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Concrete core testing for strength

Part 1. Scope

The aim of this report is to recommend procedures to be
followed when driflling and testing cores to assess the
strength of concrete in pavements, in situ structures and
precast units. The procedures are designed, on evidence
from practice and research, primarily for concretes made
with Portland cements and natural aggregates and faor
cores sampled. treated and tested to BS 1881 ; Part 4
1970.

The conversion factors given in the report are considered
to be applicable generally 10 concretes containing admix-
tures. but should be used with more caution for concretes
which: :
contain lightweight or artificial agaregates:

‘contain cements other than Portland: . < 4.0

have extreme values for mix proportions;
are inadequately compacted;

T

© have been subjected to unusual, variable or extrems con-

ditions;

. have deteriorated.

These cautions apply more to estimations of Potential

" Strength than to estimations of Actual Strength.

Definitions

The quality of concrete, as assessed by making and testing
cubes in accordance with BS 1881, is different from that
of concrete in an in situ element, a pavement or a precast
unit. There are many reasons for this, among them being
that the methods of compacting the cubes and storing
them until they are tested differ from the treatment given to
the remainder of the caoncrete. '

In this report, the fallowing terms are used for compres-
sive strength relating to ‘potential” or ‘actual’ quality of,
concrete. All except No. 4, Core Strength, are cube
strengths or equivalent cube strengths.

1. Standard Cube Strength
The compressive strength of a cube sampled, mouided
and tested as defined in BS 1881 : 1970,

2. Potential Strength .
The national strength of concrete considered as the
average Standard Cube Strength at 28 days for a single
batch of concrete moulded wholly as standard cubes.

3. Estimated Potential Strength
_An estimate of Potential Strength fram a limited number
of standard cubes or cores.

4. Core Strength
The ‘measured compressive strength” of a core as de-
fined in BS 1881 - Part 4 : 1970, clause 3.3,

5. Actual Strength
The notional strength of concrete at a single location,
considered as the strength of a cube of the concrete as
it exists in the structure.

8. Estimated Actual Strength
An estimate of Actual Strength from the test of a core
dgrilled from the structure.
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Part 2. Introduction

The reasoning behind the procedures

The reasons for drilling cores for strength tests are com-

morly to assess one of a combination aof the fallowing.

{1) The quality of the concrete provided to the construc-
tion {Potential Strength). _

(2} The‘guality of concrete in"the construction (Actual

- Strength).

(3) The load factor of a structure to carry:

(a) the actual loading system;

(b} the designed loading system:

{c) aprojected loading system for a new use.
(4} Deterioration in the structure due ta:

(&) overloading;

(b} fatigue;

{c) chemical reaction;

(d) fire or explosion;

{e) weathering.

For purpose (3). an estimate of the Actual Strength
provides a measure of strength of the concrete at a par-
ticutar location which can be applied in structural calcula-
tions.

For purpose (4), values of Actual Strengths from cores
drilled from affected and unaffected locations may enable
assessments to he made of the degree and extent of
deterioration.

For some of these purposes, the use of cores may not
provide the most accurate means of assessing the quality
concerned, but may be the mast economic and practical
method available. A simplified approach to the order of
tests for different purposes is shown in Table 1.

it is obvicusly preferabls to use a primary test, i.e. one
correlating most directly with the strength aspect under
review, whenever gconomic and practicable. tt is unfor-
tunate that, although an ultimate load test of a structure
provides an accurate measurement of its strength, it also
removes the structure, and proves an uneconomic method.
On the other hand, the further removed the test method is
from the property of interest, the less reliable the informa-
tion will be. Thus, the standard cube, as a tertiary test,
supplies relatively little information about the behaviour of
the structural glement.

Concrete cores, although a primary means for assessing
concrete strength in the structure, are unfortunately rele-
gated to a-secondary position for assessing the strength of
the standard moulded cube. However, when standard cube
test results are not available or their validity is doubted, the

core test may assist in finding answers 1o the two

guestions:

{a) isthe structural element of adequate strength ?

() was concrete complying with the specification sup-
plied to the construction 7

and may allow some distinctions to be made between

etfects of external conditions, site workmanship and the

concrete supplied to the construction.

Non-destructive test methods

Two methods in general use, ultrasonic and rebound-

hammer testing., can be uwscful in supplementing core

testing by

{1} locating areas of potential weakness or variability:

(2) enabling areas between core locations to be surveyed,
thus reducing the number of cores required for large §
areas or volumes of concrete. t

The use of either method to assess strength, without speci-

fic correlation with relevant cube or core strengths. is

deprecated. It can be seen from-Table 1 that they are, at
best, secondary or tertiary methods since they do not \
measure strength directly.

For assessment of deterioration, non-destructive tests
can be used for detaitdd surveys or lor continuous moni-
toring.

In addition, the covermeter is particularly useful for
avoiding steel when coring. Gamma radiography, although y
notin general use, owing to the special safety requirements i
necessary, may be used to locate honeycombed areas and |
reinforcement at greater depths.

Background to the two procedures

Two procedures are provided in Part 3, one for estimating - -
Actual Strength and one for Potential Strength. The appro-
priate locations for coring a structure will usually differ for
the two purposes. For example, for Actual Strength it may

Table T Simplified order of test methods for different aspeclts of strength.,

Aspect of strength Test method

r_* P A L. et et g bt

LNtirmate MNon-dostiuctive
load test Load tost Core Moulded i tersk
Littmate strength
of structueai Primary Secundary Secondary Ferhiry lertiary
T member
Loading capacity
of structural Primary Primary Secondary Tertiary Tertiary
member
Concrete strangth
in structural Secondary Secondary Primary Secondary Secondary
member
Standard moulded
concrete cube Tertiary Tertiary Secondary Primary Tertiary
strength
_.--—T'_'_




be relevant to core at a location of poarly cured or com-
pacted concrete, whereas for Potential Strength it is
assential to core from concrete representative of a batch.

Although the separate procedures will produce the most
reliable information for each purpose, this does not imply
that it will always be necessary to cut cores for both pur-
poses. For example, if Potential Strengths estimated by the
recommended procedure pass the compliance require-
ments of the specification, it would usually be unnecessary
1o take further cores to check Actual Strength. Similarly, if
Actual Strengths are acceptable to the engineer, it may be
deemed unnecessary to pursue Potential Strength.

A single core provides a single estimate of Actual or
Potential Strength only in the immediate vicinity of the
core. A number of cores are needed to provide a reliable

_ average value for assessing Potential or Actual Strength.

““Ohbviously. a large number of cores taken for any situa-
tion will increase accuracy but in many instances, when
delays are not critical, when there is no criticality of the
structural element or when division of responsibility is not
necessary, a small number may be accepted. If doubt per-
sists, additional cores can be cut and tested within a few
days.

The recommendations are based on the concept of com-
promise between reasonable accuracy and cost, for a wide
spectrum of circumstances where the cost implications of

" acceptance of low strength or rejection of satisfactory

strength in a structural element may be several orders of
magnitude greater than the cost of core testing.

Conversion factors
The Core Strength and an estimate of Actual Strength at
the age of extracting a core can be obtained with reason-
able accuracy in many instances. Translation of a value
forward or backward in time reduces the accuracy, because
the Core Strength-may vary with age owing to cement
characteristics, maturity, moisture history, internal move-
ments, stressing due ta load and anv aggressive environ-
Hf_ézn. such Thatcoios &, 8, C and D in Figure 1 may have
different strengths which bear no simple relation to each
other. Potential Strength estimated back in time from core
4 will be more reliable than from core D and may be
similarto Standard Cube Strength, provided aliowance can
be made for the factors which have affected the concrete
in the structure differently from the same concrete in a
standard cube.
To enable the most accurate values to be calculated for
Actual and Potential Strengths, it is necessary to have
either
(a) a range of conversion factors from which a selection
can be made of the most appropriate ones for the
particular circumstance; or

(b) average values for conversion factors which will suit
mast circuemslances,

In some cases. where a significant influence can be
readily quantified, e.g. the length/diameter ratio for a core,
it is possible to provide a range of conversion factors. In
other cases. where measurements are likely to be unavaii-
able or difficult 1o assess, e.g. moisture history of concrete,
method (b) has to be used. Both methods have been used
for the procedures given in Part 3. and all factors arc based
on the comprehensive analysis of data from practice and
research provided in Part b.

it will be noted that the process of conversion in Part 3
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Figure 1: Iustration of the relationship in time between Standard
Cube Strength, Core Strengths, Actual Strengths and Potential
Strengths at a single location in a structure,

differs from that given in BS 1881 by removing the un-
necessary transition stage of first converting the Core
Strength to a cylinder strength before conversionto a cube
strength. The recommended procedure also allows for the
influence of reinforgement. drilling damage, direction of
drilling, curing and the age of testing in addition to in-
fichces Bf size and shape. Recommendations for drilling
locations and sizes of cores are made to minimize the
effects of variation due to some of these factors.

Use of estimated values

Figure 2 illustrates the procedures for a case where it has
been necessary to cut cores in different locations 1o assess
both structural integrity and compliance of the concrete
with the specification, where CP 110 provides the criteria
for judgement. _

Estimated Actual Strengths can be compared, as an
average or individually, with structural criteria and 1o
ansess eflect of eovenonmaent or workmanship, The averago
Estimated Paotential Strength for the batch can be com-
pared with specification compliance criteria for Standard
Cube Strength. :

A worked examptle. demonstrating the use of the pro-
cedures in a practical situation, is provided in Appendix b
to Part 3.

Typically. Estimated Actual Strength is numerically less
than the ‘estimated cube strength’ calculated to BS 1881 :
1970 from the Core Strength whereas the Estimated Poten-
tial Strength is higher.
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Figure 2: Itustration of the procedures for assessing Actual and Potential Strengths,

where CP 110 provides the criteria for judgemant.

BS 1881 :1970
85 1881 : 1970 provides a basis for core testing from the
stage of receiving a core at the laboratory up to the deter-
mination of the Core Strength. Howaever, it does not pro-
vide sufficient guidance on the location and extraction of
cores of a sound basis for conversion to Actual or 1o
Potential Strength.

The term "estimated cube strength inBS ‘|881 1970 is

constdered to be misleading and has been taken erron-

eously in practice to imply equivalence with the strength
of a cube sampled, made. cured and tested to Parts 1, 3
and 4 of the Standard for moulded specimens.

[tis recammended thal measurcment of concrete den-
sity and the restriction of the ratio of length to diameter of

a core after capping to 1-1-2 should be made mandatory
reguirements for core testing in the next revision of BS
1881, and that sawing of plane ends bhefore capping
shoutd be included as a recommended practice. Specific
guidance. as supplied now for cube testing.’is required in
relation to mode of core failure in the strength test.

Other uses for cores
Although thisreportis concerned specifically with concrete
core testing for strength. there are many other uses for
cores. A list of such uses is provided in Part 4. Some of
these ather uses may aid intorpratation of core strengths,
{Lis possible that detaled guidance on them may be
merited in the fulure.




Part 3. Procedures for obtaining and compresswe testing of cores,
and interpreting the results
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Clauses relating to Actual Strength only and to Potential Strength only
are shown respectively an the left- and right-hand sides of a page and
have the prefixes A/ and P/ respectivelv. All strengths in Part 3 are
cube strengths or their equivalent, except for the measured Core
Strength. Thus Actual Strength and Potential Strength are equivalent
cube strengths.

To aid users of the Procedures. key aspects have been boxed or

printad in bolder type.
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3.1 Making the decision to drill cores .

3.1.1 General

Before deciding to drill cores for compressive testing, it is essential that full
consideration be given to the necessity for the test, its aims and the value
of the results which will be obtained. The consideration will generally hinge
on whether it is required to establish the serviceability of a structura!
element from an assessment of the strength of the concrete in it (Actual
Strength), or to estimate the strength of the concrete provided for the
manufacture of the element {Potential Strength) and normally expressed as

the average strength of a number of cubes sampled, cast and tested in

accordance with BS 1881.

Either situation may arise when a cube test result is deemed not to
comply with a given specified value. CP 110 advises on the necessity of
checking the validity of the result as the first action. Three possible situa-
tions then arise.

{1} Where. on investigalion, ali the parties hoving a direct professionat or
commercial interest in the matter (the Parties) are agreed that the test
restlt is valid, further testing is not normally justified and subsequent
action is best based an a consideration of the magnitude of the result.

{2} Where the Parties are agreed that some testing deficiency or deficien-
cies have been present, the test result should be rejected and further
consideration of the true potential quality of that batch of concrete is
not normally justified. if, however, the location of the concrete is
judged critical by the engineer responsible for the performance of the
structure. he may deem it necessary to obtain a valid assessment of the
Actual or Potential Strength and will be obliged to resort to the inter-
pretation ofthe results of some test or tests of the quality of the concrete
in the work. The conclusions drawn in such cases should not, how-
ever, be regarded as proof of non-compliance on the part of the
concrete producer.

(3) Where the Parties disagree regarding the validity of the cube test
restll, o proposal to mako o second estimale of the Potorinl Steengih
ol the concrete may be seen as an acceptable formn of arbitration. In
this situation. it is essential that the methods of test and interpretation
of the results be agreed by the Parties before proceeding, otherwise the
disagreement may become extended to the second estimate of Poten-
tial Strength and little has been gained. .

In many cases the method used for estimating the Actual Strength or
Potential Strength will be the core test. This part of the report recommends
Procedures for the taking and testing of cores, and interpretation of the
results such that the Actual Strength or the Potential Strength may be
obtained with agreement, item by item, between the Parties.

It is seldom possible to obtain valid and {uily appropriate estimates of
both Actual and Potential Strengths from the same cores. Hence. the
special conditions appropriate to the two approaches should be appraised
by using the Pracedure given in 3.1.2 before taking further action.

ACTUAL STRENGTH (Clauses A/...}

3.1.2 Procedure

A/3.1.2.1 Definition

Estimated Actual Strength is defined as the strength of
concrete sampled from an element and tested in accord-
ance with this Procedure such thr* the result, expressed as
an equivalent cube strength, is an estimate of the concrete
strength as it exists at the sampling location, without
correction for the effect of curing history, age or degree of
compaction.

POTENTIAL STRENGTH (Clauses P/...)

P/3.1.2.1 Definition

Estimated Potentia! Strength is defined as the strength of
concrete sampled from an element and tested in accord-
ance with this Procedure such that the result is an estimate
of the strength of the cancrete provided for the manufac-
turé of the element expressed as the 28 day BS 1881 cube
strength. allowance being made for differences in curing
history, age and degree of compaction between core and
BS 1881 cube. o




A/3.1.2.2 General

The core test is used for the estimation of Actual Strength
when the values obtained will enable the serviceability of
the element sampied to be assessed and where other
forms of test, which may be more canvenient, comprehen-
sive, fastef, cheaper or less damaging to the appearance or
performance, are deemed unacceptable for reasons of
inaccuracy.

Reasons for requiring an estimate of Actual Strength
may range from fire or other damage, to failure to test
concrete in a critical location or the use of an unknown or
suspect grade of concrete. Resolution of a dispute regard-
ing the validity of cube test results, hawever, requires the
estimation of Potential Strongth.

The Actual Strength depends upon the quality of the
concrete provided for the manufacture of the element plus
the quality of workmanship and subsequent history.

Interpretation of the estimate, regarding serviceability of
the element containing the congcrete, will depend upon the
design philosophy involved.

A/3.1.2.3 Preliminaries
If workmanship or subsequent history are suspect or if
standard cube test results are nct available, core testing
for estimating Actual Strength of the concrete is appro-
priate. However, when the Standard Cube Strength is
known for the batch or may be reasonably inferred, and if
the warkmanship and subsequent history are deemed
acceptable. the element may bz assessed by the following
recommended procedure; on the basis of this assessment
it may be deemed unnecessary to procsed with the estima-
tion of Actual Strength from ccres.

