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Core testing is the most direct method to determine the compressive
strength of concretein a structure. Generally, cores are obtained either
to assess whether suspect concrete in a new structure complies with
strength-based acceptance criteria or to evaluate the structural capacity of
an existing structure based on the actual in-place concrete strength. In
either case, the process of obtaining core specimens and interpreting
the strength test results is often confounded by various factors that
affect either the in-place strength of the concrete or the measured
strength of the test specimen. The scatter in strength test data, which is
unavoidable given the inherent randomness of in-place concrete
strengths and the additional uncertainty attributable to the preparation
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and testing of the specimen, may further complicate compliance and
evaluation decisions.

This guide summarizes current practices for obtaining cores and
interpreting core compressive strength test results. Factors that affect
the in-place concrete strength are reviewed so locations for sampling
can be selected that are consistent with the objectives of the investigation.
Strength correction factors are presented for converting the measured
strength of non-standard core-test specimens to the strength of equivalent
specimens with standard diameters, length-to-diameter ratios, and
moisture conditioning. This guide also provides guidance for checking
strength compliance of concrete in a structure under construction and
methods for determining an equivalent specified strength to assess the
capacity of an existing structure.
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CHAPTER 1—INTRODUCTION
Coretesting is the most direct method to determine the

in-place compressive strength of concrete in a structure.
Generally, cores are obtained to:

a) Assess whether suspect concrete in a new structure
complies with strength-based acceptance criteria; or

b) Determine in-place concrete strengths in an existing
structure for the evaluation of structural capacity.

In new construction, cylinder strength tests that fail to
meet strength-based acceptance criteriamay be investigated
using the provisions given in ACI 318. This guide presents
procedures for obtaining and testing the cores and interpreting
the results in accordance with ACI 318 criteria.

If strength records are unavailable, the in-place strength of
concrete in an existing structure can be evaluated using
cores. This process is simplified when the in-place strength
data are converted into an equivalent value of the specified
compressive strength f&that can be directly substituted into
conventional strength equations with customary strength
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reduction factors. This guide presents procedures for
carrying out this conversion in a manner that is consistent
with the assumptions used to derive strength reduction
factorsfor structural design.

The analysis of core test data can be difficult, leading
to uncertain interpretations and conclusions. Strength
interpretations should always be made by, or with the
assistance of, an investigator experienced in concrete
technology. The factors that contribute to the scatter of
core strength test results include:

a) Systematic variation of in-place strength along a
member or throughout the structure;

b) Random variation of concrete strength, both within one
batch and among batches;

c) Low test results attributable to flawed test specimens or
improper test procedures;

d) Effects of the size, aspect ratio, and moisture condition
of the test specimen on the measured strengths; and

€) Additional uncertainty attributable to the testing that is
present even for tests carried out in strict accordance with
standardized testing procedures.

This guide summarizes past and current research findings
concerning some of these factors and provides guidance for
the interpretation of core strength test results. The presentation
of these topics follows the logical sequence of tasks in a
core-testing program. Chapter 2 reviews factors that affect
the in-place concrete strength so that sampling locations
consistent with the objectives of the investigation can be
identified. Chapters 3, 4, and 5 present guidelines for planning
the test program, obtaining the cores, and conducting the
tests. Chapter 6 discusses the causes and magnitudes of the
scatter usually observed in core test strengths and provides
statistical methods for data analysis. Chapter 7 summarizes
criteriagiven in ACI 318 for investigating low-strength tests
in new construction. Chapter 8 presents methodsfor determining
an equivalent f ¢ for use in evaluating the capacity of an
existing structure. Various example cal culations appear in
the Appendix.

CHAPTER 2—VARIATION OF IN-PLACE
CONCRETE STRENGTH IN STRUCTURES

This chapter discusses the variation of in-place concrete
strength in structures so that the investigator can anticipate
therelevant factorsin the early stages of planning the testing
program. Selecting locations from which cores will be
extracted and analyzing and interpreting the data obtained
are simplified and streamlined when the pertinent factors are
identified beforehand.

The quality of “as-delivered” concrete depends on the
quality and relative proportions of the constituent materials
and on the care and control exercised during batching,
mixing, and handling. The final in-place quality depends on
placing, consolidation, and curing practices. Recognizing
that the delivery of quality concrete does not ensure quality
in-place concrete, some project specifications require
minimum core compressive strength results for concrete
acceptance (Ontario Ministry of Transportation and
Communications 1985). If excess mixing water was added at
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the site, or poor placing, consolidation, or curing practices
werefollowed, coretest results may not represent the quality
of concrete as delivered to the site.

Generally, the in-place strength of concrete at the top of a
member as cast islessthan the strength at the bottom (Bloem
1965; Bungey 1989; Dilly and Vogt 1993).

2.1—Bleeding

Shallow voids under coarse aggregate caused by bleeding
can reduce the compressive strength transverse to the direction
of casting and consolidation (Johnson 1973). The strength of
cores with axes parallel to the direction of casting can therefore
be greater than that of cores with axes perpendicular to the
direction of casting. The experimental findings, however, are
contradictory because some investigators observed appreciable
differences between the strengths of horizontally and vertically
drilled cores (Sanga and Dhir 1976; Takahata, Iwashimizu,
and Ishibashi 1991) while others did not (Bloem 1965).
Although the extent of bleeding varies greatly with mixture
proportionsand congtituent materials, the avail able core strength
datado not demonstrate arelationship between bleeding and the
top-to-bottom concrete strength differences.

For concrete cast againgt earth, such as dabs and pavements,
the absorptive properties of the subgrade also affect core
strength. Cores from concrete cast on subgrades that absorb
water from the concrete will generally be stronger than cores
from concrete cast against metal, wood, polyethylene,
concrete, or wet, saturated clay.

2.2—Consolidation

Concrete is usually consolidated by vibration to expel
entrapped air after placement. The strength is reduced by
about 7% for each percent by volume of entrapped air
remaining after insufficient consolidation (Popovics 1969;
Concrete Society 1987; ACI 309.1R). The investigator may
need to assess the extent to which poor consolidation exists
in the concrete in question by using the nondestructive
techniques reported in ACI 228.2R.

Consolidation of plastic concrete in the lower portion of a
column or wall is enhanced by the static pressure of the
plastic concrete in the upper portion. These consolidation
pressures can cause an increase of strength (Ramakrishnan and
Li 1970; Tooss and Houde 1981), so the lower portions of cast
vertica members may have relaively greater strengths.

2.3—Curing

Proper curing procedures, which control the temperature
and moisture environment, are essential for quality concrete.
Low initial curing temperatures reduce the initial strength
development rate but may result in higher long-term
strength. Conversely, high initial-curing temperatures
increasetheinitial strength development but reduce the long-
term strength.

High initial temperatures generated by hydration can
significantly reduce the strength of the interior regions of
massive elements. For example, the results shownin Fig 2.1
indicate that the strength of cores obtained from the middle
of mock 760 x 760 mm (30 x 30 in.) columns is consistently
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Fig. 2.1—Relationships between compressive strengths of
column core samples and standard-cured specimens cast
with high-strength concrete (Cook 1989).

less than the strength of cores obtained from the exterior
faces (Cook 1989). The mock columns were cast using a
high-strength concrete with an average 28-day standard
cylinder strength in excess of 77 MPa (11,200 psi). Similarly,
analysis of data from large specimens reported by Yuan et al.
(1991), Mak et a. (1990, 1993), Burg and Ost (1992), and
Miao et d. (1993) indicate a strength loss of roughly 6% of the
average strength in the specimen for every 10 °C (3% per
10 °F) increase of the average maximum temperature sustained
during early hydration (Bartlett and MacGregor 1996a). The
maximum temperatures recorded in these specimens
varied between 45 and 95 °C (110 and 200 °F).

