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Executive Summary

This report contains the details of afull-scaletrial designed
to assess the ability of selected near-to-surface tests to
provide accurate measures of the in-situ strength of arange
of cast concrete materials typical of those currently used in
highway construction applications. Their ease of use and
ability to provide earlier indications of the quality of cast
materials, and on a broader scale than is currently provided
by 7-day cube and core assessment procedures, was also to
be assessed. The work forms part of awider study of the
performance of non-destructive test methods in contract
situations being undertaken for the Pavement Engineering
Group of the Highways Agency under project reference
E086A/HM: Standardisation of non-destructive testing.

The near-to-surface tests examined in the trial included
the Schmidt Rebound Hammer, CAPO (cut and pull-out),
BOND (surface pull-off) and Windsor Probe (Penetration
resistance) tests.

Ten concrete slabs, each of 200mm nominal thickness
and 5 metre sguare section were cast end to end on a
prepared 150mm thick CBM 3 base. The mix designs of the
concretes were selected to allow an examination of the
influence of aggregate type (flint and limestone), aggregate
size (20mm and 40mm) and the inclusion of selected
hydraulic binder additives (microsilica, pulverised fuel ash
(pfa) and ground granulated blast-furnace slag (ggbs)) on
the accuracy of the in-situ strengths measured using each
of the near-to-surface test methods.

Twenty-eight day in-situ strengths indicated by each of
the near-to-surface tests were compared with the concrete
compressive strength indicated by cores extracted from
each of the concretes and crushed in accordance with
procedures published in both British Standard 1881 and
ISO/DIS 7034 documents. Measures of the 3-day strength
were also obtained and compared with the compressive
strengths indicated by 3-day cube specimens which were
cured on-site under ambient conditions. The 7-day and
28-day strengths of cube specimens, prepared from each of
the mixes and cured in the laboratory at 20°C, were also
obtained for comparative purposes.

An analysis of the data collected has shown that each of
the near-to-surface tests provide broadly similar measures
of early-life concrete strength to those indicated by 3-day
ambient cured cubes. Each of the near-to-surface testsis
also of sufficient accuracy to enableit to be used to
indicate any large-scale variability in the 28-day strength
of the materia. For individual concretes, however, near-to-
surface tests may predict strengths 30-40 per cent greater
than the in-situ strength indicated by crushing cores. Pre-
test calibration could improve the accuracy of prediction
associated with each of the test methods.

For the range of concretes used in the trial, the Schmidt
Rebound Hammer and CAPO tests were found to correlate
more closaly with in-situ strength than either the BOND or
Windsor Probe tests. The Schmidt Rebound Hammer was
also found to be the quickest and easiest of the teststo
perform. Because it causes little damage to the concrete, this
device could be used to provide an intensive examination of

large areas of concrete and locate areas of poor quality
material. It could also be useful for determining when
concrete dabs have gained the minimum strength necessary
to alow them to be opened to traffic.






1 Introduction

The currently adopted procedure for ng the quality of
concretes used in highway engineering applicationsis based
on ameasurement of compressive strength, obtained by a
laboratory test performed on cube specimens prepared from
the freshly produced material. Cube specimens are made,
cured and tested in accordance with procedures published in
British Standard 1881: Parts 108, 111 and 116 (British
Standards I nstitution, 1983), respectively. Prepared to
optimum density and cured under ideal temperature and
environmental conditions, cube strength reflects the
optimum achievable for the mix.

Together with ameasure of materia density, performedin
accordance with procedures published in British Standard
1881: Part 114 (British Standards Ingtitution, 1983), on core
specimens taken in accordance with procedures published in
BS 1881 Part 120 (British Standards Institution, 1983),
laboratory strength measurements are sufficient to characterise
the materia and provide the necessary confidence of alikely
satisfactory in-service performance. Additiond crushing tests,
performed both on the core specimens and on cube specimens
prepared from successive batches of the mix, provide additional
confirmation of the quality and consistency of the cast materia
and also ensure that the necessary quality control isbeing
maintained et the batching plant.

Although an approved and effective procedure, it attracts
criticism on account of the lengthy delays which the
preparation and testing of cubes and, to alesser extent, core
specimens introduces into the qudity control process. In
addition, the number of core samples made availablefor in-
situ density assessment is restricted because of the detrimental
effect of thisactivity on the structural integrity of the cast
material. Consequently, athough the procedure characterises
the materid in the sample adequately, the quality of the
majority of the placed materia can only be assumed.

Inan*Appraisal of end-performance tests for concrete
and cement bound materials', Harding (1995) concluded
that tests performed on core samples might offer the only
reliable method of determining the properties of thein-situ
material that can be related back to the design thickness
curves and specified concrete strengths. As noted above,
however, coring is by nature a destructive process and this
restricts its wide-scal e use as an assessment tool.