(1} Estimate the probable focation of the suspect concrete
in the element by observation, from records or by the
use of non-destructive tests (e.g. ultrasonic or re-
bound-hammer tests), and ascertain that, with the
_exception of cube strength, the concrete is otherwise
acceptable regarding compaction, finish, ete.

{2) Examine the design of the element to determine the
part of the suspect concrete that will bemost highty
stressed in service,

(3) Calculate, according to the design method applicable
to the element, the ratio {4):

Compressive strength required at most highly stressed
location in suspect concrete

Compressive strength required at most highly stressed
location in efernent as a whole

or

Design compressive stress (maximum for section) at
most highly stressed location in suspect concrete

Design compressive stress {maximum for section) at
most highly stressed location in eferment as a whole

{4) Calculate the ratio (8).

Standard Cube Strength of suspect concrere

Minimum cube strength permissible by design method
for the most highly stressed location in efement {less
than or equal to the specified cube strength)

(5} If (B} is greater than {A)"the element may be regarded
as having adequate strength (subject to comparable

P/3.1.2.2 General

The core test is used for the estimation of Potential
Strength when the values obtained may assist in the reso-
lution of a dispute {usually resulting from disagreement
over the validity of test cubes} regarding the quality of
concrete used in the manufacture of an element, where
other ferms of test, which may be more convenient, com-
prehensive, faster, cheaper or less damaging to the appear-
ance or performance, are deemed unacceptable for reasons
of inaccuracy.

The precision of an estimate of Potential Strength is
such that it should not be regarded as an alternative o a
valid BS 1881 cube tesl.

The Poiential Strength is a measure of the quality of the
cancrete provided for the manufacture of the element but
/s not influenced by the quality of workmanship or the
subsequent history.

interpretation of the estimate, regarding specification
compliance, will depend upan the wording of the speci-
fication invoived.

P/3.1.2.3 Preliminaries

If concrete of suspected sub-specification quality exists in
the element {by virtue of sub-specification but disputed
cube test results), the Potential Strength of the batch may
be judged from core tests. In addition, because of the
possibility of intermixing of batches of fresh concrete
during placing, assessment of Potential Strength may be
appropriate for batches closely associated with the suspect
batch.




checks on bond strength etc.) and proceading with
the estimation of Actual Strength from core tests may
be judged unnecessary.

A/3.1.2.4 Restrictions
The estimation of Actual Strength from cores can be under-

taken at any age, irrespective of the workmanship applied o

to the concrete {compaction, curing) and after chemical
or physical deterioration; and for concrete made from any
type of cément and aggregates.

P/3.1.2.4 Restrictions

The estimation of Potential Strength is restricted to con-
crete made from Portland cement and dense (normal-
weight) aggregates. The concrete may not be younger
than 28 days when tested, whilst interpretation becomes
progressively less precise as the age increases beyond 28
days.

Restrictions are imposed by the Procedure on the loca-
tions within elements which may be drilled to provide test
cores, and in some circumstances these may preclude the
determination of Potential Strength from core tests.

Occasionally cores complying with the restrictions imposed by these
Procedures will permit the estimation of both Potential Strength and the
Actual Strength required for assessing element serviceability.

ft may be appropriate to sample concrete cantaining a localized or un-
typical defect. In this event, the Actual Strength estimated should not be
iterpreted so lypicol tar tho cloment o foc o bateln 10 waould be oost
inappropriate 1o use such a sample for Potential Strength.

The estimation of Potential Strength from core test results
must take into account factors likely to make the strength
of the concrete in the core (Actual Strength) differ from
that in the standard 8BS 1881 cube. These factors include
the influence of voidage and curing differences, and both
are functions of the nature of the concrete concerned.
Curing differences (e.g. on-site curing compared with
water curing) will, in particular, produce a strength differ-
ence (belween Actual and Potential Strengths) which will
depend upon
{a) the particular curing history of the concrete in the core
and the age at test; and
{b) the strength-yuin rate, which is a function of the
chemical and physical properties of the cement and
aggregates, and the composition of the cement.

The strength-gain rates of Portland cements are mare
variable at early ages than they are after 28 days. In par-
ticular, the gain in strength after 28 days of the site-cured
concrete in cores may be very small for concretes made
with Portland cement and dense aggregates, and hence
tne ratio of Actual Strength (at ages = 28 days) to Poten-
tial Strength (28 day BS 1881 Standard Cube Strength) is
nearly constant for a given curing history of the concrete
in the care. Rescarch data are available which allow an
estimate of the ratio to be used for Portland cements,
dense aggregates. curing histories typical of construction
in the UK and ages after 28 days; this Procedure for the
estimation of Potential Strength is restricted to such situa-
tions.

This Procedure cannot at present be used for concretes
containing non-Portland and pozzolanic-mixture types of
cement, because the ratio of Actual Strength : Potential
Strength for these is not at present well enough known.
Similarly, the influence of lightweight aggregates upon the
ratto is not known adequately for lightweight ‘concrete to
be covered by this Procedure, although there is some
reason to believe that the ratio Actual Strength : Potential
Strength will increase with increasing aggregate absorp-
tivity.




A/31.2.5 Precision of Estimated Actual Strength

P/3.1.2.5 Precision of Estimated Potential Strength

The core test is intrinsically more variable than the cube test, well cut and
capped cores and well made cubes having typical coefficients of varnation
due to testing alone of 6 and 3% respectively.

Hence, the average estimate of the Actual Strength at a
given sampling location denved from 7 cores is tikely to fie
(with 95% confidence) within +12%/+/n only of the true
value of the concrete contained in the core samples.

It must therefore be appreciated that, when a comparison
of the average estimate and a structurally required value is
made, a risk ‘of the comparison being inconclusive will
exist which c¢an only be reduced by increasing n and
resolved by the application of engineering judgement.

In addition, the factors necessarily incorporated in an
estimation of Potential Strength from core test results are
such thatlittle improvement in the reliability of the estimate
is {ikely to be obtained with any increase in the number of

cores beyond four per batch of suspect concrete. , R

Fewer than four cores per batch of suspect concrete are
not permitted under this Procedure hut even with four or
mare, the average estimate of the Potential Strength ob-
tained is likely to lie at best within +15% only of the true
value for the batch, for sampling and testing reasons alone.
In cases where the curing history of the element sampied
is abnormal and not allowed for, the average estimate of
Potential Strength can be further at error.

it must hence be appreciated that when a comparison
of the average estimate and a specified value is made, a
risk of the comparisen being inconclusive will exist which
cannot be reduced and can only be resolved by agreement.

3.2 Planning and preliminary work

3.2.T General

The basis for the decision ta drill cores far the estimation of Potential or
Actual Strength should be communicated to the appropriate interested
parties (i.e. those having professional or commercial interest in the con-
crete), and a planning meeting convened. preferably on site. In some cases,
the complexity of the dnlling locations may indicate that it 15 desirable 1o
have a r2presentative of the drilling contractor at the meeting.

3.2.2 Procedure

3.2.21 General

Planning and preliminary work should cover the following points.

(a} The necessity for the test and its aims.

(b) Evidence of the location of the suspect concrete from site records
or non-daestructive test survey results.

(c) Proposed drilling locations, number and size of test cores,

{d) Ancillary work, e.g. density tests and curing history.

(e} Swength levels required by the specification (Potential Strength)
or design (Actual Strength) and action to be taken if the esti-
mates obtained from cores are clearly greater, {ess or inconclusive.

(1) Responsibilities of individuals regarding execution of the work.

Detailed recommendations relevant to points (a) to (f) are given below,
and it is emphasized that the successful application of this Procedure in a
core testing situation depends upon the comprehensiveness of the planning
meeting and the degree of agreement reached between the interested parties

before further action is taken.

A full discussion of Actual Strength is given in section
3.1.2. but certain points should be appreciated.

(1) Actual Strength is the strength of the concrete as it
exists in the element at the time of drilling.

{2} Actual Strength is the end resuit of the quality of the

concrete used, the workmanship applied to it and all other
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P/3.2.2.2 Necessity for the test and its aims

A full discussion of Potential Strength is given in secticn
3.1.2, but certain points should be appreciated.

(1) Potential Strength is the strength of the concrete as
itwould have been at 28 days afier heing made into cubes,
cured and tested in accordance with BS 1881,

(2) Potential Strength relates to the guality of the con-




histarical or environmental factors up o the time of

. drilling.

{3} An estimate of Actual Strength obtained from core
JTesults is of limited accuracy relative to the true Actual
Strength of the concrete in the cores.
{4} An estimate of Actual Strength can be applied to a
given dosign method Lo appase the actual serviceability
of the element sampled. without introducing the concept
of a safety factor for strength (see BS Code of Practice
CP 110} with virtually no restrictions on the nature of the
concrete invaolved.

crete used, catrections being made to aliow for the effect
on core strength of the workmanship applied to the con-
crete and other historical and environmental factors up to
the time of drilling.

(3) An estimate of Potential Strength obtained from core
results is of very limiter aceuracy reiative 1o the Standard
Cube Strength of the batch of concrete sampled. Types of
concrete which may be sampled are also restricted.

{4) An estimate of Potential Strength from cores can be
compared with cube strengths required by a specification
and, by introducing a safety factor for strength (see BS
Code of Practice CP110). can be used to assess the
potential serviceabiiity of the element sampled by assum-
ing normal workmanship, curing cle. for the element.

{5) Anestimate of Potential Strength from cores may help -
to resolve a dispute over the validity of suspect cube test’

results.

3.2.2.3 Determination of general drilling area and location of

reinforcement

The location of the suspect concrete in the elemant should be determined

by visual inspection or from records. If necessary,

a hon-destructive test

should be used to determined its boundary with other concrete,
The probable location of steel within the expected depth of the core
sampiing should also be determined by using a covermeter {nreferably) or

from site records, and its position refative to the expecied

marked on the element.

drilling surface

A set of cores for the estimation of Potential Strength must
relate to a single suspect batch of concrete if comparison
with disputed cube test results for that batch is to be made.
The boundary of the suspact concretn should therefze he
checked to confirm that the volume of concrete contained
is not greater than the size of the suspact batch.

The section of core to be tested should nat include the
top 20% (1o a limit of 300 mm} of the lift concerned. The

* top 50 mm should not be included in any case. In rare

cases, these requircments may preclude the estimation of
Potential Strength from cores. Where this upper concrete
IS present in the suspect batch, its location should be
clearly marked.

"Note. Must concrete will, when placed, display a degree of sedi-
-mentation {gravity drawing dense materials to the botiom of the lift

and displacing the tghter air and wator upwvards). Hence, a little air
and rather more water are fikely to be trapped in the concrete towards
the top oi the Iift, leading to a reduction in stiength.

Research shows that, generally, the concrete weakened by sedi-
mentation will be rosticted to the upper 20% of the lift depth in
shallow lifts (< 1-5 m), and to the upper 300 mm in deep lifts
{=15m}

The Procedure requires, for estimation of Fotential Strength, that
the epncrele in the test cores should not differ in composition from
that which would have been sampled lor making cubes to BS 1881,
s0 that concrete fiom e upper 200 of (b Vit for 300 nun for lilis
deeper than 15 m) is regarded as urweprasentative of the concrete
supphed to the construciion and not appropriale {of coring,

Research also shows that the strength of the top 50 mm layer of
concrete in a lify is often signifrcantly less than that of the mass of
concrete below owing to the rapid drying it may receiva ar the vag-
anes of the weather and of silg curing procedures. Since the correc-
tions for the influence of cunng upon the ratio Actual Strength ;
Potential Strenglh made later in this Procedurs are only acceptably
accurate for the mass of concrete below the surface layer, the depth
of cancrete which, owing to both cwring and sedimentation problems,
may not be included in test cores for the estimation of Potentjal
Strength is: the upper 20% of the lift (mnimum thickness 50 mm,
maximum thickness 300 mm). 0(&
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A/3.2.2.4 Numberobeoed
PhOMember Of camraegisired Maprevisai R
Wérawt Strength at a single sampling location is ons. How-
ever, the Actual Strength estimated from a single core i
likely to lre-fwith-35% confidence) within +12% only of
thrwraeskctual Strength of the concrete in that core.

If the number of cores taken from the sampling location
is increased, the reliability of the average estimate of Actua!
Strengthiimproves as follows,

Number of 95% confidence limits on
Fal cores mean estimate of Actual
B {n) Strength
- ,...'g 1 £12%
L"’-’ 4 + 6%
g + 4%
16 + 3%

It may be of assistance, when considering the number
of cores to be drilied, to bear in mind that, whilst it might
. be quite proper to deem a smalt sectioned column struc-
S turally inadequate from the result of a singie core test, on
' the basis that one core represents a good sample of the
guantity of concrete which could lead to failure, it would
not be proper so to do if the single core had been taken
from a large element.

Hence, it is recommend the number of coreaénj
drifted shotild reflect thewvolume of concrete truly liable to
render the element structurally inadequaté, and that the
subseqguent interpretation of the estimates of Actual
Strength should accommodate atolerance of £12%/+4/non
their mean. Where the individuai ultimately responsible for
interpretaion finds the potential region of not proven” of
+12%/+/n for the initially proposed value of 7 too large,
n should be increased to an acceptable value,

A/3.225 % -
Cecres may be driiled from any location within the suspect
concrete, according to the purpose of the investigation,
and preferably clear of reinforcement. In most cases, how-
ever, the serviceability of the element sampled can best be
judged by drilhing where the ratio

Required compressive strength or design
compressive siress

P : Actual Strength of suspect concrete

is expected to be highest.
; 7) |s usually lowest in the top 20%
i } of a ¢ However.

eams and stabsy and
{ii} near uniform with height and acmess the cross-section -
in walls and short columns,

Hence, cores from beams and slabs will generally be taken

from that part of the suspect concrete nearest to mid-span

and drijfied from thg compression (usually top) face¥
whergas those from walls ang columns will generally be

taken from the top of the suspect concrete in the lift and

may be drilied from any surface.
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P/3.2.2.4 Number of cores

The minimum number of cores required by the Procedure
to provide an estimate of the Potential Strength of a batch
of suspect concrete is four. These cores are required 1o be
of uniformly and well compacted concrete and, where
possible, free of embedded reinforcement,

if a poorly compacted layer of concrete or steel is found
to be presentin a core when it is extracted from an element,
it will often be possible to trim the core length to remove
these and still retain an adequate test length. In other cases,
It may be necessary to make an on-the-spot decision 1o
drill one or more extra cores. In exceptional cases, the
location of steel in the element may make it impossible to
obtain steel-free test cores, Where avotdance of steel does
prove impossible, it must be understood that the subse-
guent interpretation of the test results is less reliable.

The mean estimate of Potential Sirength obtained from
tour or more individual core test results {even with well
compacted, uniform and steel-free cores) cannot be re-
garded as a reliable statement of the true 28 day BS 1881
cube strength to better than +15%. Hence, a potential
region of ‘not proven’ of + 15% must be anticipated when
the subsequent comparisan of the Estimated Potential
Strength ‘with secme specified or required value is made,
even after exercising great care in sampling the cores and
allowing for exceptional curing and compaction or the
presence of steel.

\/ P/3.2.2.5 Location

Cores drilled for the estimation of Potential Strength
should be taken such that each represents an approx-
imately equat amount of the suspect concrete. However,
in addition to the obvious need to avoid badly compacted
concrete and reinforcement, this Procedure reguires that
the test length of core should not contain concrete from
the top 20% (50 mm minimum, 300 mm maximum} of the
lift which the suspect batch partly or wholly comprised.

Note. Where Potential Strength is to be estimated, the coring loca-
tions and the length of core subjected to compression testing must be
carefuily chosen so that the concrete sampled has been aflected as
little as possible by the effects ot sedimentation during placing and
uncertain curing. Sedimentation ocours with most types of concrete
and placing techniques, whatever the depth of the lift imay be {i.e.in
slabs as we!l as columns), such that an excess of water and air may
be trapped in the upper layers of the concrele rendering it untypical of
that used to make the elermnent and therefore unsuitable for coring for
the estimation of Potential Strength.