In massive concrete elements, hydration causes thermal
gradients between the interior, which becomes hot, and the
surfaces of the element, which remain relatively coal. Inthis
case, the surfaces are restrained from contracting by the
interior of the element, which can cause microcracking that
reduces the strength at the surface. This phenomenon has
been clearly observed in some investigations (Mak et al.
1990) but not in others (Cook et al. 1992).

The in-place strength of slabs or beams is more sensitive
to the presence of adequate moisture than the in-place
strength of walls or columns because the unformed top
surface is arelatively large fraction of the total surface area.
Data from four studies (Bloem 1965; Bloem 1968; Meynick
and Samarin 1979; and Szypula and Grossman 1990) indicate
that the strength of cores from poorly cured shallow
elements averages 77% of the strength of companion cores
from properly cured elementsfor concrete ages of 28, 56, 91,
and 365 days (Bartlett and MacGregor 1996b). Data from
two studies investigating walls and columns (Bloem 1965;
Gaynor 1970) indicate that the strength loss at 91 days
attributable to poor curing averages approximately 10%
(Bartlett and MacGregor 1996b).

2.4—Microcracking

Microcracks in a core reduce the strength (Szypula and
Grossman 1990), and their presence has been used to explain
why the average strengths of cores from two ends of abeam
cast from a single batch of concrete with a cylinder strength
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Table 2.1—Coefficient of variation due to in-place
strength variation within structure Vyyg

Structure composition One member Many members
One batch of concrete 7% 8%
Many batches of concrete
Cast-in-place 12% 13%
Precast 9% 10%

of 54.1 MPa (7850 psi) differed by 11% of their average
(Bartlett and MacGregor 1994a). Microcracks can be present
if the core is drilled from a region of the structure that has
been subj ected to stressresulting from either applied loads or
restraint of imposed deformations. Rough handling of the
core specimen can also cause microcracking.

2.5—Overall variability of in-place strengths

Estimates of the overal variability of in-place concrete
strengths reported by Bartlett and MacGregor (1995) are
presented in Table 2.1. The variability is expressed in terms
of the coefficient of variation Vs, which is the ratio of the
standard deviation of the in-place strength to the average in-
place strength. The overall variability depends on the
number of membersin the structure, the number of concrete
batches present, and whether the construction is precast or
cast-in-place. The values shown are for concrete produced,
placed, and protected in accordance with normal industry
practice and may not pertain to concrete produced to either
high or low standards of quality control.

CHAPTER 3—PLANNING THE
TESTING PROGRAM

The procedurefor planning acore-testing program dependson
the objective of the investigation. Section 3.1 presents
procedures for checking whether concrete in a new structure
complies with strength-based acceptance criteria, while
Section 3.2 presentsthose proceduresfor evaluating the strength
capacity of an existing structure using in-place strengths.

Asnoted in Chapter 2, the strength of concretein aplacement
usually increases with depth. In single-story columns, cores
should be obtained from the central portion, where the
strength is relatively constant, and not in the top 450 to 600 mm
(18to 24 in.), where it may decrease by 15%, or in the bottom
300 mm (12 in.), where it may increase by 10% (Bloem 1965).

3.1—Checking concrete in a new structure using
strength-based acceptance criteria

To investigate low-strength test results in accordance with
ACI 318, three cores are required from that part of the structure
cast from the concrete represented by the low-strength test
result. The investigator should only sample those areas
where the suspect concrete was placed.

In some situations, such as a thin composite deck or a
heavily reinforced section, it is difficult or impossible to
obtain cores that meet all of the length and diameter
requirements of ASTM C 42/C 42M. Nevertheless, cores
can alow arelative comparison of two or more portions of a
structure representing different concrete batches. For example,
consider two sets of columns placed with the same concrete
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mixture proportion: one that is acceptable based on standard
strength tests and one that is questionable because of low
strength test results. Nondestructive testing methods
(ACI 228.1R) may indicate that the quality of concrete in the
suspect columns exceeds that in the acceptable columns.
Alternatively, it is appropriate to take 50 mm (2 in.) diameter
cores from the columns where 25 mm (1 in.) maximum size
aggregate was used. After trimming the cores, however, the ¢/d
will be less than 1.0 if the cover is only 50 mm (2 in.) and
reinforcing bars cannot be cut. Acknowledging that strength
tests of the “short” cores may not produce strength test results
that accurately reflect the strength of the concretein the columns,
a relative comparison of the two concrete placements may be
sufficient to determine if the strength of the concrete in question
iscomparableto the other placement or if moreinvestigation
iswarranted.

3.2—Evaluating the capacity of an existing
structure using in-place strengths

To establish in-place strength values for existing structures,
the sample size and locations from which the cores will be
extracted need to be carefully selected using procedures such
as those described in ASTM E 122 and ASTM C 823.

As the sample size increases, the accuracy of the result
improves, the likelihood of detecting a spurious value in the data
set also improves, but greater costs are incurred and the risk of
weskening the structure increases. ASTM E 122 recommends
sample sizes be computed using Eq. (3-1) to achieve a 1-in-20
chance that the difference between the measured average of the
sample and the average of the population, expressed as a
percentage of the average of the population, will be less than
some predetermined error.

V..2
n= g%g (3-1)
where
n = therecommended samplesize;
e = the predetermined maximum error expressed as a
percentage of the population average; and
V = theestimated coefficient of variation of the population, in

percent, and may be estimated from the val ues shown
in Table 2.1 or from other available information.

For example, if the estimated coefficient of variation of
the in-place strength is 15%, and it is desired that the
measured average strength should be within 10% of the true
average strength approximately 19 times out of 20, Eq. (3-1)
indicatesthat (for V =0.15 and e = 0.10) atotal of nine cores
should be obtained. If ahigher confidence level isdesired, or
if a smaller percentage error is necessary, then a larger
sample size is required. Statistical tests for determining
whether extreme values should be rejected, such as those in
ASTM E 178, become more effective as the sample size
increases. As indicated by the relationships between the
percentage error and the recommended number of specimens
shown in Fig. 3.1, however, the benefits of larger sample
sizes tend to diminish. ASTM C 823 recommends that a
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Fig. 3.1—Maximum error of sample mean for various
recommended number of specimens.

minimum of five core test specimens be obtained for each
category of concrete with a unique condition or specified
quality, specified mixture proportion, or specified material
property. ASTM C 823 also provides guidance for repeating
the sampling sequence for large structures.

The investigator should select locations from which the
cores will be extracted based on the overall objective of the
investigation, not the ease of obtaining samples. To characterize
the overall in-place strength of an existing structure for
general evaluation purposes, cores should be drilled from
randomly selected |ocations throughout the structure using a
written sampling plan. If the in-place strength for a specific
component or group of components is sought, the investi gator
should extract the cores at randomly selected locations from
those specific components.

When determining sample locations, the investigator should
consider whether different strength categories of concrete may
be present in the structure. For example, the in-place strengths
of walls and dabs cast from a single batch of concrete may
differ (Meininger 1968) or concrete with different required
strengths may have been used for the footings, columns, and
floor slabs in a building. If the concrete volume under
investigation contains two or more categories of
concrete, the investigator should objectively select sample
locations so asnot to unfairly biasthe outcome. Alternatively, he
or she should randomly select a sufficient number of sampling
locationsfor each category of concrete with unique composition
or properties. The investigator can use nondestructive testing
methods (ACI 228.1R) to perform a preliminary survey
to identify regions in a structure that have different
concrete properties.