Alternative techniques, ideally of anon-destructive
nature, which could be applied soon after casting to provide
an accurate measure of the in-situ strength of concrete
materials would, consequently, be of value both to
contractor and customer alike. With the impending
introduction of contracts based on end-performance criteria,
and the ensuing non-standard mix designs likely to evolve
with such contracts, these types of test might be of particular
relevance, particularly if results obtained at an early age
could be used to provide awarning of poor quality material,
and so reduce the amount of expensive longer term
corrective action otherwise necessary, and a prediction of
the probable in-situ cured strength of the materials. Such
techniques could also assist in minimising traffic delays by
allowing roads of concrete construction to be re-opened to
traffic at the earliest opportunity following maintenance.

Severa different techniques which claim to provide a
measure of the near-to-surface strength of concretes are
currently available for engineering application purposes and
recommendations for their use are documented in British
Standard 1881: Part 202: 1986 and Part 207: 1992 (British
Standards Ingtitution, (1986) and (1992)) respectively.

Four tests of this type, possessing either non-destructive
or mildly-destructive qualities, have been evaluated in a
field trial. Each was used to measure the in-situ strength of
arange of pavement quality concretes and the results were
compared with material strengths determined by laboratory
crushing test performed on laboratory and site-cured cube
specimens, and also on cores removed from the materials.

Thework described in this report forms part of awider study
of the performance of non-destructive test methodsin contract
situations being undertaken for the Pavement Engineering
Group of the Highways Agency under project reference
EO86A/HM: Standardisation of non-destructive testing.

2 Objectives of the research programme

The objective of the research wasto examine, in afield
trial, several currently available non-destructive or mildly-
destructive near-to-surface strength measurement
techniques, and to provide guidance to the customer on
their potential to provide an early and accurate measure of
the in-situ strength of arange of concrete materials typical
of those currently used in highway construction
applications. The ease of use and speed of application of
each of the selected techniques were also to beincluded in
the assessment.

3 Non-destructive tests

The four near-to-surface tests examined in the trial were
the Schmidt Rebound Hammer and Windsor probe
(penetration resistance), together with CAPO (cut and pull-
out) and BOND (surface pull-off) tests.

The Schmidt Rebound Hammer was included because of
its non-destructive nature, and because it offersthe
additional advantages of both simplicity of use and speed
of application. Although the Windsor probe would also
appear to offer speed of application, it does, by itsvery
nature, possess a mildly destructive element resulting in
material damage similar to that caused by both the CAPO
and BOND tests. The damage is, however, minimal and
confined to an area near to the surface of the material. All
of the techniques examined require some preparatory work
- grinding of the surface of the material to provide a
smooth flat finish. Both the CAPO and BOND techniques,
however, involve additional preliminary activities. Each of
the testsis described in more detail below.

3.1 Schmidt Rebound Hammer

The Schmidt Rebound Hammer was developed in
Switzerland (Schmidt, 1950). The device provides a
measure of the superficia hardness of the surface of the
concrete interpreted from the rebound height of a steel



mass after hitting one end of a steel rod held in contact
with the surface of the material. Theinitial energy is
imparted to the steel mass by means of a standard spring.
There is no fundamental relationship between this arbitrary
measure of hardness and material strength. However, an
empirical relationship between the two parameters does
exist for concretes of similar type when tested under
similar conditions. Although the Schmidt Rebound
Hammer might therefore prove more suitable for locating
areas of poor quality material rather than providing an
accurate interpretation of absolute strength, this could be
of considerable benefit in highway engineering
applications. In addition, the ability to provide a quick and
concentrated non-destructive assessment of large areas of
construction makesiit attractive and worthy, therefore, of
inclusionin thetrial.

3.2 Windsor Probe

The Windsor probe was developed in the USA in the
1960's and involves the firing of a ballistically driven steel
probe into the surface of a hardened concrete by a
consistent amount of energy (powder charge). The
resistance to penetration by the probe can, it is claimed, be
related to material compressive strength. After firing, the
exposed length of probe is measured and correlated with
compressive strength. Results are, apparently, dependent
on the hardness of the aggregate which can be obtained
from a standard mineral test (Mohs' hardness scale). To
obtain a statistically meaningful result, it is recommended
that three probes are set in atriangular pattern, the average
value of the exposed heights of the probes being converted
to strength by reading from a simple conversion table
supplied by the manufacturer and accommodating the
range of hardnesses of aggregates likely to be encountered.

3.3CAPO Test

The CAPO test (Peterson, C.G. 1982), isavariant of the
LOK test (Hansen, K. 1975), which has been devel oped to
the stage whereit isincluded in Danish Standards as a
compliancetest. The LOK test involves pulling a25mm disc
shaped steel insert out of the hardened concrete against the
counter pressure of aring of 55 mm internal diameter. The
required pull-out force has been demonstrated to correlate
wdll with the compressive strength of the materid.

The CAPO test offers asimilar measurement to that
provided by the LOK test and was devel oped to avoid the
need to insert the steel discs into the concrete whilst the
material is being cast. However, the preparatory work,
which involves the drilling of a 25mm diameter hole and
under-reaming of a groove to accept a specia expanding
bolt, is more arduous and time consuming. The test, which
causes minor damage only to the in-situ material in the
form of a cone shaped fracture in the top 30mm of the
concrete, could be used as an aternative to coring.