Hence, avoidance of this upper layer of ‘unrepresenta-
tive’ (unacceptable for assessment of Potential Strength)
concrete will ge.nerally dictate the drilling location and
direction as foilows.

(&) Walfs, columns and decp beams will normally be

“drilled horizontally below the unrepresentative upper layer




Where the element is of such slender proportions that
the removal of test cores could lead to doubts regarding
future serviceability (even after making good), cores
should be drilled from what is judged to be the nearest
suspect cancrete in an acceptably nan-critical location.

Cccasionally, the concrete may show, under visual or
non-destructive examination. a region of apparently lower-
than-average quality large enough to influence the ser-
viceability of the whole element. In sueh cases, it may be
appropriate to take cores from this concrete for the astime-
tioh of Actual Strength, Where, however, a localized or
untypical defect is present in the drilled core, either by
deliberate selection of the driliing location at an observed
. defect or by chance. it will be generally mappropriate to
infer the serviceability of the element from any estimate of
Actual Strength obtained from that core.

.,

of the lift or element. If cores have to be drilled vertically
fram the top of the element, they should be of such length
that the required test length (not less than one diameter)
can be obtained after removal of the unrepresentative con-
crete.

AD) Shaltow beams and siabs will normatly be drilled ver-
tically downwzrds through both unrepresentative and
representative concrete, only the latter being used for the
test tength of core. Wihiere feasible, however, drilling up-
wards imay facilitate the avoidance of reinforcement and
reduce the extent of the drilling required to obtain suitable
test cores. _

It should be noted that, in rare cases involving small
batches or very large and deep lifts, the suspect concrete
may lie tolally within the unrepresentative upper layer of
the lift. In such cases, Potential Strength cannot be deter-
mined satisfactorily and. should cores be taken from unre-
presentative concrete, the estimated Potential Strength
ytelded by application of the formulae and factors given in
this Procedure may be depressed (relative 1o the true
Potential Strength) by 30% or mare.

(e) Pavemerns, which are invariably drilled downwards
from the surface, may be constructed in one layer or two.
In the former case. the top 50 mm, or 20% of the siab depth
if this is greater, shouid be regarded as unrepresentative
concrete and should not be included in the test length.

If a slab has been laid in two courses, the upper will
normally be about 50 mm in thickness and it will not be
possible (a obiain o core (oven o Hnopesentidive con-
ciele) fiom this coursicn sccordance wath tns Procodure.
The upper course should, howover, ive been compacled
while lhe fower course was still plastic; if this was done,
the slab can bhe consitlored as being of one i so that
little, if any, of the lower course nead be considered 1o be
of unrepresentative concrele,

Pavemoentc are asially corpactod by i appheition of
a vibrabing beam o the upper surface. He elfectiveness of
the wibration tends to diminish with depth. Particular
attention should, thercfore, be paid to the examination of
the cores extracted and their voidage before proceeding to
estimate Potential Strength.

The face of the element from which cores will be drilied is usually fixed
-. by the above and by practical considerations. However, it may be noted
that drilling is usually easier and cheapest in the vertically downward
direction and hardest and dearest in the vertically upward direction.

In same special cases, it must be anticipated that aesthetic considerations
regarding the appearance of the element after coring may influence the
selection of sampling locations. Also, whilst cores should never be cut from
locations such that the coring itself renders the element unserviceable,
there will invariably be a need to ‘make goad’ after coring.

Note. Whilst miaking-quoed is not o 1opic which has boen investigatod in elepth mn the
production of this document, it is suggested that restlitution sheuld be by either- E
{1) ramming = dry {low-shrinkage) conciete of suitable potential strength; or .

{2} pouring Portland cement grout or epoxy resin into the dry hiole and insening a cast
cylinder (100 mm and 150 mim standard test cylinders should fit nominal 100 mm and

15¢ mm holes with & slight clgarance)

ar an unlested core of suitable fength and quatity

of concrete. and using a ‘pumping’ or ‘screwing” action (o hed the cylinder in the grout
orresin and force it out through the narrow annular gan.
Where the maintenanee of appedarance 1§ crtical, consklomation gt be given o [l
sawing off and returning the outermost part of the core 1o ils original position in the
drilled hole, leaving only the internal partion and the annufar gap to be filed wiath fresh

matetial.




Cores of both 100 and 150 mm nominal diameter are permitted under these
g Procedures, provided the nominal maximum aggregate size does not exceed
' 25 mm and 40 mm respectively. Whenever possible, however, 150 mm
diameter cores should be drilled, as less variability due to drilling and more
reliable results are obtained, with the following exceptions:
(a) when the reinforcement is congested and 100 mm diameter cores are
therefore less likely to contain pieces of steel;
(b} whensampling deeperthan 150 (b) when use of a 150 mm drill bit
mm from the surface is not de- and rejection of unrepresenta-
sired (e.g. when the compres- tive concrete will not permit the
sian concrete in a shallow beam production. of a test core of
or slab is less than 150 mm adequate length.
thick}.
B Exception (b} above is based on the fact that test cores may not, under
IR this Procedure, have a length less than one diameter nor greater than two
i dismeters, when capped lor test. In gensral, cr. shompeEssmwcars-
' preferred to long cores (length/diameter, X = 1-0to0 1-23.

Note. This preference is based on a consideration of several factors.

{1} Short cores have a geometry closer to that of cubes than long cores, Consequently.
compressive testing machines which perform satisfactorily when testing cubes
should alsc perform satisfactorily when testing short cores. Long cores. on the other
hand. may be susceptible to a tatent, and otherwise undetected. fault in the machine
{possibly resulting from platen rotation under load) and fail under a combination of
compression and bending, with a reduction in the subsequent estimate of Potential
Strength,

{2) Long cores, particularty if extracted from slender sectioned elements, may vary in
voidage along their length. Hence, whilst their failure load, and the subsequent
estimate of Potential Strength which may be made, will be symptomatic of the
saction of core having the greatest voidage. any allowance made for the effect of
voids will be hased on the average {over-al} voidage of the core and. as a conse-
quunce. the estimate of Potential Strength will be depressed.

{3} The relation between cube and core strength is clearly dependent upon the dif-
ferznces in yeametry ol the twe spoacimens and this fact is ke o aceount in the
fornulae given in clause 3.5.2.1. However, a3 is almost always the case when two
difterent test variables are being compared, therr refation to each other is not unigue
and may be influenced 1o some degree by many factors other than {in this case)
geomelry alone, For this reason, it iz argued that the use of shart cores (having
geametry close to that of cubes) presents a carrelation between the core and cube
test least infiuenced by considerations of machine sensitivity {referred to in 1 above},
aggregate type and size. cement type, workability bevel of the concrete when placed,
Poisson’s ratio and platen restraint, eto.

{4} From elements of smail section, short cores are more readily obtained thaniong ones.

{5) The lowsr drilling costs associated with short cores are evidently desirable and
ameliorate the unfortunate requirement in some cases for rejection of unrepresen-
tative concrete from the test lenglh. )

{6) The weakening of the etement, damage to reinforcement, and extent of making good
are afl minimized,

i‘ S
¢ Choice Dia. Test Possible problems Choice Dia. Test Fossible problems

i i length length

: ‘% {mm} {rmm) (mm} {mm)

First 160 150 May inciude steel bars in test First 150 150 May include steel bars in test
tenath, length.
May sample concrete to a
greater depth than desired Mat permitted for sampling
150 300 (as length increases}. 150 300 slabs thinner than 200 mm.*

100 100 Not permitted if nominal 100 100 Mot permitted if nominal
. aqragate size exceads 25 mm. angrogale size excesds 26 mm,
P 5 hay sompla conueele ot lesser of lur sampling slabs thinner
depth than desired (if short than 150 mm.”
cores used},
May produce less reliable May produce fess reliable
L.ast 160 200 results. Last 100 200 results.

*In all cases. the test fength of core must not include unrepresentative
concrete. Avoidance of this concrete when drilling into the sides or
saffits of deep elements is generally easy, but when drifling down-
wards the depth of coring must allow for the subsequent rejection of
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vnrepresentative conciele from the test length, Thus, if a slab is to be
drilled from the upper surtace, its depth will dictate the length of
core drilled and tested.

Slab Core Length of core
depth dia.
recovered® rejected tested

(mm} {mm} {mm) {mm} {mm)}
300 150 210-300 £ 150-240

X041 160-300 [Ny 100-200
750 160 200-250 ‘50 160-2Q0

100 150-2560 50 100-200
200 160 200 5Q 150

100 150-200 50 100-150
150 100 150 50 100
*When driliing feass than the fult thickness of ancelerment, it is recom-

mended to drill beyond the required distance to ensure that adequate
lengthis recovered on extraction.

F/3.2.2.7 Ancillary data

The basic method of estimating Potential Strength given
by this Procedure assumes that suspect concrete is well
compacted and of normal curing history. [t may be neces-
sary to make special adjustments to Estimated Potential
Strengths, however, for compaction or for curing if either
has been abnormal. The following ancilfary data should
therefore be obtained in anticipation of need.

(a) Potential Density of concrete

The Potential Density of concrete (2} is the 28 day cube
density, determined by displacement, which would have
been obtained from well compacted cubes made and cured
in accordance with BS 1881,

Where the 28 day densities of cubes taken from the
suspect concrele are not in dispute. their average should
be used as O,

Where valid cube densities for the suspect concrete are
not available, however, D, shoufd be estimated from the
mean density of 78 day cubes taken from the same mix
{assuming these are valid), adjusted for any agreed defi-
ciencies in the suspect concrete. As a working rule it may
be assumed that, with the exception of concrete so grossly
misbatched as to have been not recognizable as the speci-
fied grade or otherwise acceptable concrete {i.e. concrete
which should not have been placed at all), agreed evidence
of excessive workability or moderate misbatching can be
regarded as reducing cube density by 1% (or 2% for both).
In cases where even the mean density of 28 day cubes for
the mix is not availabie (perhaps because the volumes of
cubes have not been determined by water displacement),
teaes by Do e G Db Bowc U Tha Ut et e ey o
the mix should approximately equal the plastic density
(where known) + the cement content of the mix (kg/m?)
divided by 20.

{b) Curing history

The curing history of the suspect concrete should be deter-

mined from site and metecrological records with regard to:

{1} ambient conditions when placed;

(2} protection and curing provided;

(3) age atremoval of formwaork;

(4) level of temperature and humidity over period between
placing and corning.
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3.2.2.8 Testing laboratary .

The testing laboratory selected for the preparation and testing of cores
should be appraised and agreed as acceptable 1o the interested parties
regarding its capability for conducting the necessary examination, density
tests. capping and compressive testing to the requirements of this Pro-
cedure. Particular attention should be paid to recent verifications of the
performance of the compressive testing machine.

3.2.2.9 Required strength levels

The drilling and testing of cares should not proceed until an understanding
has been reached regarding the levels required for estimates of Actual or
Potential Strength, special attention being paid to corrections for the pre-
sence of steel or excessive voids in the cores, and abnormal curing. (see
section 3.5.2 and Appendixes 10 4). A course of action in the event of an
estimate being inconclusive should also be agreed.

3.2.2.10 Supervision

In addition to the provision of drilling equipment and scrvices, the cutting
of cores requires supervision by a responsible person acceptable to the
interested parties.

The drilling supervisor should be capable of using his judaement to see
that unnecessary damage to the structure is avoided and ensuring that each
core is properly drilled, extracted and labeiled. He should also provide a
liaison between the various interested parties, the drilling contractor and
the testing laboratory.

The brief to the drilling supervisor should cover the following:

(1) The exact location of the suspect concrete and any part of it
deemed unsuitable for coring (i.e. unrepresentative concrete),
and the prebable location of steel likely to lie within the drifling
depth. _

(2) The diameter and number of test cores required and the corres-
ponding drilling points on the surface of the suspect concrete.

{3} The depth of concrete to be extracted from each location, the
part of that depth which is to be the test length and the procedure
to be adopted if a core breaks off at less than the target length.

{4) Procedure to be adopted if inspection of the core reveals features
which may invalidate the result or affect its interpretation, e.g.
under-compaction; steel; cracks.

{b) Instructions to be given to the testing taboratory.

3.3 Obtaining the cores

3.3.1 General

Obtaining the cores invelves the drilling, extraction, examination and identi-
fication of the cores, the recording of relevant data, designation of test
lengths and despatch to the laboratory.

3.3.2 Procedure

3.3.2.71 Drilling and Extraction
Test cores should be drilled by a skilled operator using well maintained
equipment caomplying with the dimensional requirements of BS 4019 : Part
2. Diamond-impregnated. water-cooled bits may be driven by electric or
air-driven motors, but it should be noted that considerations of electrical
safety will normally preclude the use of electric motors when drilling
upwards,

The drifl should be kept rigidly positioned during coring, by bracing or
kentiedge. otherwise badly ridged or curved cores may be obtained with
possible reduction in measured strength.




Care must be taken to ensure that a suitable and uniform pressure is
applied to the drill bit such that the optimum drilling rate for the concrete is
achieved. Too little pressure will prevent the diamond cutting actiorn, where -
as too great a pressure will cause excessive diamond wear.

Before any core is broken out, itis necessary to ensure that the depth dritled
1S not less than that planned. If. unexpectedly, steel has been encountered
{evidenced by change in drilling noise or speed. or colour of cooling
effluent}. the supervisor should make use of his brief to decide whether
this is acceptable, whether to drill further in order to obtain a steel-free
length. or whether to drill a replacement core.

Core removal is usually achieved satisfactorily by insertion of a coid

chisel down the side of the core to cause breaking off at or close to thé .

bottom of the drilled length, foilowed by extraction using the drili or tongs.
The supervisor should satisfy himself that the drilling methods being
used are not causing signficant distortion or damage to the cores.

3.3.2.2 Examination
On extraction, each core should be examined by the supervisor to ensure
that the required test length can be obtained (preferably steel-free; and, in
the case of cores for Potential Strength determination, not containing
poorly compacted concrete). I this is not the case, extra cores should be
dritled from locations adjacent to those of the rejected cores.

The rejected cores may be required to be retained for further examination.

3.3.2.3 Core identification

Each core should be given a distinct, unique and indelible code number
which is marked on the cut surface within the expected test length and
cross-referenced on a simple sketch of the element drilled. Marks shouid
also be made on the core to indicate distances in millimetres from the
drilling surface so that the exact location in the element from which the test
core came can be confirmed even when the ends have been trimmed.

Drilling surtace

—50-
=100~

-150~

ce/3
-200- Side view of drifled core, before
trimming, showing marks at 50 mm

spacing measured from dritling surface,
-250- and afso code number for identificaion

placed within fength that is expected
%J 10 be used as the test length.

3.3.2.4 Drilling report

The supervisor should prepare, while the drilling work proceeds, & simple
record of any observatioris likely to have a bearing on the validity of inter-
pretation of the core test results. This record, together with the drilling
locations and core identification reference numbers, constitutes the driliing
repost.

3.3.2.5 Designation of test fength and despatch to the laboratory

The supervisor should ensure that the cores are despatched to the testing
laboratory without damage together with instructions as to which part of
each {relative to the drilling depth marks) is to be capped, examined,
photographed and tested.

In designating th. test length of the as-drilfed core, the supervisor should
ensure compliance with the intentions of the interested parties and with the
following rules, where possible {rule 1 being more important than rufe 2
gte).




{1} The test length should be, after trimming and ' capping. not less
than one nor more than two diameters, and preferably not more
than 12 diameters.

{2) — {2} Sections showing poor com-

' paction or other defects
should not he included in the
test length.

(3) — {3) Unrepresentative concrete
(upper 20%, 50 rmm min-
troum or 300 mm maximum)
of the lift depth should not
be included in the testlength.