ACI 311.1R (SP-2) and ASTM C 823 contain further
guidance concerning sampling techniques.

CHAPTER 4—OBTAINING SPECIMENS
FOR TESTING
Coring techniques should result in high-quality, undamaged,
representative test specimens. The investigator should delay
coring until the concrete being cored has sufficient strength
and hardness so that the bond between the mortar and aggregate
will not be disturbed. ASTM C 42/C 42M suggests that the
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concrete should not be cored before it is 14 days old, unless
other information indicates that the concrete can withstand
the coring process without damage. ASTM C 42/C 42M further
suggeststhat in-place nondestructive tests (ACI 228.1R) may be
performed to estimate the level of strength development of the
concrete before coring is attempted.

Core specimens for compression tests should preferably
not contain reinforcing bars. These can be located before
drilling the core using a pachometer or cover meter. Also,
avoid cutting sections containing conduit, ductwork, or
prestressing tendons.

As described in Chapter 6, the strength of the specimen is
affected by the core diameter and theratio of length-to-diameter,
¢/d, of the specimen. Strength correction factors for these
effects are derived empirically from test results (Bartlett and
MacGregor 1994b) and so are not universally accurate.
Therefore, it is preferable to obtain specimens with diameters
of 100 to 150 mm (4 to 6 in.) and ¢/d ratios between 1.5 and 2
to minimize error introduced by the strength correction factors
(Neville 2001).

The drilling of the core should be carried out by an
experienced operator using a diamond-impregnated bit
attached to the core barrel. The drilling apparatus should be
rigidly anchored to the member to avoid bit wobble, which
results in a specimen with variable cross section and the
introduction of large strainsin the core. The drill bit should
be lubricated with water and should be resurfaced or
replaced when it becomes worn. The operator should be
informed beforehand that the cores are for strength testing
and, therefore, require proper handling and storage.

Core specimensin transit require protection from freezing
and damage because adamaged specimen will not accurately
represent the in-place concrete strength.

A core drilled with awater-cooled bit resultsin a moisture
gradient between the exterior and interior of the core that
adversely affects its compressive strength (Fiorato, Burg,
Gaynor 2000; Bartlett and MacGregor 1994c). ASTM C 42/
C 42M presents moisture protection and scheduling
requirements that are intended to achieve a moisture
distribution in core specimens that better represent the
moisture distribution in the concrete before the concrete was
wetted during drilling. The restriction concerning the
commencement of core testing provides a minimum time for
the moisture gradient to dissipate.

The investigator, or a representative of the investigator,
should withess and document the core drilling. Samples
should be numbered and their orientation in the structure
indicated by permanent markings on the core itself. The
investigator should record the location in the structure from
which each coreisextracted and any featuresthat may affect the
strength, such as cracks or honeycombs. Similar features
observed by careful inspection of the surrounding concrete
should aso be documented. Given the likelihood of questionable
low-strength values, any information that may later identify
reasons for the low values will be valuable.
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Fig. 5.1—Use of load-machine displacement curves to
identify outlier due to flawed specimen (Bartlett and
MacGregor 1994a).

CHAPTER 5—TESTING THE CORES
ASTM C 42/C 42M presents standard methods for

conditioning the specimen, preparing the ends before testing,
and correcting thetest result for the corelength-to-diameter retio.
Other standards for measuring the length of the specimen and
performing the compression test are referenced and information
required in the test report is described.

Core densities, which can indicate the uniformity of
consolidation, are often useful to assess low core test results.
Before capping, the density of a core can be computed by
dividing its mass by its volume, calculated from its average
diameter and length.

When testing cores with small diameters, careful alignment
of the specimen in the testing machine is necessary. If the
diameter of the suspended spherically seated bearing block
exceeds the diameter of the specimen, the spherical seat may
not rotate into proper alignment, causing nonuniform contact
against the specimen. ASTM C 39 limits the diameter of the
upper bearing face to avoid an excessively large upper
spherical bearing block.

A load-machine displacement response graph can be a
useful indicator of abnormal behavior resulting from testing
a flawed specimen. For example, the two curvesin Fig. 5.1
are for 100 x 100 mm (4 x 4 in.) cores, obtained from one
beam, that were given identical moisture treatments. The
lower curve is abnormal because the load drops markedly
before reaching its maximum value. This curve is consistent
with a premature splitting failure and may be attributed to
imperfect preparation of the ends of the specimen. Thus, the
low result can be attributed to a credible physical cause and
should be excluded from the data set.

Sullivan (1991) describes the use of nondestructive teststo
check for abnormalities in cores before the compressive
strength tests are conducted.

If the investigator cannot find a physical reason to explain
why a particular result is unusually low or unusually high,
then statistical tests given in ASTM E 178 can be used to
determine whether the observation isan “outlier.” When the
sample size is less than six, however, these tests do not
consistently classify values as outliers that should be so
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classified (Bartlett and MacGregor 1995). An example
calculation using ASTM E 178 criteria to check whether a
low value is an outlier is presented in the Appendix. If an
outlier can be attributed to an error in preparing or testing the
specimen, it should be excluded from the data set. If an
observation is an outlier according to ASTM E 178 criteria
but the reason for the outlier cannot be determined, then the
investigator should report the suspect values and indicate
whether they have been used in subsequent analyses.

CHAPTER 6—ANALYZING STRENGTH
TEST DATA

The analysis and interpretation of core strength data are
complicated by the large scatter usualy observed in the test
results. This chapter describes the expected scatter of properly
conducted tests of cores from a sample of homogeneous
material , discusses other possible reasons for strength variation
that require consideration, and briefly reviews statistical
techniquesfor identifying sourcesof variability in aspecific data
set. Detailed descriptions of these gtatistical techniques can be
found in mogt statistical references, such as Ang and Tang
(1975) or Benjamin and Cornell (1970).

6.1—ASTM C 42/C 42M precision statements

ASTM C 42/C 42M provides precision statements that
quantify theinherent error associated with testing coresfrom
a homogeneous material tested in accordance with the
standardized procedures. The single operator coefficient
of variation is 3.2%, and the multilaboratory coefficient of
variation is 4.7%. In the interlaboratory study used to derive
these values, the measured values of the single operator
coefficient of variation varied from 3.1 to 3.4% for cores
from the three different slabs, and measured values of the
multilaboratory coefficient of variation varied between 3.7
and 5.3% (Bollin 1993).

These precision statements are a useful basis for preliminary
checks of core strength data if the associated assumptions
and limitations are fully appreciated. Observed strength
differences can exceed the limits stated in ASTM C 42/C 42M
due to one or more of the following reasons:

a) Thelimits stated in ASTM C 42/C 42M are “difference
2 sigma’ (d2s) limits so the probability that they are
exceeded is 5%. Therefore, thereisa 1-in-20 chance that the
strength of single cores from the same material tested by one
operator will differ by more than 9% of their average, and
also a 1-in-20 chance that the average strength of cores
from the same material tested by different laboratories will
differ by more than 13% of their average;

b) The variability of the in-place concrete properties can
exceed that in the dabs investigated for the multilaboratory
study reported by Bollin (1993); and

¢) The testing accuracy can be less rigorous than that
achieved by the laboratories that participated in the study
reported by Bollin (1993).