3.4BOND Test

Finaly, the BOND test was examined in thetrid asit could
offer aless time-consuming aternative to the CAPO test.
The test is based on the concept that the tensile force
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required to pull a steel block of 75mm diameter and 30mm
thickness, together with alayer of concrete, from the surface
to which it has been attached is related to the strength of the
material. The test is made possible by the development of
fast curing, high bond strength adhesives, which are used to
attach the metal block to the surface of the in-situ material.
A criticism of the test has been the large scatter in resullts,
possibly associated with a concentration of high mortar
content material close to the surface of the in-situ material,
although greater consistency can apparently be obtained by
partialy coring the concrete around the periphery of the
block to encourage the fracture plane to occur deeper in the
concrete. Unlike the other near-to-surface tests described
above, the BOND test provides a direct measure of the
tensile strength of the material under examination;
derivation of its equivalent compressive strength requires
calibration involving both pull-off and laboratory
compressive strength tests, performed on cube specimens
specialy prepared from the same mix.

4 Sitetrial

4.1 Selection of site

The construction of ten concrete sections, and all
subsequent testing, was undertaken by Trafalgar House
Construction (Regions) Ltd, (now Kvaerner), under a
contract agreement let by the Transport Research
Laboratory (TRL) on behalf of the Highways Agency.
With the kind permission of the British Airports
Authorities (BAA), the trial was allowed to proceed on the
Western Aprons Development site at Heathrow Airport.
Trafalgar House' s involvement in apron construction work
at Heathrow had required the installation of an on-site
batching plant at the Western Aprons site. Advantage was
to be taken of this plant to supply al of the concrete
materials called for by the TRL contract, and in so doing,
alleviate concern regarding the transportation over long
distances of the air-entrained concretes, which would have
occurred had the trial been conducted at the TRL site at
Crowthorne.

4.2 Pavement construction

Thetrial sections, each 5 metre square, were placed end to
end and constructed between rigid forms. Each of the
reguired 200mm thick pavement quality (PQ) concretes
was prepared in asingle 6 cubic metre volume mix in the
on-site ‘Elba 60’ batcher operating on automatic cycle.
The trial sections were cast on a prepared 150mm thick
CBM 3, complying with the requirements of the
Specification for Highways Works (SHW) (Department of
Transport et al, 1991) and the two layers were separated by
1000 gauge polythene sheet.

The mix constituents of each of the concretesin the trial
sections, limitations on their mix parameters and the
procedures adopted for their manufacture and placement
were to comply with the requirements of Clauses 1001 to
1034 of SHW, unless otherwise stated in the TRL contract
specification.



Each pavement quality concrete was manufactured to
achieve the required C40 strength using either all Portland
cement to British Standard 12 (British Standards
Institution, 1996), or Portland cement in combination with
different hydraulic binders. These alternative hydraulic
binders were used to replace the cement on aweight basis
and consisted of: microsilicato BBA Certificate No 85/1568
(British Board of Agrement, 1990) at 10% of total
cementitious content, pulverised-fuel ash (pfa) to British
Standard 12: Part 1 (British Standards Institution, 1993) at
25% of total cementitious content and ground granular
blastfurnace slag (ggbs) to British Standard 6699 (British
Standards Institution, 1992) at 35% of total cementitious
content, respectively.

All of the mixes incorporated a Thames Valley Grade M
sand conforming to British Standard 882 Specification
(British Standards I nstitution, 1992). Each mix was air
entrained, except for that containing the Portland cement/
microsilica blend of hydraulic binder, which incorporated
asuper-plasticiser instead of the air entraining agent.

Thames Valley flint aggregates were sdlected and used in
nine of the sections. In eight of these a20mm maximum size
flint aggregate was used and in two sections, one incorporated
a40mm maximum size flint aggregate, and the other a20mm
maximum size carboniferous limestone aggregate. All
aggregates conformed to British Standard 882.

Consequently, five sections (1-5), which were to act as
controls, were constructed using the same concrete mix. Of
the remainder, two sections (6 & 7) enabled the effects of
different aggregate grading (40mm flint) and aggregate
type (limestone) to be examined, and sections (8-10)
allowed an examination of the effects of the inclusion of
additional hydraulic binder additives in the paste
(microsilica, pfa& ggbs), respectively.

The mix designs of the concretes selected for the tridl,
together with their section identification numbers, are
presented in Appendix A, Table AL. A summary of the
material sourcesisincluded in Table A2. The compacting
factors, with atarget value of 0.88, and air contents for
each of the mixed concretes are presented in Table A3.

All ten sections were hand laid. The placed concrete was
compacted using 75mm vibrating pokers prior to the
application of atripleroller paver followed by awire brush
finish. Poker vibration was omitted on section 2 in an
attempt to produce an under-compacted material.

Eight of the trial sections were cast during the period
24th to 28th October 1994. One objective of the
investigation was to examine the influence of ambient
temperature on the rate of development of in-situ strength
and its effect on the near-to-surface 3-day and 28-day
strength correlations. Consequently three sections (3-5)
were cast at one week, one month and two months
intervals respectively following casting of the first section,
(section 1). Unfortunately, ambient temperatures recorded
during the months of November and December were little
different from those experienced in late October so this
effect could not be investigated.

