aggregate size of 40mm.

The correlations for individual mixes (7 mix cases)
were also obtained.

All in-situ test results showed good correlation
to the corresponding core strength. In general, the
best correlation was shown by the pullout test
followed by the CAPO and the rebound hammer, the
probe penetration, and the pulse velocity tests
(Table 4).

For mortar specimens, the coefficient of
correlation (COC) for the pullout was 0.98 and
standard error (SE) was 14.0 kg/sq cm. The COC for
the rebound hammer, the CAPO and the probe
penetration tests were also relatively high, over
0.94, But for the pulse velocity test, the COC was
poor, 0.77, as compared to other in-situ tests and
the SE was 41.1 kg/sq cm (Fig.4-9).

For Combination 1, the correlation between the
core strengths and the corresponding in-situ test
results waeg calculated. The correlation coefficient
was 0.97 and the SE was 15.3 kg/sq cm for the pullout
test, The COC was 0.81 and the SE was 35.2 kg/sq cm
for the probe penetration test using the regular
charge (Fig.4-9).

For the pullout and the rebound tests, there was
some difference between each correlation for
Combinations 2 and 3 and the correlation for
Combination 1. It indicates that maximum size of
coarse aggregate may have some effects on the
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