The single-operator coefficient of variation isameasure of
the repeatability of the core test when performed in accordance
with ASTM C 42/C 42M. A practical use of this measureis
to check whether the difference between strength test results
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of two individual cores obtained from the same sample of
material does not differ by more than 9% of their average.
The difference between consecutive tests (or any two
randomly selected tests) isusually much less than the overall
range between the largest and least values, which tends to
increase as the sample size increases. The expected range
and the range that has a 1-in-20 chance of being exceeded,
expressed as a fraction of the average value, can be determined
for different sample sizesusing results originally obtained by
Pearson (1941-42). Table 6.1 shows val ues corresponding to
the ASTM C 42/C 42M single-operator coefficient of
variation of 3.2%, which indicate, for example, in a set of
five cores from the same sample of material, the expected
range is 7.2% of the average value and there is a 1-in-20
chance the range will exceed 12.4% of the average value.
Table 1 of ASTM C 670 gives multipliers that, when applied
to the single-operator coefficient of variation, also estimate
the range that has a 1-in-20 chance of being exceeded.

The multilaboratory coefficient of variation is a measure
of the reproducibility of the core test, as performed in accor-
dance with ASTM C 42/C 42M. Although the reported
values are derived for tests defined as the average strength of
two specimens, they can be assumed to be identical to those
from tests defined as the average strength of three specimens.
Thus, this measure indicates that, for example, if two
independent |aboratories test cores from the same sample of
material in accordance with criteria given in ACI 318, and
each laboratory tests three specimens in conformance with
ASTM C 42/C 42M, there remains a 1-in-20 chance that the
reported average strengths will differ by more than 13% of
their average.

6.2—Review of core strength correction factors
The measured strength of a core depends partly on factors

that include the ratio of length to diameter of the specimen,
the diameter, the moisture condition at the time of testing,
the presence of reinforcement or other inclusions, and the
direction of coring. Considerable research has been carried
out concerning these factors, and strength correction factors
have been proposed to account for their effects. Theresearch
findings, however, have often been contradictory. Also,
published strength correction factors are not necessarily
exact and may not be universaly applicable because they
have been derived empirically from specific sets of data. To
indicate the degree of uncertainty associated with these
factors, this section summarizes some of the relevant
research findings. Chapter 8 presents specific strength
correction factor values.

6.2.1 Length-to-diameter ratio—The length-to-diameter
ratio ¢/d was identified in the 1927 edition of ASTM C 42/
C 42M as afactor that influences the measured compressive
strength of a core, and minor variations of the origina ¢/d
strength correction factors have been recommended in
subsequent editions. Specimenswith small ¢/d fail at greater
loads because the steel loading platens of the testing machine
restrain lateral expansion throughout the length of the specimen
more effectively and so provide confinement (Newman and
Lachance 1964; Ottosen 1984). The end effect is largely
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Table 6.1—Probable range of core strengths due to
single-operator error

Expected range of core Range with 5% chance of
Number of | strength as % of average being exceeded as % of
cores core strength average core strength
3 5.4 10.6
4 6.6 11.6
5 7.2 12.4
6 8.1 12.9
7 8.6 13.3
8 9.1 13.7
9 9.5 14.1
10 9.8 14.3

Table 6.2—Strength correction factors for length-
to-diameter ratio

e/d ASTM C 42/C 42M BS 1881
2.00 1.00 1.00
1.75 0.98 0.97
1.50 0.96 0.92
1.25 0.93 0.87
1.00 0.87 0.80

eliminated in standard concrete compression test specimens,
which have alength to diameter ratio of two.

Table 6.2 shows values of strength correction factors
recommended in ASTM C 42/C 42M and British Standard
BS 1881 (1983) for cores with ¢/d between 1 and 2. Neither
standard permits testing cores with ¢/d less than 1. The
recommended values diverge as ¢/d approaches 1. The
ASTM factors are average values that pertain to dry or
soaked specimens with strengths between 14 and 40 MPa
(2000 and 6000 psi). ASTM C 42/C 42M states that actual
¢/d correction factors depend on the strength and elastic
modulus of the specimen.

Bartlett and MacGregor (1994b) report that the necessary
strength correction is slightly less for high-strength concrete
and soaked cores, but they recommend strength correction
factor values that are similar to thosein ASTM C 42/C 42M.
They also observed that the strength correction factors are
less accurate as the magnitude of the necessary correction
increases for cores with smaller ¢/d. Thus, corrected core
strength values do not have the same degree of certainty as
strength obtained from specimens having ¢/d of 2.

6.2.2 Diameter—There is conflicting experimental
evidence concerning the strength of cores with different
diameters. While there is a consensus that differences
between 100 and 150 mm (4 and 6 in.) diameter specimens
are negligible (Concrete Society 1987), there is less agreement
concerning 50 mm (2 in.) diameter specimens. In one study
involving cores from 12 different concrete mixtures, the
ratio of the average strength of five 50 mm (2 in.) diameter
cores to the average strength of three 100 mm (4 in.) diameter
coresranged from 0.63to 1.53 (Yip and Tam 1988). An analysis
of strength data from 1080 cores tested by various investigators
indicated that the strength of 250 mm (2 in.) diameter core was
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on average 6% less than the strength of a 100 mm (4 in.)
diameter core (Bartlett and MacGregor 1994d).

The scatter in the strengths of 50 mm (2in.) diameter cores
often exceeds that observed for 100 or 150 mm (4 or 6 in.)
diameter cores. The variability of the in-place strength
within the element being cored, however, also inflates the
variability of the strength of small-volume specimens. Cores
drilled vertically through the thickness of slabs can be
particularly susceptible to this effect (Lewis 1976).

In practice it is often difficult to obtain a 50 mm (2 in.)
diameter specimen that is not affected by the drilling process
or does not contain a small defect that will markedly affect
the result. If correction factors are required to convert the
strength of 50 mm (2 in.) diameter cores to the strength of
equivalent 100 or 150 mm (4 or 6 in.) diameter cores, the
investigator should derive them directly using afew cores of
each diameter obtained from the structure in question.

6.2.3 Moisture condition—Different moisture-conditioning
treatments have a considerable effect on the measured
strengths. Air-dried cores are on average 10 to 14% (Neville
1981; Bartlett and MacGregor 19944) stronger than soaked
cores, athough the actual ratio for cores from a specific
concrete can differ considerably from these average values.
Soaking causes the concrete at the surface of the specimen to
swell, and restraint of this swelling by the interior region
causes self-equilibrated stresses that reduce the measured
compressive strength (Popovics 1986). Conversely, drying
the surface causes shrinkage that, when restrained, creates a
favorable residual stress distribution that increases the
measured strengths. In both cases the changes in moisture
condition are initially very rapid (Bartlett and MacGregor
1994c, based on data reported by Bloem 1965). If cores are not
given standardized moisture conditioning before testing,
or if the duration of the period between the end of the
moisture treatment and the performance of the test varies
significantly, then additional variability of the measured
strengths can be introduced.

The percentage of strength loss caused by soaking the core
depends on several factors. Concrete that is less permeable
exhibits a smaller strength loss. Bartlett and MacGregor
(1994a) observed a more severe strength loss in 50 mm
(2 in.) diameter cores compared with 100 mm (4 in.)
diameter cores from the same element. Extending the
soaking period beyond 40 h duration can cause further
reduction of the core strength. The difference between
strengths of soaked and air-dried cores may be smaller for
structural lightweight aggregate concrete (Bloem 1965).

6.2.4 Presence of reinforcing bars or other inclusions—
The investigator should avoid specimens containing embedded
reinforcement because it may influence the measured
compressive strength. Previous editions of ASTM C 42 have
recommended trimming the core to eiminate the reinforcement
provided, ¢/d, of at least 1.0 can be maintained.

6.2.5 Coring direction—Cores drilled in the direction of
placement and compaction (which would be loaded in a
direction perpendicul ar to the horizontal plane of concrete as
placed, according to ASTM C 42/C 42M) can be stronger
than cores drilled normal to this direction because bleed
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water can collect underneath coarse aggregate, as described
in Chapter 2. In practice, it isoften easier to drill horizontally
into a column, wall, or beam in a direction perpendicular to
the direction of placement and compaction. Theinfluence of
coring direction can be more pronounced near the upper
surface of members where bleed water is concentrated. To
determine whether the in-place strength is affected by the
direction of drilling, the investigator should assess this
directly using specimens drilled in different directions from
the structurein question, if possible.