4.3 M easur ements

The four selected near-to-surface techniques were employed
to obtain a measure of the 28-day in-situ strength of each of
the ten concretes. Three-day in-situ strength measurements
were restricted to those concretesin tria sections1to 5
only. Measurements required by each of the techniques were
made at similar positions on each trial section and are
detailed in Appendix A, Figure A1 (section 1-5) and Figure
A2 (section 6-10), respectively. A summary of the
measurements programme, including the testing of both
cubes and cores, is presented in Appendix A, Table A4,

Schmidt Rebound Hammer tests were performed using a
Proceq Type N Hammer operated in the vertical
orientation and in accordance with both the manufacturers
instructions and British Standard 1881: Part 202 (British
Standards Institution, 1986) recommended procedures.
Rebound values obtained at 12 positions distributed over
the area of each of thetrial sections were averaged and
values for 3-day and 28-day equivalent in-situ cube
compressive strength determined by referring to the
‘rebound number/strength’ conversion table provided by
the equipment manufacturer. The effect on indicated
strength of rejecting rebound values falling outside of the
range 5 of the mean value was also examined.

Windsor Probe tests were performed in accordance with
the appropriate clauses in British Standard 1881: Part 207
(British Standards Institution, 1992). Equipment used for
the measurements comprised a James W600 Windsor
Probe firing silver coded cartridges. Three ‘single shot’
tests were performed at separate positions on each trial
section. Average values of ‘exposed probe height’ were
calculated and converted to equivalent compressive
strength using the ‘ probe height/strength’ conversion table
provided by the equipment manufacturer.

CAPO and BOND tests were provided under a sub-
contract let to Construction Materials Management Ltd who
supplied the specialised equipment necessary for these types
of test. CAPO testswere performed &t 4 pre-determined
positions on each of thetria sections and in accordance with
the appropriate clauses in British Standard 1881: Part 207
(British Standards Institution, 1992). BOND tests were
performed at 6 pre-determined positions on each trid section,
again in accordance with the appropriate clausesin British
Standard 1881: Part 207 (British Standards Institution, 1992).

Three-day and 28-day strength predictions obtained
using the near-to-surface techniques were to be compared
with strength values determined by laboratory crushing test
performed both on 3-day age site-cured cube specimens
manufactured from the fresh concrete mixes, and also on
28-day age core specimens removed from the trial sections
25 days after casting.

In total, eight 150mm cubes were made from each mix.
Four cubes were made, cured and tested under laboratory
conditions in accordance with the requirements of British
Standard 1881: Part 120 (British Standards Ingtitution, 1983).
Two of these were tested for compressive strength at 7-day
age and the other two at 28-day age, in line with currently
adopted practises. The remaining four cubes were left to
cure ‘on-site’ under prevailing ambient conditions. Two of
these cubes were tested in the laboratory for compressive



strength at 3-day age, the remaining two being tested at
28-day age.

In addition to cubes, 12 full-depth core specimens of 150mm
diameter were cut from each of thetria sections. Six of these
were obtained when the materials had attained 3-day age and
the remainder when each of the materials had attained 25-day
age. Intotal, one hundred and twenty cores were made
availablefor compressive strength testing purposes. Of these,
half were prepared, stored and tested at 28-day agein
accordance with the requirements of British Standard
Specification 1881 Part 120 (British Standards Ingtitution,
1983). Theremainder were prepared, stored and tested, again
at 28-day age, but in accordance with current 1ISO/DIS 7034
recommended procedures (Internationa Organisation for
Standardisation, 1983). The sdlected core positions, which were
similar for each tria section, areindicated in Appendix A,
FiguresA1 & A2 respectively.

5 Results

The purpose of the trial was to examine the ability of
selected near-to-surface tests to provide accurate measures
of the 28-day in-situ strengths of a range of concrete
materials, and typical of those currently used in highway
construction applications. Ease of use, and their ability to
provide early indications of the quality of the materials,
and on a broader scale than is currently provided by 7-day
cube and core assessment procedures, was also to be
examined. A contractor’ s report was presented to TRL Ltd
on completion of thetrial. All relevant data were extracted
from the report and are presented in Appendix A.

5.1 Compressive strength from cores

In-situ compressive strength values of each of the concretes,
determined by laboratory crushing tests on core specimens
performed in accordance with British Standard 1881: Part
120 (British Standards Ingtitution, 1983), are presented in
Appendix A, Table A5.1. Theseinclude the 28-day strength
values suggested by cores removed from the trial sections
both 3-days and 25-days after placing together with their
corresponding densities measured after applying the sulphur
capping. Similarly, in-situ compressive strength values for
each of the concretes, determined by laboratory crushing
test performed on core specimens in accordance with 1SO/
DIS 7034 recommended procedures (I nternational
Organisation for Standardisation, 1983), are presented in
Appendix A, Table A5.2, together with their corresponding
densities, again measured after capping.

Strength tests on cores taken from the concrete dlabs should
accurately reflect the in-situ strength of a concrete. Figure 1
shows the similarity in strength indicated by the two different
procedures and this, in the absence of a definitive method,
provides someindication of the confidence which can be
placed on core crushing to provide an accurate measure of the
in-situ strength of these materials.