(4} Sections containing multiple ar farge pieces of sieel should not
be included in the test length.

(b} Sections containing ane smali bar should not be included in the
test iength.

3.4 Laboratory work

3.4.1 General

Laboratory work covers the trimming, capping and testing of each core,
together with an examination (including assessment of voidage) and den-
sity determination,

3.4.2 Procedure

3.4.2.1 Trimmjng to test length

The laboratory should trim each core (see clause 3.1.5 of BS 1881 : Part 4)
in accordance with instructions given by the drilling supervisor, ensuring
that the trimmed fength is not less than 95% of its diameter nor likely 1o
axcoed twice the diomotor when capped. Trimming with v masonry or
diagmond saw is preferred, but careful hand Lrimmimgyg may be acceptable.

3.4.2.2 Examination

The laboratory should examine and photograph (see also Appendix 2) each
test core in accerdance with instructions given by the drilling supervisor.
Notes will normally be required of the following.

fa) Any lack of homogeneity of the concrete within or between cores.

(b} The extent of voids visible an the drilled surface, particularly those
which form honeycombing.

(c} The position of cracks, drilling damage or steel, defects and in-
clusions should be marked on the core, and sketch records made
of their locations and size refative to the over-all geometry of the
core,

(d} The approximate size of the aggregate and its type (bearing in
mind that cut aggregate usually looks small and, in the case of
gravels, more variable in type than might have been expected).

(e} Whether the aggragaias seom continueusly or gap graded, and
any diztinctive features of the fine aggregate.

Notes
BS 1881 ; Part 4, clause 3.1.3. gives a method of classitying the extent of voids on the
basis of their number and size disteibution. This method does not, however, enable a
direct estimate of the porcentage of vaids to be made. Appendix 2 to this Procedure gives
a method of estimating voidage which may well, with experience i its use, find {avour
as a quintitative vorsion of the BS 18871 classification and poove preloomble 1o the
determination of voidage from density tesls. :

Comments regarding the apparent cement content of the concrele and s originat
waier cantent should orly be made by an experienced concrete technalog:st and should
always b wiewed with caution.

g



Exarnination and phatographing under different maisture conditions can assist in
highlighting specific features, e.g. a wet suttlace is preferable fur viewing the type. size
and distribution of aggregate; a dry surface is preferable {or viewing voids, cracks and
drilling flaws,

3.4.23 Vil

Cores should be capped with high-alumina cement maortar or sulphur in
accordance with clause 5.5.2 of BS 1881 : Part 3.

Notes

{11 Other methods should not be used. In particular, polyester 1esin and plaster -lype
materiats are known to give unreliable results. Caps3hould be kept as thin as possible.
{2) With careful hand trimming of the core, the cap thickness should vary trom a few
millimetres (o little more than the maximum aggregate size over the crnss-sectional area,
weidl o averaoge flaebioss st oyer adf e rgacdinat oo agperoecato size (oo ol 10 10 18
mm thick tor 20 mon aggregate:) whitle st peomutinng avordances of an undesialile disgre:
of damage to coarse aggregate particles.

3.4.2.4 Density determination

The densities of cores provide generally useful information for interpretation

of strength and in the case of estimation of Potential Strength provide vital

guantitative and objective data for estimating voidage. The measurement of

Actual Density is therefore recommended in all cases, using the following

procedure.

fa) Immediately prior to capping. the trimmed core should be soaked in
water for long enough (half an hour is usually sufficient) for an accur-
ate and repeatahle determination to be made of the core volume (V,}
by displacement in water using a method such as that given in Section
2c0tBS5 1881 : Part 5.

(b} The core should then be capped (after allowing it to dry if sulphur sand
capping is 10 be used}, particular care being taken to prevent air from
being entrapped between the core and the capping material. If the
density of the capping materials is not known from experience to better
than +1%. a specimen should be made and stored in water with the
cores, and its density {2, ) determined prior (o core testing.

{c) After storage in water, and immediately prior to compressive testing,
the capped core should be weighed in air {in the soaked but surface-
dry condition) and in water to determine its gross weight {W,} and
volume (V).

(d) The water-soaked density of the concrete in the uncapped core (D,)
may then he catculated from:

W! - D(_.(V1 - Vu)
V,

u

D, =

Note. |f the core contains steel, it should be extracted aller the core compressive, lest
and weighed (W), Its volume (V) may be determined by displacerment of the meniscus
in a measuring cylinder of water. Then:

— Wi — Defly — Vy) — Wy

o,
o Vu _ vs

3.4.2.5 Testing the core

The core should be tested not less than 2 days after capping and immersing
in water as reguired by BS 1881 : Part 3, clause 5.5.2 and Part 4, clause
322,

The average diameter of the core should be calculated in accordance
with clause 3.1.4 of BS 1881 : Part 4 but to the nearest miIIimetre‘ and its
average cross-sectional area calculated.

The length of the capped core should be measured to the nearest m:H
imetre and the tength/diameter ratio, %, calculated.

The core should be tested in compression in accordance with clauses
3.2110 3.24 of BS 1881 : Part 4, the mede of failure being noted and &
sketch diagram made if this is untusual. The maximum load sustained by the
core is then divided by its cross-sectional area to establish the Core
Strength.

19
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Note. Expericnce suggests that a salisfactory mode of core Tadure is one involving:
ta) no significant damage or cracking of the caps:
{b} no loss of bond between a cap and the corg: and
{c} similar cracking visible all around the crrcumference of the core.
The occurrence of a prominent diagonal shear crack is thought to be satisfactory in
long cores, but should be reported if associated with short cares (3 = 1-2) or with rein-

i farcement or honeycombing. to aid interpretation of the result.

3.5.1 General

3.5 Estimating Actual or Potential Strength

The Core Strength may now be converted to its equivalent estimate of
Actual or Petential Strength in terms of cube strength.

In the case of Actual Strength the estimate obtained wiil be
equivalent to the cube strength of the concrete represented
by the core, no adjustment being 1equired for location in
the lift, degree of compaction or curning. The relevance of
these variables to the estimates will have been considered
in the original decision to investigate Actual Strength, the
planning of the core sampling and the interpretation to be
made.

3.5.2 Procedure

A/3.5.2.1 Estimation of Actual Strength

The estimation of Actual Strength from the Core Strength
involves correction for the basic differences in shape be-
tween core and cube, and any possible difference in
orientation (i.e. relative directions of casting and loading
in tha compressive test}. These corrections arg allowed for
in the following equations.

Estimated Actual Strength
B 25
15+ 1/

for cores drilled in a horizonta!l direction

x Core Strength

Estimated Actual Strength
‘ 23
= ———— x Core Strength
15+ 1/

for cores drilled in a vertica! direction.

In the case of Potential Strength the estimate obtained will
be equivalent {(subjact to differences in test variability
between cores and cuhes) to the Standard Cube Strength
at 28 days, by virtue of the special core sampling prace-
dures used and the factors incorporated in the estimate to
take account of differences in age, campaction and curing
history, from those of the BS 1881 cube.

P/3.5.2.1 Estimation of Potential Strength

The estimation of Potential Strength from the Core
Strength involves correction for the basic differences in
shape between core and cube, and any possible difference
in orientation (i.e. relative directions of casting and loading
in the compressive test), as for the estimation of Actual
Strength (see clouse A/3.5.2.1 opposite). In addition,
however, corrections for differences in composition, com-
paction and curing history between core and cube must be
taken into account.

Before the estimation of Potential Strength, it is neces-
sary to consider the data available on the composition,
compaction and curing history of the suspect concrete
contained in the care. If these are acceptably normal,
simple egquations given below provide the required esti-
mate of Potential Strength; if not, more detailed calcula-
tions will be invoived.

{a) Composition. Provided cores consist totally of repre-
sentative concrete (i.e. do not include concrete from the
upper 20%—minimum B0 mm, maximum 300 mm—of the
lift). no allowance is required for difference in compaosition
from that of a cube sampled in accordance with BS 1881,

Faijure 1o exclude unrepresentative concrete from test
cores can cause depression of the measured core strength
{and hence estimated Potential Strength) by up to 30%
(depending upon the abnormality of composition and
curing history).

(b) Compaction. Provided the Estimated Excess Voidage
of the core is zero {see Appendices 1 and 2}, no correction
for difference in compaction between core and cube is
necessary. Where a significant Excess Voidage is estim-
ated, however, a cormrection {Appendix 1) shoufd be ap-
plied in the equations given below,

{c) Curing history. Provided the curing history is normal,
no correction is necessary. The curning history, determined
in accordance with clause P/3.2.2.7, can be regarded as
normal if

e —— ——

——
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(1) test cores have been cut from near a surface protected
from drying by formwork {or sevaial days or from an
upper surface with rejection of a length of not less
than 50 mm adjacent to that surface, and that

(i} ambient canditions have been typically (for the UK}
variable in both temperature and humidity over the
period since casting, without the suspect concrete
betng subjected to long periods during its early life of
very high humidity {foggy. damp weather or direct
rainfall} or drying weather (low humidity and winds
in warm weather),

Where curing history and other relevant factors have
been abnormal, a more reliable estimate of Potentiat
Strength may be obtained by using the Procedure given in
Appendix 3, which should be referred to in every case to
confirm whether or not its use is indicated by the curing

history of the suspect concrete.

Subject to the normatity of the suspect concrete regard-
ing composition, compaction and curing, the Potential
Strength may be estimated from the following equations.

Estimated Potential Strength”
3-2b

o= 5T n x Core Strength

for cores drilled in a horizontal direction
Estimated Potential Strength®
3 Core 5t th
= —— x Core Stren
15+ 1/ 9

for cares dritled in a vertical direction.

*Note. Because the strength of concrete in a structure increases in
an uncerlain way alter 28 days and is unlikely in most structures to
increase substantially over a period of several months. no age allow-
ance is Justifiable. except when knowladge exists for particular cir-
cumstances. To remove doubts, it is obvicusty preferable for the age

' of the core test to be as near 28 days as may be possible.

3.5.2.2 Correction of Estimated Actual or Potential Strength for the
presence of steel in the test core

H, in spite of efforts 10-obtain test cores free of reinforcement, they do

contain steel, it becomes necessary to allow for the resulting reduction in

measured Core Strength {and hence the Actual or Potential Strength

estimated according to clause 3.5.2.1) before interpretation of the results

may take place. Appendix 4 gives guidance on the correction which may

be made.

A/3.5.2.3 Significance of Estimated Actual Strength

An individual estimate of Actual Strength can be expected,
with 95% confidence, 1o lie within +12% of the true
Actual Strength of the concrete in the core. Correspond-
ingly. the mean Estimated Actual Strength cbtained from
n cores can be relied upon, with 35% confidence, as lying
within £12%/4/n of the true average Actual Strength of
the concrete in the cores.

P/3.5.2.3 Significance of Estimated Potential Strength
The individual estimates of Potential Strength provided by
the four or more (1) cores required under this Procedurs,
are separated into the lowest and the remainder (n - 1).
The following is then calculated,

Mean of remainder — Lowest

I =
Mean of remainder x 6 1

»
100 n =1
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3.6 Interpretation of results

3.6.7 General

If t is greater than tive value given by

n t
4 28
5 Z24
6 21
7 2-0
8 19

‘ha lowest result is probably (in statistical terms. p > 0-95)
significantly different from the others and should be rejec-
ted if there is evidence that the core concerned was ab-
normal in respect of location in the lift, steel content,
voidage, lack of homogeneity, cracks or drilling damage
when compared with the other cores.

If ¢ is greater than the value given by:

fr {

4 43
b 32
6 28
7 2-6
8 25

the fowest result shiould be rejected irrespactive of other

considerations {p =- 0-979).

The estimate of Potential Strength required for further
interpretation (see section 3.8) is the mean of the n
individual estimates or the n - 1 individual estimates
rernaining afler rejection of the lowaest.

Mete. The above procedhire lor rejecting ag abnanmally love rasult is
necessitated by the fact thal many unaccountoed for phenomena or
defects may accasionally produce an individuzl low and spurious
H-E

The pcourrence of an abnormally high spurious result i1s much
rarer. Where, however, there is good reason 1o doubt the validity of
an individua! high result, the procedure given above may be used
{substituting 'highest’ for ‘lowest’) to decide whether or not to
reject it.

itis impaossible for these Procedures to make comprehensive and exhaustive
recommandations regarding the interpretation of estimates of Actual or

Potential Strength because of the wide range of situations and specifica-

tions which may be concerned. A number of points are given, however,

which i1 many cases may provide a basic Procedure for resolving an N
investigation. A worked example, demonstrating the use of the procedures

in a practical situation, is provided in Appendix 5 (pages 29 to 31).

3.6.2 Procedure

A/3.6.2.1 Actual Strength .
The individual or mean estimates of Actual Strength may
be used in a number of ways depending upon the purpose
of the investigation. Certain points should be borne in
mind, however. .-

{1) Beacause this Procedure requires the test core to be
soaked in water prior to test, a reduction {of up to about

22

P/3.6.2.1 Potential Strength

The mean Estimated Potential Strength vielded by the
procedure given in clause P/3.5.2.3 can be used either for
comparison with disputed cube results or directly with the
specification for the concrete-(and hence to assess the
potential serviceability ¢! the element).

(1) Where comparison with the specification is the prim-
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15%) in ohserved strength relative to thatin the {generally)
drier structural jocation will oceur. Alsa, the formulae used
for estimating Actual Strenath adjust for any crientation
properties which the core may poss 33s differing from thase
ofa standard cast cube. ;

{2} Forthereasons given above and because the eslimate
of Actuai Strength is a (notional) cube strength, it should
never be compared directly with a principal design stress.
Instead, the Estimated Actual Strength shouid be com-
pared only with an appropriate fraction of the (true) cube
strength required.

If, for example, a structure has been designed to the
British Standard Code of Practice CP 110 (or is otherwise
to have its design compared with the raguirements of that
Code)}, the estimate of Actual Strength obtained from
cores (subject to the tolerance of +12%/+/n) could be
required to equate with the ‘design strength’. egual to the
‘characteristic strength (fJ divided by the appropriate

“safety factor for strength. (v}’ The general value of v is

1-5 and may be regarded as appropriate even for structures
liable ta contain saturated concrete. Hence, if the structure
in question can be relied upon to remain dry under {oad,
the Estimated Actual Strength could be compared with
fi/{1-5x1-1) or £,/1-65 (the value of 11 being a ‘safe’
allowance for the difference in strength between wet and
dry concrete).

tf 1he Estimated Actual Strength —12%/+/n is higher

than £./1-5 or f,/1-65 (as appropriate) the element may be -

deemed safe irrespective of the location of the concrete
init.

1 lower, it will becoma necessary to compare the Estim-
ated Actuat Strength and its tolerance of £12%/4/n with
the value of A,/1-D or A/1-85 scaled dovwin according to the
reduction in stress level expected tor the suspect concrete
relative to the maximum for the element (i.e. ratio A given
in clause A/3.1.2.3).

ary purpose, the mean Estimated Potential Strength (£}

plus its tolerance of +156% should first be compared with

the minimum cube strength permitted by the specification.
For example, CP 110 parmits a miniinum cube strength
ot 85% of the specified characteiistic value {C). Then,

(a) if P = C thereislitile doubl thatthe concrete provided
for the manufacture of the element complied with the
specification minimum cube strength.

(b) if P = 0-74C, there is little doubt that the concrete
“provided for the manulacture of the element did not
comply with the specification minimum cube strength,

0-85

Note, 0074 = ——
L 115

(¢} if C > P > 074C, the caseis 'not proven’,

In situation (a), there is now no reason to suspect the
potential quality of the concrete and further interest. if any,
would be focused on Actual Strength. .