6.3—Statistical analysis techniques

Statistical analysistechniques can determineif the dataare
random or can be grouped into unique sets. For example,
statistical tests can verify that the strengthsin the uppermost
parts of columns are significantly less than the strengths
elsewhere, and so the investigation is focused accordingly.

Statistical tests are particularly useful for analyzing
preliminary hypotheses developed during an initia review of
the data, which arelogically consistent with the circumstances of
the investigation and are credible in light of past experience.
While it is possible to conduct “fishing expeditions’ using
statistical techniques to look for correlations and trends in data
in an exploratory manne, it is rarely efficient to do so. Flawed
conclusions are undetectable if statistical analyses are conducted
without a clear understanding of the essentia physical and
behaviord characteristics represented in the data. Instead, it is
preferable to first identify the possible factors that affect the
strength in a particular instance and then use statistical analyses
to verify whether these factors are in fact significant.

Perhaps the most useful analysis method is the Student’s
t test, whichisused to decide whether the difference between
two average valuesis sufficiently large to imply that the true
mean vaues of the underlying populations, from which the
samples are drawn, are different. ASTM C 823 recommends the
use of the Student’s t test to investigate whether the average
strength of cores obtained from concrete of questionable quality
differs from the average strength of cores obtained from
concrete of good quality. Details of the Student’s t test can
be found in most statistical references (Benjamin and
Cornell 1970; Ang and Tang 1975), and a numerical
exampleillustrating its use is presented in the Appendix.

There are two types of error associated with any statistical
test. A Type | error occurs when a hypothesis (such as: “the
true mean values of two groups are equal”) is rejected when,
infact, itistrue, and aType |l error occurs when a hypothesis
isaccepted when, in fact, itisfalse. In the practice of quality
control, these are referred to as the producer's and the
consumer’s risk, respectively, because the producer's
concernisthat asatisfactory product will berejected, and the
consumer’ s concern isthat an unsatisfactory product will be
accepted. It is not possible to reduce the likelihood of a Type |
error without increasing the likelihood of a Type |l error, or
vice versa, unlessthe sample size isincreased. When deci sions
are made on the basis of a small number of tests (and so the
likelihood of an error islarge), the investigator should recognize
that most statistical tests, including the Student’s t test, are
designed to limit the likelihood of a Type | error. If an
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Table 8.1—Magnitude and accuracy of strength correction factors for
converting core strengths into equivalent in-place strengths”

Factor I Mean value I Coefficient of variation V, %
Fyq ¢/d ratiof
e..Z e..?
As-received* 1—{0-130—afcore}aé%—ag 2'52—‘%_83
£s° Ly
Soaked 48 h 1—{0.117—afm,e}?—ag 2,529_&3
75 L5
Air dried* 1-{0.144-afm,e}g%_ag 2_53@_83
Fgia: core diameter
50 mm (2in.) 1.06 11.8
100 mm (4 in.) 1.00 0.0
150 mm (6 in.) 0.98 1.8
Fmc: core moisture content
As-received? 1.00 2.5
Soaked 48 h 1.09 25
Air dried® 0.96 2.5
F4: damageduetodrilling 1.06 2.5

*To obtain equivalent in-place concrete strength, multiply the measured core strength by appropriate factor(s) in accordance with

Eq. (8-1).

TConstant a equals3(10-9) 1/psi forfy,4in ps, or 4.3(104) YMPaforf

*Standard treatment specified in ASTM C 42/C 42M.

observed difference obtained from a small sample seems
large but is not statistically significant, then atrue difference
may exist and can be substantiated if additional cores are
obtained to increase the sample size.

CHAPTER 7—INVESTIGATION OF
LOW-STRENGTH TEST RESULTS IN NEW
CONSTRUCTION USING ACI 318

In new construction, low cylinder strength tests are
investigated in accordance with the provisions of ACI 318.
The suspect concrete is considered structurally adequate if
the average strength of the three cores, corrected for ¢/din
accordancewith ASTM C 42/C 42M, exceeds 0.85f &, and no
individual strength is less than 0.75f&. Generaly, these
criteria have served producers and consumers of concrete
well. ACI 318 recognizes that the strengths of cores are
potentially lower than the strengths of cast specimens
representing the quality of concrete delivered to the project.
This relationship is corroborated by observations that the
strengths of 56-day-old soaked cores averaged 93% of the
strength of standard 28-day cylinders and 86% of the
strength of standard-cured 56-day cylinders (Bollin 1993).

ACI 318 permits additional testing of cores extracted from
locations represented by erratic strength results. ACI 318
does not define “erratic,” but this might reasonably be
interpreted as a result that clearly differs from the rest that
can be substantiated by a valid physical reason that has no
bearing on the structural adequacy of the concrete in question.

For structural adequacy, the ACI 318 strength requirements
for cores need only be met at the age when the structure will
be subject to design loads.

inMPa.

core

CHAPTER 8—DETERMINING AN EQUIVALENT f &
VALUE FOR EVALUATING THE STRUCTURAL
CAPACITY OF AN EXISTING STRUCTURE
This chapter presents procedures to determine an equivalent

design strength for structural evauation for direct substitution
into conventional strength equations that include customary
strength reduction factors. This equivalent design strength is
the lower tenth percentile of the in-place strength and is
consistent with the statistical description of the specified
strength of concretef (. This chapter presents two methods for
estimating the lower tenth-percentile value from core test data.

The procedures described in this chapter are only
appropriate for the case where the determination of an
equivalent f.¢is necessary for the strength evaluation of an
existing structure and should not be used to investigate low
cylinder strength test results.

8.1—Conversion of core strengths to equivalent
in-place strengths
The in-place strength of the concrete at the location from

which a core test specimen was extracted can be computed
using the equation

fc = FZDdFdiachFd fcore (8'1)
where f; is the equivalent in-place strength; f.oc IS the core
strength; and strength correction factors Fyq, Fgia, and F ¢
account for the effects of the length-to-diameter ratio, diameter,
and moisture condition of the core, respectively. Factor Fy
accounts for the effect of damage sustained during drilling

including microcracking and undulations at the drilled surface
and cutting through coarse-aggregate particles that may
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subsequently pop out during testing (Bartlett and MacGregor
1994d). Table 8.1 shows the mean values of the strength
correction factors reported by Bartlett and MacGregor
(1995) based on data for normalweight concrete with
strengths between 14 and 92 MPa (2000 and 13,400 psi). The
right-hand column shows coefficients of variation V that
indicate the uncertainty of the mean value. It follows that a
100 mm (4 in.) diameter core with ¢/d = 2 that has been
soaked 48 h beforetesting hasf,=1.0" 1.0" 1.09" 1.06f.qo=
1.16 feore-

8.2—Uncertainty of estimated in-place strengths
After the core strengths have been converted to equivalent

in-place strengths, the sample statistics can be calculated.
The sample mean in-place strength f is obtained from the
following equation

a fu (8-2)

where n isthe number of cores, andf isthe equivalent in-
place strength of an individual core specimen, calculated
using Eq. (8-1). The sample standard deviation of the in-place
strength s is obtained from the following equation

(8-3)

The sample mean and the sample standard deviation are
estimates of the true mean and true standard deviation,
respectively, of the entire population. The accuracy of these
estimates, which improves as the sample size increases, can
be investigated using the classical statistical approach to
parameter estimation (Ang and Tang 1975).