The results compared are those obtained from cores
extracted from each of the concretes at 25-day age and tested
at 28-days. In each case the results from crushing cores have
been converted to their equivalent estimated cube strength
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values and referred to hereafter asthe in-situ strength.

Thein-situ strengthsillustrated in Figure 1 show that
sections 1 to 5 inclusive are very similar, the range being
from 38N/mm? to 44N/mm?. Although the placing of these
sections was deliberately extended over a period of 2
months in anticipation that the curing conditions would be
different, there was, in fact, little overall variation in
ambient temperature during this period. Section 2, which
was deliberately under-compacted, proved to be the
strongest of these mixes and, consequently, the resulting
in-situ strength of this particular material was similar to
that of the other four sections. Sections 6 to 10 inclusive
were found to be more variable with in-situ strength
varying in the range 28N/mm? to 56N/mm?2.

The 28-day in-situ strength results are as expected from
these mixes and can therefore be used as a basis against
which the other methods of strength assessment can be
compared. As the two methods of testing cores give very
similar results, those obtained using the British Standards
procedures were used for the comparisons with the
compressive strengths obtained by crushing cubes and by
near-to-surface tests.

5.2 Compressive strength from laboratory cured cubes

The mix quality of concrete used for highway construction
is currently determined by crushing tests performed on
cube specimens, which are prepared, cured and tested
under laboratory conditions in accordance with procedures
published in British Standard BS1881.: Parts 108, 111 and
116 respectively (British Standards I nstitution, 1983).
Consequently, cube specimens were prepared, cured and
subsequently tested in accordance with these procedures to
enable both 7-day and 28-day compressive strength values
to be determined for each of the concrete mixes employed
inthetrial.

The results of these tests are presented in Appendix A,
Table A6, and illustrated in Figure 2(a) together with the in-
situ strength determined by crushing cores; they
demonstrate clearly that each of the concrete mix designs



achieved their target 40N/mm?2 design strengths. The strong
relationship existing between the strengths of the 7-day and
28-day cubesillustrated in Figure 2(a) is reinforced by the
regression analysis presented in Figure 2(b) which hasa
correlation coefficient of 0.95 and confirms that, as
expected, a high degree of confidence can be placed on a
28-day material strength prediction based on the 7-day
cube test. Moreover, this currently adopted method of
determining, at an early age, the mix quality and
achievable strength of a concrete would appear to be
relatively insensitive to variationsin mix design typical of
concretes currently used for highway construction examined
inthetrial. The degree of consistency in the 28-day
strengths of each of the control concretes (Sections 1-5),
which were manufactured intermittently over a period of 2
months, also provides a useful insight into the longer term
mix control attainable by abatching plant.
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In contrast, it is aso evident from Figure 2(a) that, for
most of the concretes, the 28-day in-situ strength isless than
that suggested by the 28-day cube test, and also less than
that indicated by the 7-day cube test. Laboratory prepared
cubes provide a measure of the optimum achievable strength
of aconcrete when compacted to optimum density and
cured under ideal, controlled laboratory conditions. The in-
situ strength of the materials will be predictably less than
optimum because of the lower in-situ density and the
influence of less favourable curing conditions on site.
Consequently, differencesin the cube and in-situ strength
relationships found to exist were probably to be expected.

For illustrative purposes, the relationship, expressed in
percentage terms, between the average density of the 12
core specimens extracted from each of the materialsto
allow amore precise measure of the in-situ strengths of
these materials to be made, and that of the 4 laboratory
prepared cube specimens manufactured from each of the
concrete mixes, is presented in Figure 2(c) and indicates
the lower density typically associated with a cast material.
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Figure 2(c) Core/cube density relationship

Similarly, the influence of differencesin the curing
conditions found on-site and in the laboratory is
demonstrated by Figure 2(d) in which, for each of the
materials, the average 28-day strength of cores extracted at
25-day age and those extracted at 3-day age and
subsequently cured for a further 25-days, prior to test,
under controlled laboratory conditions at a constant
temperature of 20°C, are compared. The resulting strength
relationships are also expressed in percentage terms. For
completeness, the relationships presented in Figures 2(c)
and 2(d) include the densities associated with cores
selected for test in accordance with both British Standard
BS 1881: Part 120 and 1SO/DIS 7034 recommended
procedures (British Standards Institution, 1983 and
International Organisation for Standardisation, 1983,
respectively) and the core strengths determined using each
of these procedures.
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Figure2(d) Core strength relationship (25-day v 3-day
in-situ curing)

5.3 Compressive strength from ambient cured cubes

Three-day and 28-day strength values of ‘site-cured’ cube
specimens prepared from the same mixes are aso included
in Appendix A, Table A6 together with their corresponding
saturated densities. The resulting cube strengths are
illustrated in Figure 3 together with the 28-day in-situ
strength values determined by crushing cores.
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Figure 3 Compressive strength of cubes cured at ambient
compared to in-situ strength

Figure 3 shows clearly that 28-day compressive strength
values obtained from cubes cured at ambient temperature
relate more closely and are therefore more representative
of the in-situ strength than the compressive strengths
reflected by cubes cured in the laboratory at 20°C.
Although, again, some difference is to be expected due to
differencesin density, a strong correlation was found to
exist between the strengths indicated by ambient cured

8

cubes and in-situ strength, even for the cubes tested at 3-day
age. Thisis not unexpected, as concrete gains strength
more quickly initially, so that a significant proportion of
the 28-day strength will have been achieved 3-days into
the curing cycle, asis demonstrated by Figure 3.