In situation (b). the non-compliance of the Potential
Strength of the concrete is established. However, it is stili
possible that, even though the element contains sub-speci-
fication concrete, it may be found to have an acceptable
potential serviceability by applying the procedure given in
Clause A73.1.2.3, P +15% being given the role, in ratio
(B). of ‘cube strength (proven) of suspect concrete’. -
Alternatively, where the cores drilled for the determination
of Potential Strength are deomed appropriate to the estima-
tion of Actual Strength by the procedure given in clause
A/3.5.2.1, the resulls obtained may be used according to
clause A/3.6.2.1 ta establish the actual serviceability of
the elermeant.

In situation (c). engineering judgement must be applied
1o determine a cotirse of action between that {or siivations
{a) and {b} according 1o the value of £ relative to C and
0-74C. :
(2) Where comparison with a disputed cube resuit is the
primary purpose, the mean Estimated Potential Strength
(P) plus its tolerance should first be compared with the
disputed cube test result (T} and its testing tolerance of
about +5%.

Then
(a) if P > 1-24T, there is little doubt that the cube resuit .

was invalid.

108

Note, 1-24 = ——
-85

(b} if P < 0-837, there is little doubt that the cube result
was not depressed by failure to test to BS 1881,
Note. 083 = —Q-g?
115
{c) if1-24T7 = P = 0-837, the case is 'not proven’.

In situation {a), there is now no reason to suspect the
potential quality of the concrete and further interest, if any,
wolild be focused on the cube testing procedures and,
possibly, Actual Strength.

In situaticn (b)), the non-campliance of the Potential
Strength of the conoiete can be conlinmed by conparison
of 7 + 5% with the minimum permitted by the specification,
without turther utilization of the less reliable estimate ob-
tained from cores (F}. However, it is still possible that,
even ﬂ':oug'h the element contains sub-specification con-
crete, it may be found to hava an acceptabie potential

. ' sarviceability by applying the procedure given in clause

7
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A/3.1.2.3, T 5% being given the role, in tatio (8). of
i ‘cube strength {proven) of suspect concrete’. Alternatively,
: where the cotes drilled for the determination of Potential
i Strength are deemed appropriate 10 the astimation of
; Actual Strength by the prasedure given in clause Al35.21,
the results oblained may be used according 1o clause
£/3.6.2.1 {and clause Af3.1.2.3) to establish the actuat
serviceability of the element.

In situation {¢), engineeting judgement must be applied
to determine a course of action between that for situations
{a) and (b) according to the value of P relative to 1:24T7
and (-837. ' '

Appendix 1 to Part 3: Correcting core strength for the influence
of Excess Voidage
The Excess Voidage of a core is that amount by which the Actual Voidage
exceeds the voidage of a well made cube of the same concrete {the
Potential Voidage). Since the Potentiat Voidage is never known in practical
situations. its value is assumed where necessary 10 be 0-5%.

Excess Vo' 'age cannot easily be dotermined with precision, but two
independent methods of estimating itare recommended.

(1) By visual means (see Appendix 2)

This method is subjective but independent of information other than that
evidenced by the core itseif and the assumption that the Potential Voidage
is 0-b%. '

(2} From density test results
This mathad is objective but dependent upon the precision with which the
Potent al Density of the concrete has been established and upon the degree
of water saturation of the voids.

in the densily lest method, the Excess Voidage af a core is given by the
expression: '

_Pe =P oo%
D, kx 1000

where {D.) is the Potential Density {clause P/3.2.2.7); (D) 1s the Actual
Density of the core water-soaked (clause 3.4.2.4); 1000 is the density of
water (all three density values being expressed in kg/m’); and k is the
fraction of the voids in the core resulting from imperfect compaction and
filled with water when 0, is measured.

The value of & is assumed to be 05 unless there are agreed reasons for
adopting another value, so that

’ D, - D

Estimated Exeess Voidage = ® x 100%

D, - 500
Note. Altho.gh the capillaries in the cement matrix of concrete lose water 10 the
atmosphere while the concrete is in the structure, the soaking of cores for 2 days replaces
this 1o waler. However, only a fraction of the much larger (and usually discrete) air voids
resulting trom imperiect compaction will be filled with water by the time £, is measured.
This fraction (k) has been shown by research to range over all the possible values {from
0 to 1-0} and. i any given situation. will be a function of the materials and mix propor-
tions o the concrete, the magnitude and form of the core voidage. the curing conditions
in the =ruclure, the duration of soaking in the laboratory and the geometry of the cara.
In addition, the exposure of voids on the drilled surface of the core can lead & errers in
ihe validity ol, the value of 2, determined in the laboratory (particularly where honey-
rombing is present).

it i: recommended that the Excess Voidage of each core be estimated by
both these methods to the nearest 0-5%. These two estimates shou'd then
be compared and a single value agreed to the nearest 0-56%.

The multiplying factor required for correcting the measured core strength
far tha influence of Excess Voidage befare praceeding to the estimation of
Potertial Strength is given in the table below. Normal compaction is
geneially expected to yield values for the Excess Yaidage of about 0-b to

o WM
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2:5%. but the uble shows correction factors for values up to 5% for use in
special circumstances. Because of theirincreasing unreliability, cores having
Excess Voidages greater than 5% should never be used to estimate Potential
Strength,

Excess Voidage (%)  Strength multiplying factor
0 1-00
05 1-04
10 1-08
1-5 113
2-0 1-18
2'b 1-23
3-0 1-28
35 133
4-0 1-39
4-5 1-45
5-0 1-51

Appendix 2 to Part 3: A method of estimating Excess Voidage

by visual means

On the assumption that the Potential Voidage is 0-5%. it is possible to
estimate the Excess Voidage of the core by comparing the number and size
of the voids exposed on the drilled surface of the gir-dry core with those
displayed in Fiqures 3atu 5e. These are 140 x BO mm life-size photographs
of the surface of -the cores having known Actual Voidages, and hence
inferrable Excess Voidages, as follows.

Figure No. Excess Voidage (%)
3a : 0

3b 05

3c 1-5

3d 30

Je 130

The comparison of the surface voids of a given core with those shown_
in Figure 3 should always be made by two observers, in order to avoid
extremes of subjective bias, care being taken to ensure that the voids are
viewed in strong light angled so as 1o highlight them with shadows {as in
Figure 3). The recommended procedure for the comparison is as foliows.
{1) Cuta 125 x80 mm rectanguiar aperture in a piece of thin card,

(2) Place the card on the core with elastic bands,

{3) Assess the Excess Voidage of the area of core in view by comparing it
with Figure 3 and record the assessment.

{4) Move the card to other areas and repeat the assessment untii the
cylindrical face of the core has been surveyed representatively.

{b) Average the individual assessments and record the result to the nearest
mulnple of 0-5%.

Notes

{1} Where the retauve frequencies of small and larga voids on the test core differ fram
those shown in Figure 3, estimation of the txcess Voidage may be factlitated by
remembering that a void of a given diameter {or lingar dimension) is equal in volurme
to eight voids having only half that diameter {or linear dimension).

(2} Whan a plctagraphic record of the air-dry corads roaguiret], e coolioe af tho phata .
araph shouli include that 125 x BO mirm arga having an Estimated Fxiess Voidage
nearest to the average for the whole cure. The lighting should also be such that a
phatograph comparable in guality 1o Figure 3 1s obtained, and the photograph should
be reproduced to life size.

(3} In making a vaid count 10 BS 1881 {see clause 3.4.2.2 (b) of the Procedures}, it
shouid be noted that the number and size of the voids is to be expressed as per
100 050 i’ of cut face’, whizh iz 10 timas the area of cach individual area survayvad
by using (he method described in this Appendix.
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{c) Excess voidage = 1-b%

Figure 3: Actual-size photographs of cores of different voidages masked to give a standard area of 125 x 80 rm in each case.
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{e) Excess voidage

Figure 3 continued
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Figure 4: Effect of curing upon strength (determined after soaking
for 2 days in water).

Appendix 3 te Part 3: The influence of curing history upon
corestrength ' _

Research on cores shows that on average, if complying with the physical |
requirements for estimating Potential Strength {e.g. exclusion of unrepre-
sentative concrete, etc.). they vield estimates of Actual Strength which are
only 77% of the true cube strength (and. hence, of the Potential Strength).
This reduction in strength is attributable to differences in curing between
the elements sampled and water-cured cubes; differences in compaction
can be assumed to be insignificant.

The equations given by the Procedures for the estimation of Actual and
Potential Strengths would, if applied to the measured strength of cores
complying with the physical requirements far estimating Potential Strength,
show that at 28 days:

_ 1 .
Actual Strength 0-77 - *lt )
Potential Strength -

Tle s .

In addition. research shows that increase in measured core strength with

age is usually very small after 28 days, so that no correction for age is |}

justified whien Potential Strength is being cafculated. |
In some exceptional cases the reduction. at 28 days. to 77% of the water-

cured strength may not be appropriate 10 the concrete in an element cored

in accordar.ce with these Procedures. This applies, for example to:

{a} elements cast and cured under water;

(b} cores taken from deep within massive elements;

{c) surface concrete (the first 50 mm depth, or so} drying continuously.
Figure 4 shows sirength-aain ¢ e for *upi~al Portland cemént concrete
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R made with dense aggregates, for various conditions, all test specimens

o having been soaked in water for 2 days prior to test. The curves correspond

LR to thse following curing conditions, '

I (1} water curing (BS 1881 cube curing regime):

; (2) concrete protected from all water loss;

!tf' o (3} concrete protected from water loss for 12 days, then allowed to dry

ot to air;

B {4) caoncrete protected from water loss for 5 days, then allowed to dry to
air;

1 {b} concrete allowed to dry continuously to air.

Comparing the specimen situations (a) to (¢) with conditions {1} to (5).

itis probable that:

situation (a) corresponds to condition (1);

situation {b) correspends to candition (2}, (3) or {4} depending upon

the depth in the structure;

situation (¢} corresponds to condition (5). . -

if. from a consideration of the curing history of concrete cored for the

astimation of Potential Strong b (sew clauses P/3.2.2.7 and P/3.5.2.1), it s
found that ithe concrete in the test cores has received curing abnormal to
that assumed by the Procedures for average on-site conditions (indicated
by the broken line on Figure 4), an appropriate percentage should be
sefected from Figure 4 to replace the assumed value of 77%.

The Estimated Potential Strength for abnormally cured concrete may be
calculated by first estimating the Actuat Strength from the measured
strength of cores complying with the requirements for Potential Strength
determination, using the eguations given in clause A/3.5.2.1, and then
dividing this estimate of Actual Strength by the percentage value established
from Figure 4.

Appandix 4 to Part 3: Correcting Core Strength for the influence
of ir.cluded steal :

Cores u: ad to measure the strength of concrete should not'contain steel.
Where this siniply cannot be aveoided, it must be expected that a reduction
i maasured strength will cecur for a core containing steel (other than along
its axis). Tie extent of this reduction depends upon many variables, and
may range from zere to 20% (when large-diameter or multiple bars are
present). When there /s steel in the core, a factor should be used to multiply
the Core Strength, or Estimated Actual ar Potential Strengths, 1o correct
for the presence of steel.

Allowing for a singic bar

For a core containing a bar perpendicular to the axis of the core, the
estimated Actual or Potential Strength should be corrected for the presence
of steel by muitiplying by the factor

where ¢, = diameter of bar;
p. = diameter of core;
k= distance of axis of bar from nearer end of core:
L = length of core.

Allowing for multiple bars
For multiple bars, their effect should be allowed for by using the factor

10 + 1.52(‘?th}
P X L

Note. Fortwo bars which ars no further apart at their closesl point than the diameter of
the larger bar. oniy the bar corresponding to the higher value of (¢ x /) needs to be
incluced.

.
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Appendix 5 to Part 3: A worked example using the recommended
Procedures -

This example from practice® illustrates how the Procedures have been used
for the estimation of Potential Strength, with agreement between the inter-
ested partics. ta resolve a problem in which the validity of cube strength
data was in doubt.

The initial information

Specification .
Specified strength: 20 N/mm?
No cube result below 17 N/mm? allowed at 28 days.

Construction
In situ reinforced concrete suspended floor slab and beams for a large
multi-storey car park.

Interested parties
Specifying authority, contractor, ready-mixed concrete supplier and inde-
pendent testing laboratory.

Concrete design and supplier’s test data

A cement content agreed before the commencement of supply to this
section of the contract formed the main criterion of design. The expected
average strength of 31 N/mm? was in excess of that of 29 N/mm? required
for the strength aspects of the specification. '

Over a four-month pericd, test results for cubes made on site by the
supplier averaged 32 N/mm?2 but during two of those months (the period
in disoute) few tests were made on that site. Test results from other sites by
the supplier. however, confirmed that the mix design remained satisfactory
over that vwo-month peried.

The situation

During the two-month periad, 40 cube results at 28 days were obtained by
the contractor using an independent testing laboratory for the later curing
and crushing of the cubes, Ten (25%) of the results were below the charac-
teristic strangth of 20 N/mmZand two (5%) were below 17 N/mm?.

Tha average strength was 22-5 N/mm?,

Na significant faults could be attributed to the manufacture of the cubes
or their early curing.

Some cubes from the period in the waste heap at the testing laboratory
had unusual modes of cube failure (unreporied) and the gain in strength
recorded generally from 7 to 28 days was unusually low. A cube test veri-
fication against a reference machine showed that the test laboratory
machine was producing correct results currently, but a faultin the spherical
seating existed which might have led to low results on occasions.

Relevant
clause in
Part 3
Planning and preliminary work Procedures
in the light of this situation, the specifying authority re- P/3.2.1
quired cores to be taken and convened a meeting of all
four parties.
The prime purpose of the core tests was stated as estima-  3.1.1, ftem 3
tion of Potential Strengih for comparison with compliance  P/3.1.2.1
requirements.
Na restrictions applied. The concrete was made with Port-  P/3.1.2.4
land cement and natural aggregate and was between one
and two months old.

*Based on the use of a preliminary draft of Part 3. Minor adjustments have been made to
the warked example to conform to the final recommendations, but these have not
. materially alfected the estimates of Potential Strength or the cenclusions.
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The initial number of cores selected for test was 1b, aimed
atsurveying ali the suspect concrete, not any one particular
batch, '

The focat’n was confined to slab areas which were to be
drilled vertically downwards, avoiding reinforcement
where possible, and only the lower half of each core was
1o be used as the test length.

The size of core selected was 100 mm diameter to min-
imize problems with reinforcement and to allow a test
length of 100 mm before capping.

The Potential Density of the concrete was agreed from the
supalier's data at 2350 kg/m?,

The curing history for the slab was agreed as normal for the
type of construction, and ihe weather had been generally
moderate aver the two-month period.

The preparation and testing was split between two testing
faboratories.

The principle was agreed that correction for excessive
voidage would be made belore results were comparod with
required strength levels and that no extra factor was neces-
sary for abnormal curing.

A site representative of the specifying authority present at
the meeting was named as responsible for drilling super-
vision.

Cbtaining the cores

On examination after drilling: only four cores contained
steel. but autside the test length; none were honeycombed
or bowed:; and all had sufficient depth to enable the top
20% of the slab depih to be removed before capping.

Lahoratory work

Eav core was trimmied (o a test fength of about 100 10
110 mm (before capping) by using a masonry saw.

The cares were subjected to a visual exanunation as re-
quired by BS 1881 and a detailed report was prepared for
each core.

Hign-alumina cement mortar capping was used and the
resulting * ratio ranged from 1-2 to_1-3.

A density determination was made on each core. the aver-
age saturated core density {D,} 2315 kg/m* being 35
kg/m3 below that of 2350 (D}, the agreed Potential Den-
sity. Individual values ranged from 15 to 60 kg/m’ below
Oy, :

Testing of the cores for strength was done to BS 1881, and
measured core strengths were obtained ranging from 155
to 24-5 N/mm?,

Estimating Potential Strength

No allowance was necessary for unrepresentative con-
crete, the composition of each core being wholly from
below the top 20% of the depth of the section.