The accuracy of the estimated in-place strengths al so depends
ontheaccuracy of the various strength correction factorsused in
Eq. (8-1). The standard deviation of the in-place strength due to
the empirical nature of the strength correction factors s, can be
obtained from the following equation

= 2 2 2 2
Sy = fc'\/vevd +Vdia + Vmc +Vd (8‘4)

The right column of Table 8.1 shows the values of V,y,
Vgia» Vme @d Vg, the coefficients of variation associated
with strength correction factors Fyyy, Fgia, Fme and Fgy,
respectively. The coefficient of variation due to a particular
strength correction factor need only be included in Eq. (8-4)
if the corresponding factor used in Eq. (8-1) to obtain thein-
place strength differs from 1.0. If the test specimens have
different ¢/d, it is appropriate and slightly conservative to use
the V,q value for the core with the smallest ¢/d. For cores
from concrete produced with similar proportions of similar
aggregates, cement, and admixtures, the errors due to the
strength correction factors remain constant irrespective of
the number of specimens obtained.

ACI COMMITTEE REPORT

The overall uncertainty of the estimated in-place strengths
isacombination of the sampling uncertainty and the uncertainty
caused by the strength correction factors. These two sources
of uncertainty are statistically independent, and so the
overall standard deviation s, is determined using the
following equation

S, = «/Scz +sf (8-5)

8.3—Percentage of in-place strengths less than f&

The criteria in ACI 318 for proportioning concrete
mixtures require that the target strength exceeds f¢ to
achieve approximately a 1-in-100 chance that the average of
three consecutive testswill fall below f£, and approximately
a 1-in-100 chance that no individual test will fall more than
3.5 MPa (500 psi) below f ¢ if the specified strength is less
than 35 MPa (5000 psi), or below 0.90f £ if the specified
strength exceeds 35 MPa (5000 psi). These criteria imply
that f£ represents approximately the 10% fractile, or the
lower tenth-percentile value, of the strength obtained from a
standard test of 28-day cylinders. In other words, one standard
strength test in 10 will be less than f¢if the target strength
criteriarequired by ACI 318 are followed. Various methods
for converting in-place strengths obtained by nondestructive
testing into an equivalent ¢ are therefore based on estimating
the 10% fractile of the in-place strength (Bickley 1982;
Hindo and Bergstrom 1985; Stone, Carino, and Reeve 1986).

This practice was corroborated by a study that showed f ¢
represents roughly the 13% fractile of the 28-day in-place
strength in walls and columns and roughly the 23% fractile
of the 28 day in-place strength in beams and slabs (Bartl ett
and MacGregor 1996b). The value for columns is more
appropriate for defining an equivalent specified strength
because the nominal strength of a column is more sensitive
to the concrete compressive strength than a beam or slab.
Therefore, a procedure that assumes that the specified
strength is equal to the 13% fractile of the in-place
strength is appropriate, and one that assumes that f¢is
equivalent to the 10% fractile of the in-place strength is
slightly conservative.

8.4—Methods to estimate the equivalent
specified strength
There is no universally accepted method for determining

the 10% fractile of the in-place strength, which, as described
in Section 8.3, is roughly equivalent to f¢. In general, the
following considerations should be addressed:

a) Factors that bias the core test result, which can be
accounted for using the strength correction factors
discussed in Chapter 6;

b) Uncertainty of each strength correction factor used to
estimate the in-place strength;

¢) Errors of the measured average value and measured
standard deviation that are attributable to sampling and
therefore decrease as the sample size increases;

d) Variability attributable to acceptable deviations from
standardized testing procedures that can cause the
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Table 8.2—K-factors for one-sided tolerance limits
on 10% fractile (Natrella 1963)
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Table 8.3—Z-factors for use in Eq. (8-7) and (8-8)
(Natrella 1963)

Confidence level Confidence level, % Z
n 75% 90% 95% 75 0.67
3 2.50 4.26 6.16 90 1.28
4 2.13 3.19 4.16 95 1.64
5 1.96 2.74 341
6 1.86 2.49 3.01
8 1.74 2.22 2.58 . .
Table 8.4—One-sided T-factors for use in Eq. (8-8)
10 1.67 2.06 2.36 (Natrella 1963)
12 1.62 1.97 2.21 _
Confidencelevel
15 1.58 1.87 2.07
n 75% 90% 95%
18 1.54 1.80 1.97
3 0.82 1.89 2.92
21 1.52 1.75 1.90
4 0.76 1.64 2.35
24 1.50 1.71 1.85
5 0.74 153 2.13
27 1.49 1.68 1.81
6 0.73 1.48 2.02
30 1.48 1.66 1.78
8 0.71 1.41 1.90
35 1.46 1.62 1.73
10 0.70 1.38 1.83
40 1.44 1.60 1.70
: 12 0.70 1.36 1.80
Note: n=number of specimens tested.
15 0.69 1.34 1.76
o 18 0.69 1.33 1.74
measured standard deviation of strength tests to exceed the n 0.69 133 172
true in-place strength variation; and 22 0.69 132 71
€) Desired confidence level, which represents the likelihood 30 0.68 1.32 1.70

that the fractile value calculated using the sample data will
be less than the true fractile value of the underlying population
from which the sample is drawn.

This section presents two methods for estimating the 10%
fractile of the in-place strength. To use either method, it is
necessary to assume atype of probability distribution for thein-
place strengths and to determine the desired confidence level.

There is a general consensus that concrete strengths are
normally distributed if control is excellent or follow a
lognormal distribution if contral is poor (Mirza, Hatzinikolas,
and MacGregor 1979). The assumption of anormal distribution
always gives alower estimate of the 10% fractile; although, if
the coefficient of variation of the in-place strength is less
than 20%, any differenceis of little practical significance. It
is convenient to adopt the normal distribution because this
permits the use of many other statistical tools and techniques
that have been derived on the basis of normality. If a
lognormal distribution isadopted, however, thesetoolscan be
used by working with the natural logarithms of the estimated
in-place strengths.

There is less available guidance concerning the appropriate
confidence level. Hindo and Bergstrom (1985) suggest that
the 75% confidence level should be adopted for ordinary
structures, 90% for very important buildings, and 95% for
crucial components in nuclear power plants. ACI 228.1R
reports that a confidence level of 75% is widely used in
practice when assessing the in-place strength of concrete
during construction. Tables 8.2, 8.3, and 8.4 give parameters,
based on a normal distribution of strengths, to facilitate the
use of one of these three confidence levelsin calculating the
equivalent specified strength.

8.4.1 Tolerance factor approach—The conventional
approach to estimate a fractile value is to use a tolerance

Note: n= number of specimens tested.

factor K that accommodates the uncertainties of both the
sample mean and the sample standard deviation caused by
smaller samplesizes (Philleo 1981). If the samplesaredrawn
from anormal population, values of K are based on anoncentral
t distribution (Madsen, Krenk, and Lind 1986) and are tabul ated
for various sample sizes, confidence levels, and fractile
values in Natrella (1963). The tolerance factor approach is
presented in detail in ACI 228.1R as a relatively simple
statistically based method for estimating the tenth percentile
of the strength. Neglecting errors due to the use of empirically
derived strength correction factors, the lower tolerance limit
on the 10% fractile of the in-place strength data fq 1oiS
obtained from the following equation

fo10 = ﬁ: —Ks; (8-6)

where f_C and s; are obtained from Eq. (8-2) and (8-3), respec-
tively. The value of K for one-sided tolerance limits on the
10% fractile value, shown in Table 8.2, decreases markedly
as the sample size n increases.