5.4 Compressive strength from near -to-sur face test
techniques

In-situ concrete compressive strength values measured by
each of the near-to-surface techniques are presented in
Appendix A, Tables A7 to A10 inclusive. The 3-day and
28-day strength val ues associated with Schmidt Rebound
Hammer are presented in TablesA7.1 and A7.2
respectively, while those pertaining to Windsor Probe,
CAPO and BOND tests are presented in Tables A8, A9 and
A10 respectively. Summaries of the 3-day and 28-day test
results are presented in Tables Allaand A1lb respectively.

Recommendations on the use of near-to-surface tests for
concrete strength assessment purposes are published in
British Standard Documents, for rebound hammersin
British Standard BS 1881: Part 202 (British Standards
Ingtitution, 1986), and for other near-to-surface techniques
examined in thetrial in British Standard BS 1881: Part 207
(British Standards Ingtitution, 1992). The recommendetion for
pre-test calibration of the devices, for improved accuracy, was
beyond the scope of thetria and, consequently, in the case of
Schmidt Rebound Hammer and Windsor Probe tests, standard
manufacturers conversions appropriate to the hardness of the
selected aggregates have been used to provide equivaent in-
situ cube compressive strength values. This approach also
served to alow an examination of the sengitivity of Schmidt
Rebound Hammer and Windsor Probe testsin particular, to
differencesin the mix congtituents.

In contrast to other near-to-surface techniques, the
BOND test measures the tensile strength of a material, for
which there is no standard manufacturers conversion to
equivalent compressive strength. To enable the spread of
results to be compared to those of the other near-to-surface
techniques, BOND tensile strengths were converted to
equivalent cube compressive strength using the following
technique. The average ratio of BOND tensile strength
results to estimated in-situ cube strength was found for
Sections 1 to 5, which are the same concrete mix. This
calibration was then applied to the results obtained for
each of the sections, including the different concrete mixes
used in Sections 6 to 10.

The near-to-surface results for tests conducted on the
3-day age concretes are presented in Figure 4, together
with the 3-day compressive strength values determined from
the ambient-cured cubes, with the exception of Section 4
cube results which unfortunately failed prematurely during
the crushing process. Cubes were used as a substitute for
cores which could not be removed from the dabs and
prepared in readiness for testing at 3-day age. The 28-day
in-situ strength is also included, for comparison.

Figure 4 shows that the 3-day near-to-surface tests gave
broadly similar strengths to those indicated by the 3-day
ambient cubes. Near-to-surface tests, by their very nature,
provide a measure of the surface strength of a cast
material. Consequently, this would suggest that each of the
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Figure4 Compressive strength from 3-day near-to-surface
tests compared to 3-day ambient cubes and
28-day in-situ strength

near-to-surface testsis able to provide a reasonable
indication of the strength of the near-to-surface material,
which might be expected to cure at a similar rate to that of
the ambient cubes.

Similarly, the near-to-surface results for tests conducted
on each of the ten 28-day age concretes are presented in
Figure 5, together with the 28-day in-situ strength values.

80

@BOND

EI In-situ EIWindsor Probe
. Schmidt Hammer . CAPO

Compressive strength (N/mm?2)

5 6

Section

Figure 5 Compressive strength from 28-day near-to-surface
tests compared to 28-day in-situ strength

Figure 5 shows that each of the near-to-surface testsis
of sufficient accuracy to enableit to be used to indicate
large-scale variability in the strength of the material under
test. However, for individua sections the near-to-surface
tests may predict strengths 30-40 percent greater than the
in-situ strength indicated by crushing cores.

Concrete strengths suggested by each of the near-to-
surface techniques represent the average of a number of
individual measurements obtained from locations
distributed within each of the labs. The variability
associated with these measurements was examined and
compared with that associated with the cores. The 95%
confidence limits, expressed as a percentage of the mean
strengths, were calculated and are presented in Table 1.
Core strength variability was determined using all
available core specimens, whether tested in accordance
with British Standard or 1SO/DIS recommended
procedures.

Because of the random nature of the variability of the
results used in this analysis, and the varying numbers of
samples associated with each of the different strength
assessment techniques, it is not possible to ascertain
whether the variability shown in Table 1 is predominantly
associated with the measurement techniques themselves,
including core crushing, or to strength variations within
each of the concrete slabs.

5.5 Comparison of methods of obtaining in-situ strength

Linear regression analysis was used to determine the extent
to which the 28-day in-situ strength could be estimated by
the strength obtained by crushing cubes or near-to-surface
tests. The degree of correlation between the in-situ strength
and the other methods of strength assessment is summarised
in Table 2.