Visual estimates of £Excess Voidage ranged from 0-5 to 2%.

averaging 1%.

The average Excess Voidage was estimated from core den-
sities to be
35 x 100
2350 — 6800
The agreed value for Estimated Excess Voidagé'was 1-5%

to be used for all cores and reguired a correction factor for
strength of 1-13.

P/3.224

P/3.225

P/3.2.26

P/3.2.2.7 (a)

P/3.2.2.7 (b)
3.2.2.8

3.2.29

3.2.2.10

3322

3.4.21

3.4.22

3423

3424

3.4.25

P/3.5.2.1 (a)

P/3.6.2.1 (b)
and Appen-
dixes 1 and 2




The curing history, being typical, did not require an extra  £/3.5.2.1 (c)
correction factor for abnormal curing. o
The cores were drilled vertically so that the appropriate  P/3.5.2.1

e Y a rrE L)

formula tor estimation of Potential Strength was
1-13 x 3 x Core Strength
‘ 16 + 1/a g
Use of this formula vielded estimates of Potential Strength
ranging from 23-0to 36-5 N/mm?2for the 1% cores, with an
§; n average value of 30 N/mm?.

No correction for presence of steef in the cores was neces- 3.5.2.2
sary.

Interpretation of resufts

At this stage, a comparison of the Estimated Potential 3.6 . "
Strengths from cores with specification requirements, sup- -

plier's resuits and independent test results indicated that;

(1) all estimates from cores exceeded the specified

strength, 20 N/mm?;

(2) the average estimate from cores of 30 N/mm?2 was not

g m R B e
N t

.

:§ significantly different from that expected by the supplier

; from design {31 N/mm?) or from results over the four-

3 month period {32 N/mm?);

" (3) there was a large discrepancy between the average

N estimate from cores (30 N/mm?) and that for cubes from

the independent testing laboratory {22:6 N/mm?).

§ Conclusions

»1 it was concluded that concrete complying with the speci-

fication had been supplied and that the low cube test _
results reported by the independent testing laboratory were L
g probably caused by a fault in the testing machine or in its :
v operation, which had since been rectified (or had rectified
; itself). Further consideration of the concrete was probably !
E unnecessary.

fe MNote. As ihis was ons of the first attempts to use the recammenda-

; tions. tha specilying aulliorily, quile rightly, pursucd tho teating of

additional cores {already drilled) which turther confirmed the con-

clusions. A satisfactory load test was alsc made on an area of slab

: tor which the lowest cube resuits had been obtained.

£ Considetation of Actiraf Strength was not necessary but use of the  Af3 5,21

p formula and

£ 23

—-—— x Core Strength Af3.6.2.1

LRI SR P

would yield values ranging from 15-5 to 24:5 N/mm?, all in excess of

¥ "(Specified Strength)/1-5, i.e. 13-3 N/mm?2.

E

g Use of non-destructive testing

‘ A survey of the undersides of slabs and beams was made using Rebound

Hammer tests as additional confirmation of the general quality and to

B N reduce the number of cores taken.

f . Use of BS 1881 Part 4:1870

g _ Calculaticn of "estimated cube strengths’ as required by BS 1881 vielded

; values ranging from 185 to 2856 N/mm? and averaging 23-6 N/mm?.

i ' Use of thase values as ‘valid’ estimates of Potential Strength might have

ied unnecassarily to prolonged discussien, mistrust of the supplier’s inform-

ation, acceptance of results from the independent testing faboratory and

possibly to removal and replacement of some of the cancrete. 4
: )
s

&
¥




Part 4. Other uses for cores

Cores may be required to be taken fora variety of purposes
§ other than to assess strength. Some of these purposes
provide additional information wwhich can aid judgement
K of the validity of strength data, particulerly in isolating
causes of strangth differences and in distinguishing effects
due to the concrete itseli, 1o workmanship and to the
environment.

Some of the tests listed in Table 2 can be done, or are

required to be dohe by the procedures of Part 3 of this

report or by BS 1881, as part of the core test before crush-

ing. e.g. assessment of voidage, without detriment 10 the-
strength determination. Some can be made on the crushed

core but others need 1o be made on independent speci-

mens to ensure accuracy, e.g. chemical anatysis for

water/cement ratio. :

e meee et g e
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Table 2 Tests other than compressive strength, which may be made on cores to provide informatioﬁ 1o assist

W

interpretation of strength data and for other purposes.

Coarse aggregals

Nominal maximum size*
Grading—continuous or discontinuous
Particle shape*®

Mineralogy. Group Classification®

Relative proportions, distribution in concrate”

Fine aggregate

Nominal maximum size
Grading—fine or coarse
Type—natural, crushed or mixture
Particle shape )
Relative proportion, distribution
Mineralogy

Direct visual

examination Cement

Colour of matrix of concrete

of core before
trimming and
capping (by
naked eye

or possibly
hand lens)

. Concret
Non- e °
destructive %

‘/j

Compaction®, segregation®, porosity”. honeycombing®
General composition, apparent coarse aggregate to mortar proportions
Depth of carbonation ’ .
Evidence of pleeding

Evidence of plastic settlement, loss of bond

Presence of entrained air

Applied finishes, depth and other visible features
Abrasion resistance

Crack depth, width. other features

Concrete depth, thickness

Inclusions, particularly impurities

Cold joinis

Reinforcement

Type (round, sguare, rwisted, deformed)
Size®, number, depth®/cover*

indirect visual examination of core
before trimming ang capping (by
microscopic or petrographic techniques)

1 Microcracking

Caore drilling Bowing
foults Ridges
Mineratogy

Air/sang content, bubble/void, sizefspacing

surface texture of coarse aggregates
Fine aggregate particie shape, maximum size, grading
Degradation

Routine physical tests of cores
before capping

Density
‘Water absorption

" Ultrasonic-pulse velocity

Special physical tests of companion cores

Indirect tensile strength

Abrasion resistance (surface only)
Frost resistance

Movement characteristics

Routine chemical tests of cores after crushing for strength

!

Aggregate/cement ratic

Type of cement

Aggregate grading {recovered)
Sulphates

Chlorides

Contaminants

Admixtures

Routine chemical tests of companion core
{not to be used for comprassive strer gth}

Water/cement ratio

Special tests on coré after crushing for strength

Sulphate attack

Cement and other minerals and minetal phases, an
groupings such as NaCl, CaCly, S0, C,A ete.
Conlaminants

Chioride attack

High alumine conversion

Aggregate reactivity

d molecuiar

*Required by BS 1881 for the core tast.
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Part 5. Evidence from research and practice

Introduction

The procedures for estimating Actual and Potential
Strength recommended in Part 3 are based upon informa-
tion ga:’nqd from practice ancl research. The object of this
Part is to summarize the avaiiable knowledge, so enabling
the validity and limitations of the recommendations to be
assessed, and indicating aspects of the subject which
woulid merit further investigation.

’Helationshm between Core Strength and Actual
Strength
The main factors which nead to be considered when
relating tha Core Strength to the Actual Strength are:
(1)} diameter of core;
(2) length/diameter ratio of core;
(3) direction of drilling;
{4) shape of specimen;
(5} method of capping;
{6} effect of drilling operation;
{(7) reinforcement;.
(8} curing of core;
(9) moisture condition of core:
(10) flaws in core. \

Several mvestlgaxors“ -9 have exammed the results of
drilling cores with a diameter of less than three times the
nominal maximum size of the aggregate. For exampls,
cores having a diameter of 50 mim have been taken from
concrete made with aggregate of 20 mm maximum size'é),
For a given height/diameter ratio, little, if any, difference
was noted between the mean strengths yielded by cores of
50 and ‘IOO mm diameters, bu? chs tended to

. SEMEdriable results. Similar results were ob-
tamed durmg an investigation on the strengths of cores of
50, 100 and 1 50 mm diameter drilled from concrete with a
max:rnum.aggregate size of 30 mm'’. In this case. it was
shown that the testing error associated with 50 mm diam-
eter cores was about twice that associated with 150 mm
cores. This implies that, to obtain a similar degree of
accuracy, more cores should be drilled if these are of small
diameter.

Evidence is also available on the strengths of cores
having a diameter equal to the maximum size of aggre-
gate in the concrete. Cores of 150. 200 and 250 mm
diameters were cut from concrete with aggregate of 160
mim maximum size; all yielded similar mean strengths®,
The testing error again increased as the diameter of the

cores was reduced.
Another investigationV involved the testing of cores

‘bf 35, 50, 75 and 100 mm d-amater with mixes having

% maximum aggregate sizes of 4, 8 and 16 mm. it was found
« ¢ } that it was difficult to obtain reliable results from the cores

& of 35 mm diameter.
*  The use of cores of B0 mm ciameter 10 assess the com-

Table 3 Relative strength of cores of different diameters,

Reference Number of Strength of 100 mm-dia. cores
cores Strength of 150 mm dia. cores
6 50 0-98
] 716 1-04
28 a8 0-80°
3 e 100
36- 128 1-08

*Several investigators have commented upon this result but there”
seams to be no axplanation for its contrasting with other evidence. -

pressive strength of concrete with aggregate-of 30 mm.

maximum size is permitied by the relevant Swiss stan- %

dardilz)

Apart from tests on cores hawng a dlameter less than
three times the maximum aggregate size, the effect of size
upon the compressive strength of different types of speci-
men, including cores, cylinders and cubes, has been

studied by many investigators(®:8.%:11.13-381 |t is generally '

accepted that the strength tends to increase with decreas-

ing size of specimen, there being several influencing factors ~

which are discussed by various authors®17.28:37-42) Any
difference between the compressive strengths of 100 mm
and 150 mm cubes is. however,

so small that both.. -

RILEM“2 and CEB™3 suggest that it is of no significance. . |
Results of substantial programmes of tests on cores of::.

100 and 150 mm diameter, given in Table 3, indicate that,

generally, the diameter has little, if any, effect upon the

measured strength.

-2 Length{diameter ratio of cores
. The measured strength of a core decreases as the ratio of

its length to its diameter. 2. increases. This report recom-
mands that, when capped ready for test, a core shouid have
a length/diameter ratio of between 1-0 and 1-2. It is,

L
B
.

[

therefofe, convenient to correct the measured strength of -
any core to obtain the strength which would have been - -

obtained had the core a length/diameter ratioof 1:0,

The effect of the length/diameter ratio upon the strength
of a cast cylinder or a core has been studied by many:

tnvestigatorsf13,19,20,27,29,35,36,38,40,44-49) - the resylts of the
tests are summarized in Table 4, ali :he data being based
upon a specimen having a length/diameter ratio of 1-0.
It is evident that there is a considerable range in the find-

ings: it seems clear. however. that the relationship givenin ..

BS 1881 ynderestimates the difference in measured
strength associated with a change in length/diameter ratio.

A detailed study of the results obtained in the various B
investigations suggests that the strength, . of a core.
having a length/diameter ratio of 1, can be estimated from -

the strength, £y, of a core having a length/diameter ratio of
4, by the fermula:
2-55,

fle —=
L7115 + 1/

It follows from this formula that the strength, £,. of a core -:
having & length/diameter ratio of 2, is vielded by 1he
formuia:

25

= _
215 4+ 1 ;

Dar-i= o
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Table 4 Relaiive strength of cores of different length/diameter ratios.

» Relative strength

Cylinders Cores
05 1-63 152 1-33 1-30 1-52 — 1-39 -_ 1-37 — —
10 . 1-00 120 100 1-00 100 1:00 1-00 1-00 1-00 1-00 100
15 088 0-38 (-89 0-90 — 0-87 0-83 0-82 88 G-84 0-95
20 0B85 0-36 083 0-87 0-86 0-84 084 075 081 0-82 G-92
30 - — a8 G-78 -— -84 — —_ — — 0-80 —_
Reference a4 13 20 48 47 29 46 48 36 38 85 1881

Directivn of drilling

Any heterogenaity in the concralo which is refated to the
direction of casting may have a different effect upon the
strength of the core, depending upon the direction of dril-
ling. Evidence regarding the effect is conflicting. The
results of an investigation'® on cores drilled from 5
columns indicated that the strength was about 12% less if
the cores were tested at right-angles to the direction of
placing. More extensive tests by the same author®? indi-
cated a difference of only &%, which is not statistically
significant.

Johnson™® found that cylinders cast with their axes
horizontal had a compressive strength about 5% less than
that of cytinders cast in the normal manner; Bloem®"
found the difference to average 15%. Other results 15,5234
indicate that the compressive strength of cubes tested in
the direction of casting may be similar to that of cubes
tested at right-angles to the direction of casiing or up to
20% higher.

Recognizing the discrepancies between results reporied
‘by the various investigators, Johr.ston®*! ¢cast prisms from
a range of 23 mixes. The findings from this carefully con-
rolled programme indicated that.the strengih of prisms
was 8% higher if these were tested in the same orientation
as cast. The magnitude of ihes difference was similar for all
narmal-weight structural corcrete.

This finding was in qccord with results obtained by the ¢
Bureau of Reclamationt$37 from a total of 237 cores
drilled vertically and ho}:zontatiy from two dams. These
two investigations ind:catef that. on average, vertically
drilled cores were stronger than horizontally drilied cores
by 7 and 9% respectively. ;

_ﬂShape of specimen
Most of the available information relating the strengths of
cylindrical and cubical test specimens is based upon tests
on cast specimens rather than sampies cut from a larger
concrete mass. The measurements are usuaily made on
standard test cubes and cylinders and $o any observed
. relationship includes the orientation effect.

The considerable volume of information 13,15,20,30,36
$8-78) indicates that the relationship between cylinder and
cube strengths is not unique but depends upon factors such
as the concrete mix and the precise methods oftest. Asum-
maiy paper produced by RILEM'""" shows that the ratio
between the strengths of cubes and of cylinders with a

+ length/diameter ratio of 2 has been found to vary from Q-9
and 1'5. A study of the information suggests that it is
difficuit to be more precise than {o assume that the

swengtii ofdcubeis 1 25 times that of a cylinder having a

ng‘ﬁ tameler '?,“’;ﬁb ¥ This value is in accord with the

J4B-50,

34,
Y i‘“’“

recommendations made by RILEM™2' and CEB™® and is
specified in BS 1881 for converting a corrected cylinder

strength, obtained from a core test. to the equivalent cube

T

strength.
Method of capping
Before being tested in accordance with BS 1881, the two

ends of a core must be capped with a high-alumina-cement
mortar, a sulphur—sand mixture or by other suitable means.

The thickness and composition of the caps have some

influence upon the strength of a core, as evidenced by
several authorg(15.16,27.32,43,71-84 Kt the effect is generaliy
of no practical significance, provided that the capping
material is not inherentlyl weaker than the concrete and
that the caps are sound and flat and perpendicular to the
axis of the core, within the tolerances guoted in BS 1881,
This conclusion is in agreement with the finding™-8%) that
thie same compressive strength is yielded by cylinders
capped with neat cement or a mixiure of sulphur and fire
clay as is obtained from cylinders having ground end faces.
it has been reported™? however, that filled polyester
resins are not suitable for capping. as they reduce the
strength by up to 20%. It has also been found®** that the
use of filled polyester resins increases the variation In
measured strengths.

Effect of driliing operation

[t has been suggested that the cperation of dnllmg can

damage a core and hence reduce its compressive strangth.

Such damage is sometimes apparent when drilling im-
mature or inherently weak concrete, but normally it is not
possible to see any deieterious effects on the cut surface
of & core. .

A core may be inherently weakerthan a cylinder because

D

the surface of a core includes cut pieces of aggregate.|,)

many of which will only be retained in the specimen by

adhesion to the matrix. Such particles are l;kely to contri { -i

bute little to the strength of the core.

J..(

In the course of two investigations, sleeved cylmders(’

have been cast within concrete slabs. Campbell and -
Tobin®® cast 1560 mm diameter metal sleeves in each of

‘four 300 mm thick slabs. At ages of 28, 56 and 91 days,

the strengths of pairs of these cylinders were compared
with the strengths of pairs of cores of the same size and
shape. On average, the cylinders had a strength 5%
greater than the strength of the cores.