The estimate of the lower tenth-percentile of the in-place
strength obtained from Eq. (8-6) does not account for the
uncertainty introduced by the use of the strength correction
factors. This uncertainty, which does not diminish as the
number of specimens increases, can be accounted for using
a factor Z shown in Table 8.3, which is derived from the
standard normal distribution. Thus, the equivalent design
strength &, following the tolerance factor approach, is
obtained from the equation
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floq = fom J(Ks)? + (Z5,)° (8-7)

An example calculation using the tolerance factor
approach is given in the Appendix.

8.4.2 Alternate approach—Bartlett and MacGregor
(1995) suggest that the tolerance factor approach may be
unduly conservative in practice because core tests tend to
overestimate the true variability of the in-place strengths.
Therefore, the resulting value of f&,,is too low because the
value of s; used in Eq. (8-7) istoo high. Also, the precision
inherent in the tolerance factor approach is significantly
higher than that associated with current design, specification,
and acceptance practices.

A study of alarge number of cores from members from
different structures indicated that the variability of the
average in-place strength between structures dominates the
overall variability of the in-place strength (Bartlett and
MacGregor 1996Db). Thus, core data can be used to estimate
the average in-place strength and a lower bound on this
average strength for a particular structure. Assuming that the
actual within-structure strength variation is accurately
represented by the generic values shown in Table 2.1, the
approximate 10% fractile of the in-place strength can then be
obtained. Thus, the variability of the measured core strengths,
which can exceed the true in-place strength variability due to
testing factors that are hard to quantify, affects only the estimate
of thelower bound on the mean strength.

In this approach, the equivalent specified strength is
estimated using atwo-step calculation. First, alower bound
estimate on the average in-place strength is determined from the
core data. Then the 10% fractile of thein-place strength, which
is equivalent to the specified strength, is obtained.

The lower-bound estimate of the mean in-place strength
(f.)c can be determined for some desired confidence level
CL using the following equation

2
R = o [0+ 25, ®9)

Thefirst term under the square root representsthe effect of
the sample size on the uncertainty of the mean in-place
strength. The factor T is obtained from a Student’ st distribution
with (n — 1) degrees of freedom (Natrella 1963), which
depends on the desired confidence level. The second term
under the sgquare root reflects the uncertainty attributable to
the strength correction factors. As in the tolerance factor
approach, it depends on afactor Z obtained from the standard
normal distribution for the desired confidence level.
Tables 8.3 and 8.4 show values of Zand T for the 75, 90, and
95% one-sided confidence levels, respectively. Bartlett and
MacGregor (1995) suggest that a 90% confidence level is
probably conservative for genera use, but a greater confidence
level may be appropriate if the reliability is particularly
sensitive to the in-place concrete strength.

The estimated equivalent specified strength is defined
using (f.)c, from the following expression
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Table 8.5—C-factors for use in Eq. (8-9)

Structure composed of: One member Many members
One batch of concrete 0.91 0.89
Many batches of concrete
Cast-in-place 0.85 0.83
Precast 0.88 0.87
f&eq = C(fc )C L (8'9)

Assuming the in-place strengths to be normally distributed,
the desired 10% strength fractile is obtained using the
constant C equal to (1-1.28V\yg), where Vys is the within-
structure coefficient of variation of the strengths shown in
Table 2.1. Therefore, values of C depend on the number of
batches, number of members, and type of construction, as
shown in Table 8.5. To estimate the 13% fractile of the in-
place concrete strength, Bartlett and MacGregor (1995)
recommend values of C equal to 0.85 for cast-in-place
construction consisting of many batches of concrete, or 0.90
for precast construction or cast-in-place members cast using
a single batch of concrete. An example illustrating this
approach is presented in the Appendix.

CHAPTER 9—SUMMARY

This guide summarizes current practices for obtaining
cores and interpreting core compressive strength test results
inlight of past and current research findings. Parallel procedures
are presented for the cases where cores are obtained to assess
whether concrete strength in a new structure complies with
strength-based acceptance criteria, and to determine a value
based on the actual in-place concrete strength that is equivalent
to the specified compressive strength f¢ and so can be
directly substituted into conventional strength eguations
with customary strength reduction factors for the strength
evaluation of an existing structure. It is inappropriate to use
the procedures for determining an equivalent specified
concrete strength to assess whether concrete strength in a
new structure complies with strength-based acceptance criteria.

The order of contents parallels the logical segquence of
activitiesinatypical core-test investigation. Chapter 2 describes
how bleeding, consolidation, curing, and microcracking affect
the in-place concrete strength in structures so that the
investigator can account for this strength variation when
planning the testing program. Chapter 3 identifies preferred
sample locations and provides guidance on the number of
specimens that should be obtained. Chapter 4 summarizes
coring techniquesthat should result in high-quality, undamaged,
representative test specimens. It isrecommended that specimens
with diameters of 100 to 150 mm (4 to 6 in.) and length-
to-diameter ratios between 1.5 and 2 be obtained wherever
possible to minimize any errors introduced by the strength
correction factors for nonstandard specimens.

Chapter 5 describes procedures for testing the cores and
detecting“ outliers’ by inspection of |oad-machine displacement
curves or using statistical tests from ASTM E 178. Chapter 6
summarizes the subsequent analysis of strength test data
including the use of ASTM C 42/42 M precision statements
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that quantify the expected variability of properly conducted
tests for a sample of homogeneous material, research findings
concerning the accuracy of empirically derived core strength
correction factors, and statistical analysistechniquesthat can
determine if the data can be grouped into unique categories.

Chapter 7 briefly elaborates on criteria presented in
ACI 318 for using core test results to investigate low-
strength cylinder test resultsin new construction.

Chapter 8 presents two methods for estimating the lower
tenth-percentile value of the in-place concrete strength using
core test data to quantify the in-place strength. Thisvalueis
equivalent to the specified concrete strength f ¢ and so can be
directly substituted into conventional strength eguations
with customary strength reduction factors for the strength
evaluation of an existing structure.

Example calculations are presented in an appendix for:
outlier identification in accordance with ASTM E 178
criteria; determining whether a difference in mean strengths
of cores from beams and columnsis statistically significant;
and computing the equivalent specified strength using the
two approaches presented in Chapter 8.
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APPENDIX—EXAMPLE CALCULATIONS
Al1—Outlier identification in accordance with
ASTM E 178 criteria

Six cores are obtained from a single element. All have the

same diameter ¢/d and are given identical conditioning treat-
mentsin accordance with ASTM C 42/C 42M before testing.
The measured strengths are 22.1, 29.4, 30.2, 30.8, 31.0, and
31.7 MPa (3200, 4270, 4380, 4470, 4500, and 4600 psi).
The average strength is 29.2 MPa (4240 ps), and the standard
deviation is 3.56 MPa (520 psi). If the smallest strength
value is an outlier and so can be removed from the data set,
theaverage strength will increase by amost 5% and the standard
deviation will be markedly reduced.

The test statistic for checking if the smallest measured
strength isan outlier according to ASTM E 178 criteriaisthe
difference between the average and minimum values divided
by the sample standard deviation. In this case it equals Sl:
(29.2 MPa—22.1 MPg)/3.56 MPa= 1.99 [(4240 ps — 3200 psi)/
520 psi = 2.00]. From Table 1 of ASTM E 178-80, the critical
value for the two-sided test is 1.973 at the 1.0% significance
level for a set of six observations. Thus, an observation this
different from the mean value would be expected to occur by
chance less than once every 100 times, and because this is
unlikely, the low value of 22.1 MPa (3200 psi) is an outlier and
can be removed from the data set. This decision conformsto the
ASTM E 178 recommendation that a low significance
level, such as 1%, be used as the critical value to test
outlying observations.