The results of the regression analysis, which are presented
in detail for each of the near-to-surface testsin Figures6to 9
inclusive, indicate that the 28-day Windsor Probe and
BOND tests correlate least well with in-situ strength, with
correlation coefficients of 0.60 and 0.72 respectively.
Twenty-eight-day Schmidt Rebound Hammer and CAPO
tests show a reasonable correlation with in-situ strength,
returning a correlation coefficient of 0.83, which, although
better than that associated with laboratory cured cubes, is
not as strong as the correlation with ambient cured cubes.

The core strength values used in the presentations made
in Figures 6-9 represent the average of those determined
using both British Standard and 1SO/DI S procedures.

Tablel1 Variability of near-to-surface and cor e strength measurements—95% confidencelimitsas% of mean strength

Section 1 2 3 4 5 6 7 8 9 10

+ + + + + + + + + +
Schmidt Hammer 12% 18% 12% 13% 13% 20% % 11% 10% 17%
Windsor Probe 4% 2% 11% 2% 8% 11% 22% 12% 8% 6%
CAPO Pull-out 21% 21% 10% 30% 16% 19% % 13% 17% 24%
BOND Pull-off 18% 14% 7% 18% 10% % 11% 12% 20% 19%
Core 25-day 17% 9% 11% 21% 11% 6% 10% 10% 13% 15%
Core 3-day 20% 7% 10% 15% 7% 9% 12% % % 11%




Table 2 In-situ strength correlations

Method Correlation coefficient, r
28-day in-situ strength (from cores) 1.00
28-day cube cured at 20°C 0.74
7-day cube cured at 20°C 0.81
28-day cube cured at ambient 0.95
3-day cube cured at ambient 0.92
28-day Schmidt Rebound Hammer 0.83
28-day Windsor Probe 0.60
28-day CAPO 0.83
28-day BOND 0.72
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Figure 6 Linear regression analysis Schmidt Rebound
Hammer 28-day test (Sections 1-10)
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Figure 7 Linear regression analysis Windsor Probe
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Figure 9 Linear regression analysis BOND (pull-off) 28-day
test (Sections 1-10)

BOND test results have been retained in units of tensile
strength to avoid the introduction of errors associated with
their conversion to compressive strength.

Insufficient variation in the strength of the concretesin
Sections 1 to 5 precluded the development of correlations
between 3-day strength indicated by each of the near-to-
surface techniques and the 28-day in-situ strength
determined by crushing cores.

6 Commentson practical aspects of
near-to-surface tests

6.1 Schmidt Rebound Hammer

Asdiscussed in Section 3 of this report, some near-to-
surface tests are easier and quicker to perform than others.
The Schmidt Rebound Hammer is one of the quickest and
easiest of the tests to perform and demands the minimum of
skill. Also, little or no damageis caused to the concrete. The
12 individual readings required to estimate materia strength



can be spread over arelatively large areaand so enable a
comprehensive examination of the cast material. For the
range of concretes examined in thetrial, the 28-day results
obtained using the Schmidt Rebound Hammer show one of
the highest correlations with in-situ strength (correlation
coefficient 0.83). This device could, therefore, prove to be
useful for checking on abroad scale for significant variation
in the strength of concrete on a highway.

6.2 CAPO and BOND

Although the CAPO test correlated equally well with in-
situ strength, this method, being slower to perform, could
not, in practice, be used to provide as intensive an
examination of the strength of a given area of concrete as
that offered by the Schmidt Rebound Hammer.

The BOND test returned a poorer correlation with in-
situ strength than the Schmidt Rebound Hammer and
CAPO tests. The additional activity of coring of the
surfacing of the concrete around the periphery of the
attached disc, in order to encourage the fracture plane to
occur deeper in the concrete, resulted in the speed of the
test being little quicker than that of the CAPO test.
Although of little consequence when used in its principal
function of comparing the strengths of existing and
reinstated concretes, a quality assessment based on a
measure of amaterial’s tensile strength would be a
significant departure from traditional practise.

6.3 Windsor Probe

This penetration resistance test proved to be the most poorly
correlated of the near-to-surface tests examined. Difficulty
in achieving satisfactory penetration of the ballisticaly fired
pin was experienced during the tests. This could be
associated with localised concentrations of larger-size
aggregate occurring close to the surface of the concrete.

Insufficient variation in the strength of the concretes examined
at 3-day age precluded the development of a correlation
between 3-day strength measured by the near-to-surface
techniques and 28-day in-situ strength, and, consequently, an
assessment of the ability of near-to-surface teststo provide an
early, accurate indication of the qudity of in-Stu concretes.
Their suitability for this application will, however, depend on
the sensitivity of areationship between early-life concrete
strength and curing temperature, which, if significant, as
suggested by Klieger (1958), could introduce additional
cdibration and temperature monitoring requirements which
could detract from this method of materia strength assessment.

7 Conclusions

used in highway construction. For individua concretes,
however, near-to-surface tests may predict strengths
30-40 per cent greater than the in-situ strength indicated
by crushing cores.

2 Each of the near-to-surface strength measurement
techniques provided similar measures of in-situ strength
to those indicated by 3-day ambient cured cubes.

3 Pre-test calibration would improve the accuracy of
prediction of each of the near-to-surface strength
measurement techniques.