Similar tests are described by Bloem*8). Pairs of slabs
were cast from each of three concrete mixes, one being
well cured and one poarly cured. Each slab was provided
with 36 plastics inserts to enable cylinders to be abstracted
for test at six ages. The results were compared with those
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of 36 corresponding cores taken from each slab. The cor-
relation between the strengths of the push-out cylinders
and the cores was good and indicated that the compressive
strength of the cylinders was 7% greater than the strength
of the corresponding cores.

Reinfargement
The effect of reinforcing bars upon the strength of cylinders
has been studied in the United States®. A total of 66
cylinderawas cast. some unreinforced, some with one bar
perpendicular to the axis and others with two mutually
perpendicular bars, both perpendicular to the axis. The
particular location of the bars was found to have little
effect upon the strength of the cylinders. The average
reductions in strength are given in Table 5.

Similar tests™ " have been conducted on 170 cylinders,
300 mm long x 150 mm diameter. some of which contained

single bars of 10 or 20 mm diameter. set at various depths

" and distances from the axis. The cylinders were tested after

being stored for 26 days in air followed by 2 days in water.
The average percentage reductions in strength are given
in Table 6.

A serieg of tests conductec in Germany ™! involved the
testing of more than 300 cores, 151 mm high and 89 mm
in diameter, cut in a vertical direction from slabs. Variables
included the percentage reinforcement, the number of
bars. the positions of the bars and the strength of the
concrete. The results indicated that as much as 3-4% by
volume of reinforcement (two 18 mm bars) had little effect
upon the measured strengty, the maximum reduction
being 3%.

. Table b Average reduction in strenglh due to presence

of one or two bars, ¥}

Diameter of bar Number of bars Reduction in strength

{mm) {%)
1 8

12 2 HA|
1 9

25 2 13

Table 6 .Average reduction in strength due to presence
of bars at different positions, .71

Diameter Distance Reduction in strength (%) at
of bar from axis distance from top of eylinder of
{mm) (mm) 80mm 150 mm 260 mm
Rk

10 8 -5 2-6 38

50 33 ' 16 04
20 0 ' 35 116 -1

50  a} 10-4 86 54

Curing of core _

Once a core has been cut. the method of curing, and
hence the rate of strength development, will differ from
that of the parent concrete. The difference in strength at
the time of test will depend upon the maturity of the con-
crete when the core was drilled and upon the subsequent
maisture and temperature history of both the parent con-
crete and the core. The concrete is usually mature at the

time of drilling and any difference in the subsequent hydra-
tion of the specimen and the parent concrete is likely to be
small; in any case, it will be very difficult to make a realistic
allowance for the effect any difference may have upon the
relative strengths of the core and of the concrete it repre-
sernts.

Moisture condition of core

The measured strength of a core is dependent upon its
maisture condition™®, BS 18871 requires that a core shall
be immersed for a pericd of at least 48 b prior to test and
that it shall still be wet when tested; this requirement is
similar 1o that which applies to compressive tests an other
concrete specimens including cubes. In principle, the effect

of the moisture content at the time of test is not considered ..
to be a characteristic of the concrete affecting its inherent ™

strength but 1o be a parameter associated with the testing

similarly affects the measured strength and is. therefore,
also standardized. Provided a core is tested wet, therefore.
it is not necessary to allow for the difference in moisture
content when inferring the strength of the parent concrete.

Some authorities!®+4 3,338 dg not share this gpinion
and advocate that the core at the time of test should be
dry or have a moisture condition similar to that of the
parent concrete in the structure. Account must be taken of

the moisture condition at the time of test when reviewing

results quoted by various investigators.

W Flaws in core o
There are many faults which can occur in a core; these !
include cracks due to a variety of causes, voids due tc - -

water gain beneath horizontal reinforcement and voids
left upon removal of an immersion vibrator from a mix of
low warkability. The information gained upon examining

“technique. Thus, it is akin 1o the rate of loading, which

such a core can be of considerable value, but the measured . -

strength of the core is likely to be low and not indicative of
the Actuai Strength of tho concrate,

Estimation of Actual Strength

The definition of the Actual Strength of the concrete within
an element must be related to a specific test method. 1t
would be possible to base the strength upon tests on a
core of a given length/diameter ratio ot.on a sawn cube.

The results of tests on the latter type of specimen would
not. however, be directly comparable with strengths mea-
sured on cast cubes, Differences between Actual and -

Potential Strength would reflect both real differences be-
tween the two materials.and effects of the different speci-
mens. The latter effect can only be eliminated by exprass-
ing the Actual Strength in terms of tests on gast cubes,
although these are hypothetical test spectmens in that they
cannot be produced from the concrete in the element.

The Actual Strength can be assessed from the Core
Strength by considering the six specimens illustrated in
Figure 5. These are:

1(a) core drilled horizontally*, length/diameter = )\

1(b) core drilled verticaily, length/diameter = X

1(c) core drilled vertically. length/diameter = 2~

2{a} cylinder with top layer removed. length/diameter = 2
2{b) cvlinder as cast. length/diameter = 2 -
3{a) cube tested-on side.

*The direction of drithing relates to the concrete at the time of casting. .-
’ .
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Figure 6: Types of specimen used in -alating Caore Strength and
Actua! Cube Strength.

The conversion process is as follows.

tfa)to (b} Theditference between iiie strengths of these
specimens is associated with t1e direction of drilling. On
average, the strength of a core drilled vertically is about 8%
greater thanthatof a core drilied horizontally. {f the strength
of 1{a} is p, the estimated strength of 1{b} is 1-08p.

1{b} to 1(c}) The effect of the length/diameter ratio upon
core strength is such that

the strength of 1{c) = x the strength of 1{b)

15 + /A
2-1€p
15 + 1
T{c) to2{a) Thedifference between the strengths of these
specimens is associated with the fact that the cylinder has
a cast, rather than a cut. surface. Experiments have indi-

cated that a specimen with a cast surface has a strength
about 6% greater than the core. Therefore,

the strength of 2(a}) = 1:06 x the strength of 1(c)

2-29p
T6 v/

’

2(a) to 2(b) The strength of the latier is lower because of
the presence of the weaker material near the top. There is
little direct evidence on the magnitude of this decrease but
a general examination of the reduction in strength towards
the top of a layer of concrete, the strengths of cores drilled
from cubes and the relationship between actual and
potential strength suggests that a value of 15% will vield
results consistent with the available evidence. On this
basis. it can be estimated that

' |
the strength of 2{b} = the strength of 2{a) x IER
. ) 2
16+ 1A

2(b) to 3(a} There is a considerable volume of data on
the relationship between the strength of a cube, tested on
its side, and a cylinder. The best average estimate is that
the cube strength is 25% greater than the cylinder strength.
Hence

the strength of 3(a) = 125 x the strength of 2(b)
3 2:5p
15 4+ 1/

it may be noted that if x = 1, the strength of 3{(a) = p.
This means that the strength of a core of length/diameter
ratio 1. drilled horizontally, is similar to that of a cube: this
is in line with evidence provided by tests made upen cores
drilled from cubes. This is summarized in Tabkle 7.

The Estimated Actual Strength, £, is. therefore, yielded
by the equations;

255,
LT 15 + 1/

if cores are drilled in a horizontal direction;

15+ 1/

if cores are drilled in a vertical direction,

Table 7 Evidence on relationship bevween core strength and cube strength.

Ref. Cube size Core diameter L/D of cores. Core strength Approximate cube
Cube strength - strength
{mm) {mm) {N/mm?)
5 200 50 112 1-04* 1010 50
10213106 31
30 15 d 200
Oan 100.and 150 08610116 68 and 80%
1.03 60
43 150
5 100 0-97 30
100 1-05 121070
35 200
: 150 1-Q0 12t0 70
32 and 35 150 70 and 100 1-04 25 and 60

*Correcled 1o equivalent value for x = 1
tMeasured on 200 and 150 mm cubes respectively -

T T &l
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Relationship between Actual and Potential
Strength
The main factors which need to be considered when

_ relating the Actual and Potential Strength are:

(1) differences in constitusnts;
{2} differences in mix proportions;
(3) differences in compaclion;

(4) differences in curing.

Differences in constituents

it is possible for the ‘actual quality 1o be reduced by the
introduction of impurities to the concrete during the course
of transporting and placing.

Differences in mix proportions

The mix proportions in a core may differ from those of &
representative sample of the freshly mixed concrete be-
cause of incomplete mixing, the inadvertent or purposeful
addition of water or the loss of materials by leakage,
evaparaticn or transfer to surfaces with which the concrete
comes into contact.

The most comman reason for the mix proportions within
part of a structural element being different from those of
the freshly mixed concrete is, however, segregation. In
particular, segregation in the form of bleeding, or water
gain, is encouraged by the compaction process which
causes a greater concentration of the lighter constituents
towards the upper surface of the concrete. Many investi-
gatorsI6,9,31,32,35.49,50,68.?0,?1.81,9{3-107,1 have noted that the
concrete towards the top of 2 wall or column is weaker
than the material elsewhere in the element.

The variation in strength over the depth of a well-cured
slab has been studied by Meininger!™. The results indi-
cated that any vertically drilled core containing materiat
from the top 256% of the slab—whether the length of the
core was 2b5%, 50% or 75% of the slab depth—bhad a
strength about 8% less than cores not including material
from the top 25% of the depth. Sherriff@® 71 cut 18 cores
from a well cured slab; six were cut through the full depth
of the slab whilst the others represented 50% and 75% of
the full depth, from both upper and lower surfaces. The
results indicate that a core including material from near the

top of the slab has a strength about 11% less than that of -

olher cores.

Henzel and Grube'1%? tested over 200 ceres from a well
cured foundation slakx having a depth of from -8 to 2 m.
In this case, the strength of cores from the top 200 mm of
the slab was only 4% less than the strength of cores cut
from material at greater depth.

The available evidence indicates that the reduction in
strength towards the top of a wall or column may be
between O and 30% but gives little indication of the factors
governing the magnitude of this decrease. Petersons®®
suggests. however, that the reduction in strenglh increases
with the strength of the concrete, typical values being
given in Table 8.

It is clear that the concrete towards the top of a lift, or
near the upper surface of a slab, is not typical of the
material as a2 whole and should, therefore, preferably be
avoided when taking cores to assess Potential Strength,
The study of the literature suggests that this unrepresen-
tative material can be assurned to extend some 300 mm
from the upper surface in deep lifts; if the depth of the
concrete is less than 1-5 m. it can be taken that weaker
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Table 8 Reduction in strength at top of lift for different
cube strengths according to Petersons. >

Cube strength Reduction in strength

at top of lift
{N/mm?) (%)
20 51010
40 15t0 20
60 251030

Table 9 Reduction in strength due 1o presence of
entrapped air.

Aggregate Free water/cement Reduction in strength
ratio {%)
< 040 5
Unerushed {-41 to 0-54 ;]
grave| 0-55 to 062 7
= 063 8
<049 7
Crushed . 0-60 to 0-58 8
rock 0-59 to 0-65 9
= (-66 10

concrete near the upper surface is confined to less than
20% of the full depth. Some of the literaturet3!.58.107) .
however, indicates that the variation can extend through
the full depth of a wall.

3 Differences in compaction

It is often considered that, for air contents up to about
10%. each 1% of entrapped air cadses a reduction in com-.
pressive strength of some 5 to 6%. This is in general accord
with the results of tests*® but more recent evidence 109
indicates that the effect of the entrapped air upon the
strength depends upon the nature of the coarse aggregate
and the water/cement ratio of the concrete. Warren 119 has
examined the results and concluded that each 1% of en-
trapped air reduces the compressive strength, on a com-
pound basis. by the amount indicated in Table 9*.

The effect of a particular air void content upon the com-
pressive strength of a core will be greater if the voids are
uneventy distributed. :

4 Differences in curing

An impeortant factor affecting the relationghip between the
Actual Strength and the Potential Strength of concrete of
the same age is the difference in the curing history between
the concrete in a core and that in a cube representing the
same batch of concrete. The difference in the curing may
be occasioned by a difference in thermal history or in
available moisture for hydration.

The thermal history of a concrete element of simple
shape can be forecast'™!! and used to estimate the equiv-
alent age under the curing conditions applied to standard
cubes!!!? if the concrete is more than 28 days old, the
difference in strength represented by the difference in -
equivalent age is likely to be low. In view of the imprecision

*For example, if 1% of entrapped air reduces strength by 8%, 3% o
entrapped air will reduce strength by 100(1 = 0-92%)% = 22%. .
s
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of the estimates and assumptions involved. it is probably
best to assume that any difference in strength caused by
differences in thermal history can be ignored.

The possibility of the Actual Strength of the concrete
being adversely affected by loss of moisture will depend
upon circumstancas. Evidenze "™ suggests thatitis essen-
tial to protect slabs but, in temperate climates, it is not
normally necessary to cure formed surfaces after they have
been struck,

The effect of curing upon the relationship between
Actual and Potential Strength has. therefore, two distinct
aspects:

the loss of moisture from vhe surface:

the general difference in curing conditions between the

concrete in the structure and the test cube.

Loss of moisture from the surface. The evidence suggests
that forms are likely to prevent serious loss of moisture, so
that this is only likely to ozcur from a surface which is
exposed from the time of casting. Such surfaces are ob-
viously at the top of a iift and, hence. composed of con-
crete which is normally unrepresentative due 1o segrega-
tion: any reduction in strength caused by poor curing must
be additional to the effect of segregation.

The effect of poor curing probably only extends to a
depth of some 50 mm from the upper surface and so is
sefdom relevant to cores drilled horizontally. The little
evidence avallable. therefore, is based upon cores drilled
vertically into pairs of slabs. one of each pair being well
cured and one poorly cured, Data available are summarized
in Tabte 10.

General difference in curing couditions between tha ron-
crete in the structure and the tec: ~ube. Many investigo-
torS(G.S,}B,’lS,SI‘32,35,13-50,67.70.”.&1 SRELRD AR 102104 114 -121) |'|F3VE
made direct observations on the relative strengths of
specimens cut from walls, columns and slabs and of cast
specimens of the same shape. Results have conflicted bui,
in general, it has been found that the strengths of cores
taken from structures are lower than those of cast speci-
mens tested at an age of 28 days, the reduction being up
to about 30%. The cores. however, often included unrepre-
sentative concrete near the lop of a lift of a slab and many
of the test methods differed considerably from procedures
currently used in the United Kingdom; much of the earlier
work was also conducted on cores drilied before diamond
cutting was employed.

Some of the more reliable information is given in Table
11. Unless otherwise stated, the cores had a length/diam-
eter ratio of 2; all cubes and cylinders were tested when
the concrete was about 28 days old and unrepreseniative
concrete towards the top of 3 lift was notincluded in the
cores. The use of parentheses indicates that the value

Table 10 Reduction in strength duc to poor curing
according to various authors.

Reference Redu ction in core strenglh
associaled with poor curing
(%)
70 11
3 T4
a8 25
114 25

concerned has been calculated on the basis that the cube
strength is 1-25 times the cylinder strength.

Petersonst® reviews the relationship between the core
strength and the ¢ylinder strength as evajuated by vai.ous

authors. In a later paper® he suggests that the mean’

values of the strength in a finished structure are approx-
tmately related to the strengths of standard specimens as
indicated in Table 12. |

Upcn reviewing all the avaitable evidence, it is difficult
to detect any consistent effect of either the strength level
or the efficiency of curing upen the refationship between
the strength of cores and of standard cubes. An assessment
of all the results, with due regard te the degree to which
the various results would seem to be refiable, suggests that

it might be assumed that the following relationship is

approximately true for cores taken from concrete cast on
site and drilled vertically:
Core Strength (A = 2) = 067 x Potential Strength
i.e.
Potential Strength = 154,

Estimation of Potential Strength

The Potential Strength can be assessed from the Core
Strength by considering the three cores illustrated in
Figure 5. As discussed earlier, if the strength of 1(a) is o,

the strength of 1(¢) is 2:16p/(1-5 + 1/2). It has been

shown that, in general, the Potential Strength is approx-
imately 1-5 times the strength of a core of length/diameter
ratio 2 drilled in a vertical direction. This only applies if the
core is free of reinforcement, is wel! compacted and does
notinctude the weaker material near the top of a lift.