If, in this example, the smallest core strength was 26.9 MPa
(3900 psi) instead of 22.1 MPa (3200 psi), the average of the
six strengths would be 30.0 MPa (4350 psi) with a standard
deviation of 1.71 MPa (250 psi). The low valueis (30.0 MPa—
26.9 MPa)/1.71 MPa= 1.81 standard deviations below the mean
value [(4350 psi — 3900 psi)/250 psi = 1.80], which is less
than the critical value of 1.822 givenin Table 1 of ASTM E
178-80 for the two-sided test at the 10% significance level.
The low test result would be expected to occur by chance at
least once every 10 times, and because this is likely the
26.9 MPa (3900 psi) value is not an outlier according to
ASTM E 178 and should not be removed from the data set.

A2—Student’s t test for significance of difference
between observed average values
It is not always obvious that any difference between

average concrete strengths observed for cores from different
structural components indicate a true difference of concrete
quality between the components. For example, assume four
cores obtained from four beams have measured strengths of
27.3, 29.0, 29.6, and 29.4 MPa (3960, 4210, 4300, and
4270 psi), which average 28.8 MPa (4180 psi) with astandard
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deviation of 1.05 MPa (155 psi). Five cores obtained from
five columns have measured strengths of 31.2, 31.8, 30.9,
31.4, and 31.9 MPa (4520, 4610, 4480, 4560, and 4630 psi),
which average 31.4 MPa (4560 psi) and have a standard
deviation of 0.42 MPa (62 psi). Clearly the column cores are
stronger, but is the difference large enough, given the small
sample sizes, to consider the two data sets separately instead
of combining them into a single set of nine observations for
subsequent analysis?

To check whether the observed 2.6 MPa (380 psi) difference
between the average strengths is statistically significant and not
simply ava ue that might often be exceeded by chance given the
scatter of the data, a test based on the Student’s t distribution
(Benjamin and Corndl 1970; Ang and Tang 1975) can be
performed. The test statistic t for testing the hypothesis that the
mean values of the underlying populations are equal is

t= be=x (A-1)
SP i+l

n n

where the standard deviation of the pooled sample S, is

s, = Jﬁh—lﬁf+(nr—lﬁf A2

(ng+ny,—-2)

In these equations, X isthe sample mean, s is the sample
standard deviation, n is the number of observations, and
subscripts 1 and 2 are used to distinguish between the two
populations. Thetest isonly valid when the true variances of the
two populations s? are equal, which can be verified using
an F test (Benjamin and Cornell 1970; Ang and Tang 1975).

The rgjection region is defined at a significance level a with
degrees of freedom df = n; + n, —2. Should the observed t value
exceed the critica value, t _ 5, Which is tabulated in most
datistical references (Benjamin and Cornell 1970; Ang and
Tang 1975), then the probability that adifference at least aslarge
as that observed will occur by chance isa. Most engineers and
statisticians would not consider a difference to be statistically
significant if the associated significancelevel isgreater than 5%.
Asnoted in the first example, more stringent significance levels
are recommended for outlier detection.

Thus, for the example data:

S = (4—1)(1.05MPa)° + (5 —1)(0.42M Pa)*

P (4+5-2) (A-3)
= 0.76 MPa

_ [(4=1)(155 psi)® + (5—1)(62 psi)® _ 5

g%p (4+5-2) 112 psig

SO
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(= [BL4MPa-288MPd_ . (A-4)

15
0.76 MPa [& + 1
%e2" 50

5
|4560psi —4185psi | _ 50

-/aé 16
112 psi é4+5ﬂ

For this case with seven degrees of freedom, thecritical values
for thetwo-sided test are 2.37 at the 95% significance level, 3.50
at the 99% significancelevel, and 4.78 at the 99.9% significance
level (Ang and Tang 1975). Because the observed t gatidtic is
dightly larger than the critical value a the 99.9% significance
level, the value 1 — a/2 exceeds 99.9%, and o a is less than
0.2%. Thus, the probability of a difference of this magnitude
occurring by chance is less than 1-in-500, and it can be
concluded that the average strengths of the coresfrom the beams
and the columns are significantly different. The data sets should
not be combined, and distinct strength values should be
computed separately for the columns and for the beams.

e
G
e

A3—Equivalent specified strength by tolerance
factor approach

An equivalent specified strength is to be computed using
the tolerance factor approach for five 100 x 200 mm (4 x 8in.)
cores that have been air-dried in accordance with ASTM
C 42/C 42M before testing. The test strengths are 27.1, 29.8,
32.7, 34.8, and 39.6 MPa (3930, 4320, 4740, 5040, and
5740 psi). Only strength corrections for the effects of the
moisture condition and the damage due to drilling are necessary
to obtain the equivaent in-place strengths. Thus, using Eq. (8-1)
and the factors from Table 8.4, f, = 1.02 f o and the
corresponding in-place strengths, rounded to the nearest
0.1 MPa (10 ps) in accordance with ASTM practice, are 27.6,
30.4, 33.3, 35.5, and 40.4 MPa (4010, 4410, 4830, 5140, and
5850 psi). The mean in-place strength f,, is33.4 MPa(4850psi),
and the sample standard deviation of thein-place strength values
S:1S4.9 MPa (700 ps). If the uncertainty associated with the use
of the strength correction factors is neglected, then the 75%
confidence limit on the 10% fractile of the in-place strength is
obtained using Eq. (8-6) with, from Table 8.2, K= 1.96

fo10 = 33.4MPa —1.96" 4.90 MPa= 23.8 MPa (A-5)
(f0 = 4850 psi—1.96" 700 psi = 3480psi)

The uncertainty introduced by strength correction factors
Fq and F is determined using Eq. (8-4)

s,= 33.4 MPay0? + 0% + 0.025” + 0.025° =1.18M Pa (A-6)
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(5, = 4850 psi N0 + 0% + 0,025 + 0.025% = 171 psi)

Thus, from Eq. (8-7), the 75% confidence limit on the 10%
fractile of the in-place strength, determined using Z = 0.67
from Table 8.3 is

% q= 334 MPa— J(1.96 " 4.9M Pa)2+ (0.67° 1.18|\/|Pa)2 (A-7)

= 23.8 MPa

(f.¢ = 4850 psi — 4/(1.96' 700 psi)? + (0.67° 171 psi)*

ceq
= 3470psi)

In this example, the uncertainty due to the strength correction
factors does not greatly influence the result because the
10% fractile of the in-place strength, Eq. (A-5), is essentialy
identica to the equivdent specified strength, Eq. (A-7). The
equivalent specified strength is 23.8 MPa (3470 psi).

Ad—Equivalent specified strength by alternate
approach
For the core test results from the previous example, the

equivalent specified strength is to be determined using the
alternate approach. The 90% one-sided confidence interval
on the mean in-place strength is, using Eq. (8-8) with Z =
1.28 from Table 8.3 and T = 1.53 from Table 8.4,

, 2
(7Qgp= 334 MPa—A/wﬂLZS' 1.18 MPa)” (A-8)

= 29.7 MPa

2
&e— .
T - 4850ps- A58 TO009)", (125 1702
e

= 4320psi)

Hence, from Eq. (8-9) with C = 0.83 for a cast-in-place
structure composed of many members cast from many batches

f¢o = 0.83° 29.7MPa =24.7MPa (A-9)

(f& = 0.83" 4320 psi = 3580psi)

The equivalent specified strength istherefore 24.7 MPa
(3580 ps) using the alternate approach. It isdightly greater than
that computed using the tolerance factor method because, as
described in Section 8.4.2, coretest datatend to overestimate the
true variability of thein-place strengths.
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