The Estimated Potential Strength, #,. is therefore
given by the equaticns

N 3254,
PET1E 1/

if cores are dniled in a horizontal direction:

. 31
LT 15 11

if cores are drilied in a vertical direction.

Table 13 compares the values of Potential Strength
vielded by the abave formulae with values yielded by use
of the datain BS 1881. The formulae yieid higher strengths
because BS 1881 takes no account of the direction of

drilling or differencesin curing; the increase is greaterwhen

the length/diameter ratio is high because BS 1881 under-
estimates the influence of length/diamier ratio upan core
strength.

Difference between Actual and Potential Strength

The formulae for converting core strength to cube strength
indicate that. if the concrete in the structure is fully com-
pacted and normally cured, the Actual Strength is about
77% of the Potential Strength.

The relative strength of structural concrete and stan-
dard-cured cubes has been studied by non-destructive
techniques 041901070 Rasults!'*7t obtained on four sites
are summarized in Tabie 14,

The tests indicated a greater differance between Actual
and Potential Strengths than given by the formulae. One
reason for this is that the concrete tested included the
weaker material towards the tops of lifts in walls and
columns and near the upper surface of slabs.
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Table 11 Relative strength of cores frem structures and test cubes.

Diré;tilon Core strengm_ Coreg strength 28 day ) Age of cores Ref.
of drilling Cylinder strength Cube strength cube strength
{N/mm?} (days)
089 {(0-71) 16 to 39 28 10
§ 0-94 0-89 16
0-84 -74 n 28 4810
075 : 0-64 49
A
0-91 (Q-73)
0-79 (0-63) 44 93 81
Vertical 081 {0-65) 28 a0 102
0-63 (0-50) - a7
0-70 {0-586) 36 30 g6t
Q-77 (0-62) 32 -
0-82 (0-58) 27 93 ’ 8
0-88 (0-70) 44 91 11440
{0-88) 0-71 35 34 P
0-86 {0-68)
0-81 {0-65) 3 . % o
Q73 {0-58) 27 93 6
Horizantal {1-13} 091 68
{1-10} 088 62 40 ' 104
(D-89) o7 46 to 75 28 3218
Q-85 . {068) 37 o 114
Both {0-85) 0-68 — 28 12141
Notes

{1} Cores taken from full depth of slab
{2} Cores tested in moist condition

{3) Core strengths corrected from results of tests on cores with A = 1
{4) Core strengths corrected from results of tests on cores with i = 1-
{8) Core strengths corrected from results of 12515 on cores witha = 3

Table 12 Reiative strength of standard cylinders and
cores from structures.

(6} Cores tested in dry condition
(7} Results based upon tests on 24 sites

Table 14 Relative strength of concrete from actual
structures and in cubes. 17

Strength of ] Strength IHeduction Element Number Mea .
standard cylinders of cores in strength 1 n ratio of Actual Strength
(N/mm?) (N/mm?) (%) of sites to Potential Strength

20 19 S Columns 3 068

30 27 10

2 "" ; 050

50 . 425 15

*Figures mathematically inconsistent

Table 13 Comparison of strength values vielded by use of formulae recommended here for Potential Strength and

by use of datain BS 1881.

Method Direction of drilling

Horizontal Vertical

A= 1" A= 1-2* h=2 A=1" A= 12" A= 2
A Formulae 1-30A. 1-394 1-62f 1-20f 1-28/ 1-80f
B: BS 1881 1157 117 1-266, 1-156 1174, 1-25fx
A-B
— 13% 18% 30% 4% 10% 20%

*Lirmits recommended in Part 3
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Effect of ays upon Core Sirength

Cores are oftep used to abtain an estimate of the Potential
Strength prior to the time at which the cores are tested. it
is, for example, often wished 0 obtain an estimate of the
Potential Strength at 28 days from the results of core tests

canducted at later ages. This nacessitates some knowledge’

of the rate at which the concrete wil! gain%trength.

Maost of the available data on the increase in the strength
of concrete with time have been obtained from tests on
various types of standard specimen cured at a constant
temperature while immaersed in water, The results of these
tests cannot be applied directly to elements of concrete
within a larger mass because of differences in the tempera-
turo history and in the availabil:ty of moisture for hydration,
Any allowance for the effect of age upon the strength of
concrete must, therefore, be based upon data obtained on
testing concrete cast as part of a larger mass or on speci-
mens cured under similar conditions to concrete within a
larger mass. |t is doubtful whether the guidance on rate of
gain of strength given in the Department of the Environ-
ment Specification for Road and Bridge Works %! and in
the Code of Practice for Struciural Concrete? was
obtained in this way.

"The rate at which concrete gains strength also depends
upon the characteristics of the cement, being influenced
not only by the type of cement but by variations between
different cements of the same type. The characteristics of
cement have changed and differ between one country and
another, so that any data which may be available may not
be representative of current concrete produced in Britain.

Campbell and Tobin®® conducted tests on cores drifled
from well cured slabs cast in a laboratory; the slabs were
made with Type 1 cement, the fmerican equivalent of
ardinary Portland cement. Thie resulls of the tests on con-
crete made with aggregates of nornal density indicated an
increase of strength of betwesn 3 and 13% between the
ages of 28 and 84 days.

Bloem ™ conductad similar tests which indicated a gain
of 11% between 28 and 91 days, when Type 1 cement was

* used, and between 4 and 13% when using cement of Type

111, which is the American equivalent of rapid-hardening
Partland cement. These results were obtained from coros
taken from slabs which were well cured; cores taken from
poorly cured slabs had 91 day strengths of between 92
and 102% of the 28 day value. Bloem's results alse indi-
cated a strength reduction between 28 days and & year of
between 1 and 8% for the well cured slabs and between 10
and 17% for the poorly cured elements. No exnlaation is
offered for the reduction in strength v.ith increasing age.
“Higginson and Townsend''#"! provide information on
the strengths of 900 mm long x 450 mm diameter cores
drilled from 13 mass concrete dams constructed over a
period of 30 years. The mixes were made with sulphate-
resisting cements, of Types Il and 1V, and most mixes
inciuded pozzolanic materials and/or air-entraining agents.
Understandably, the results siowed considerable varia-
tions between one site and another but they did indicate a

. consistent increase in strength with the increasing ages of

test of 28, 90, 180 and 3656 days. Other tests conducted by
the Bureau of Reclamation¥.57.12¢-126} show that the
strength of mass concretg ceisistently increases over a
period of 22 years.

Ultrasonic-pulse-velocity tests't® ) made on sites in the

" United Kingdom indicated a1 increase in strength of

Table 15 Increase in strength with age from ultrasonic-
pulse-velocity tests. 20

Site Number of Mean increase in strength
members tested between ages of 28 days

and 6 months
{%)

A 16 22

B 4 35

D 19 30

X 47 20

Y 1 24

Table 16 Increase of Actual Strength with age.

Age Actual Strength as found in reference tnferred
- range
{days) 28 84 105
28 100 100 100 100
91 103t0 113 111 — 10010120
182 — — 130 10010130
364 — 101 t0 108 134 10010135

approximately 30% from 28 days to & months and about
3% from 6 months to 1 year. The results of a more recent
analysis of these, and later, resuits"?” are summarized in
Table 15.

The tests an the §7 members showed a mean increase
of 23%,. the increase being similar for columns, walls and
slabs. [t was not possible to identify the factors responsible
for difference in the gain in strength botween one site and
another.

Two of the authors of this Report have independently
conducted compressive tesis on cubes cured by various
regimes but all immersed in water for at least two days
before test. The results suggest that concrete gains little,
if any, strength after 28 days if the method of curing is such
as to reduce the strength to less than 80% of the Potential
Strongth. Such a mothod of curing applies in structures,
the formuiae developed in this Report indicating that the
Actual Strength s, on average, about 77% of the Potentia
Strength.

The relative strengths at different ages of cores taken
from properly cured concrete, made with ordinary Portland
sement and no admixture, are summarized in Table 186,

Variability of results

There is a considerable amount of information 16.8-11,%9,33,85}
on the variability of cores cut from slabs and walls. This
indicates that there is a tendency for the variability to be
greater when the cores are of small diameter, although
some investigations indicate that the size of core has no
significant effect.

It is difficult to summarize the available information; in
some cases, the variation is high. probably because it
reflects the heterogeneity of the parent concrete, whilst in
others low values have been recorded, often on the basis
of a small number of results. Table 17 gives an indication
of the coefficients of variation which might be expected
from cores drilled vertically from stabs cast in a laboratory
and horizontally from the lower parts of walls cast in a




Table 17 Typical coefficients of variation for the
strengths of cores drilled from concrete castin a
laboratory.

ability of the conversion factcrs applied. There is. theielore,
a limit to the additional precision which can be achieved
by testing a larger number o” cores. it may be possible 1o
develop improved formulae to convert Core Slrength to

Potential Strength butit will always be necessary 1o accept ~, 10.

a substantial measure of appioximation. A major improve-
ment in the reliability of the assessed values of Potential
Strength might be achieved if more information were to be
obtained on the difference betwes the actual and poten-
tial qualities. This would enable a more realistic method of
converting Core Strength to Potantial Strength to be de-
veloped; this might take specific account of some of the
influencing factors such as the thermal history and mois-
ture condition of the concrete. The precision with which
the Potential Strength could be assessed would also be
improved if a more accurate method of assessing the
reduction in Core Strength caused by the presence of
voids could be developed; more knowledge on the effect
of age upon the strength of in situ concrete could also be
of considerable value.

The estimate of Actual Strength is likely to be more

1.

1.

13

References

BRITISH . STANDARDS INSTITUTION. BS 1881:1370.
Methods of testing concrete. Part 4: Methods of testing con-
crete for strength. London. pp. 25,

- Direction of Coeflrzient of variation for cores
drilting of diaracter « 2. AMERICAN SOCIETY FOR TESTING AND MATERIALS,
- C42-68. Standard method of obtaining and testing driled
. 50 mm 100 mm 150 mm cores and sawed beams of concrete. Philadelphia. Part 14.
: pp. 32-36.
ically T lab 7 %
Vertically lm::"sa | 1032 g; 32 3. DEUTSCHEN NORMENAUSSCHUSS. DIN 1048: Part 2:
Honzoma.l y1romwa 6 1972, Prijfverfahren Fir Beton: Bestimmung der Druckfestighert
; vor Fasthatan fortigor Bavwerke und Baughioder, {Testing -
methods Tor concrele: compressive strangth of concrale m
i . . . structures and members.) Berlin. p. 1.
E laboratory, These figures may be compared with a coeffi- 4 STANDARDS ASSOCIATION OF AUSTRALIA. AS 1012
_:=_. . . . 0, - . . .
% clen_t of Va”ahﬁ:‘ of about 3% which can be achieved when Part 14: 1973. Method for securing and testing cores from
A testing cubes! ! hardened concrete for compressive strength or indirect fens;le
p In practical situations, the wvariability of the Core strength. Sydney. pp. 12, _
1 Strengths is, to some extent, indicative of the variation in 5. JOOSTING, R. Le prélévement et I'examen de petites carottes
Actual Strength in a structure. [t is, however, little guide to de béton. {Drilling and examining of small concrete cores.)
. . . Nt R EM symposium on the experimenial rasearch of fiold tasting
v Ihe‘ precision \n‘nth which the Potential Strenglh may be of concrate, Sthe7th October 1964, Trondheim, pp, 376387,
estimated as this depends, 1¢ a very large extent, upon the
validity of the various conversion factors employed. 6. MEININGER, R. C. Effect of core diameter on measured con-
crete strength. Journal of Materials. Vol. 3, No. 2. June 1968,
pp. 320-336.
Further research
- : : ; ; 7. MAURER, A Carottes de petit diameétre. {Cores of smali
It is clear that there is no simple relationship bletween the dismeter.) Bulletin du Ciment. Voi. 38, No. 3. March 1970,
mean strength of a set of cores and the Potential Strength pp. 1-4.
of the concrete: any estimate of Potential Strength will, 8 LEWIS. R K Th _ b of
. . . . . . R. K. The compressive strength of concrete cores.
therefore, be SUbJe?t to COFS[d_era.b_le grror. This error is Melbourne, Commonwveaith Scientific and Industrial Research
related hath 1o the inherent variability in the strengths of Organisation, 1972, pp. 15. Report L.18. _
individual cores from one batch of concrete and the reli- 9. HENZEL, J. and FREITAG, W. Zur Ermittlung der Betondruck-

festigkeit im Bauwerk mit Hille von Bohrkernen kieineren
Durchmessers. {The determination of the comprassive strength
of concrete in a structure with the aid of test cores of small
diameter.) Seton. Vol. 19, No. 4, April 1969, pp. 151155,

MATHER, B. and TYNES, W. O. Investigation of comprassive
strength of molded cylinders end drilled cores of concrete.
Journal of the American Concrete Institute. Proceedings Vol,
57. No. 7. January 1961, pp. 767-778.

FOIJARYL H. and SYRJALA. Ohuiden rakenteiden betonin .
fufuuden midritys porsusndviteiden dvulfa, (Evaluation of con-
crete strength in thin walled structures by means of cores.}
Helsinki. The State Institute for Technical Research, 1968.
pp. 31. Series 3.

SCHWEIZERISCHER INGENIEUR UND ARCHITEKTEN
VEREIN. NMorm fiir die Berechnung. Konstruktion und Aus-
fibrung vornr Bauwerken ‘aus Beton, Stahibeton und Spann-
beton. {Standard for the design, construction and performance
of plain, reinforced and. prestressed concrete structures.)
Zurich, Schweizerischor Ingenieur und Architekten Verein.
1968, pp. 80. Technische Norm 162,

GONNERMAN, H. F. Effect of size and shape of test specimens
on compressive strength of caoncrete, Chicago, Lewis Institute,
Structural Research Labaratory, 1925, pp. 16. Bulietin No. 16.

Wol. 9, No. 2b. March 1857, pp. b2-b5.

) . w14, BLANKS, R.F. and McNAMARA, C, C, Mass concrete lests in
reliable than an assessment of Potential Streﬁglh because * large cylinders. Journal of the -Americen Concrete [nstitute.
it is not necessary to use s0 many conversion factors. Fraceedings Vol. 31, No. 3. January—February 1935. pp.
Again. it is possible that the racommended equations may 280-303.
have a consistent tendency to give either high or low 15, LU"HERMITE, R. Recent research on concrete. Annales des
results. A better estimate might be achieved if more data Travaux Publics de Belgique. Vol. 50, No. b. October 1949.
relative to the various conversion factors were to be ab- op. 481-510. (Tranclated from the Fronch.) London. Cement

| ; i . and Concrete Association. 1951, pp. 31. 61.024.
tained. The main problem in .assessing Actual Strength CE WM 0 "

. ) L . . % 16. PRICE, W. H. Factors influencing concrete strength. Journaf
is. however, likely to lie in the mterpretatlon of the resuit_ \" of the American Concrete Institute. Froceedings Vol. 47, No. 6.
rather than in its denvahon February 1951, pp. 417-432.
17. NEVILLE, A. M. The influence of size of concrete test cubes on
mean strength and standard deviation. Magazine of Concrete
: } FAesearch, Vol. B. No. 23. August 1956, pp. 101-110.
! l ; _ 18. Discussion on reference 17. Magazine of Concrete Research.