4 28-day Schmidt Rebound Hammer and CAPO test
correlated more strongly with 28-day in-situ strength
(coefficient 0.83) than BOND (coefficient 0.72) or
Windsor Probe (coefficient 0.6) tests.

5 Schmidt Rebound Hammer and CAPO test could be
used to determine the 28-day strength of in-situ material
at least aswell asit can be determined by tests
performed on cubes cured in the laboratory.

6 Schmidt Rebound Hammer and CAPO test could be
used instead of coring and measuring density to check
the 28-day strength of in-situ concrete.

7 Schmidt Rebound Hammer could be used to provide an
intensive examination of large areas of concrete in order
to locate any areas of poor quality material. It might also
be of use in determining when concrete slabs have
gained the minimum strength necessary to allow them to
be opened to traffic.

8 Insufficient variation in the strength of the concretes
examined at 3-day age precluded the development of a
correlation between 3-day strength measured using the
near-to-surface techniques and 28-day in-situ strength,
and, conseguently, an assessment of the ability of near-
to-surface tests to provide an early, accurate indication
of the quality of in-situ concretes.

In addition, the trial has also shown that:

a Thein-situ strength of well compacted materials can be
predicted more accurately by ambient cured cubes than
by either near-to-surface tests or cubes cured in the
laboratory.

b Thereisno significant difference in the indicated
strengths of concrete cores tested in accordance with
either BS or ISO/DI S procedures.

8 Recommendations for implementation

From this evaluation and analysis of techniques for the
prediction of the 28-day in-situ strength of newly laid
concrete, the following conclusions can be drawn.

1 Each of the four near-to-surface strength measurement
techniques examined in the trial can be used to detect
any large-scale variability in the 28-day strength of a
range of concrete materialstypical of those currently

It is recommended that further work be undertaken at road
construction and maintenance sites to enable amore
extensive assessment of the potential of Schmidt Rebound
Hammer, with an aim to devel oping a specification for its
use. Thiswould allow a more thorough examination of the
potential of the device when used to predict the strength of
in-situ concrete and to locate areas of poor quality
material. The benefits associated with pre-test calibration
and of omitting surface preparation activitiesin order to
increase speed of use should also be examined.
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Appendix A: Data tables

A B C D E F G H
1 ISO1 SH1 BS2 SH 2 OFF 2 OouT2| BS2
2 OUT1l| SH2 OFF1 | PR2 SH 2 OFF1 | SH1 SH 2
3 PR1 OFF2 | BS1 ouT2 | SH1 1SO 2 OFF2 | ISO1
4 OFF1 | SH1 SH 2 SH1 SH2 OuUT1l| PR1 SH1
5 SH1 PR 2 OUT1l| SH2 SH1 SH 2 SH1 OFF 1
6 BS1 OFF2 | BS2 SH1 OouT2 | ISO1 OFF2 | PR2
7 SH 2 SH1 OFF1 | SH2 PR1 OFF1 | SH2 OouT1
8 1SO 2 OuT 2 OFF2 | SH2 1ISO 2 SH1 BS1

Measurements area - 3.2 metres square
Individual measurement locations - 0.4 metres square

ISO
BS

SH
ouT
OFF

[

denotes cores for strength testing - ISO/DIN 7034 procedure

denotes cores for strength testing - BS 1884 procedure

Schmidt Rebound Hammer test positions

CAPO (pull-out) test positions

BOND (pull-off) test positions

Windsor Probe (penetration resistance) test positions

Numbers relate to times of tests/extraction of cores
at 3-days

at 23/25-days (extraction of cores)
at 28-days (tests)

Figure A1 Measurements and core positions — Sections 1-5
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A B C D E F G H
1 ISO1 BS2 SH 2 OFF 2 OuUT 2 | BS2
2 SH2 PR2 SH 2 SH2
3 OFF2 | BS1 OuT 2 SO 2 OFF2 | 1SO1
4 SH 2 SH 2
5 PR 2 SH 2 SH 2
6 BS1 OFF2 | BS2 OouT2 | IsO1 OFF2 | PR2
7 SH 2 SH 2 SH 2
8 1SO 2 OouT 2 OFF2 | SH2 1SO 2 BS1

Measurements area - 3.2 metres square

Individual measurement locations - 0.4 metres square

ISO denotes coresfor strength testing - ISO/DIN 7034 procedure

BS  denotes coresfor strength testing - BS 1884 procedure

SH  Schmidt Rebound Hammer test positions

OUT CAPO (pull-out) test positions

OFF BOND (pull-off) test positions

PR Windsor Probe (penetration resistance) test positions

Numbers rel ate to times of tests/extraction of cores
at 3-days

=

2 at 23/25-days (extraction of cores)
at 28-days (tests)

Figure A2 Measurements and core positions — Sections 6-10




Table Al Concrete mix design

Table A4 Summary of proposed testing

Section(s)
Material 1-5 6 7 8 9 10
PC 425 360 350 375 320 270 235
pfa - - - - 90 -
ggbs - - - - - 125
microsilica - - - 32 - -
40mm flint - 670 - - - -
20mm flint 755 375 - 780 755 755
20mm limestone - - 760 - - -
10mm flint 380 185 - 390 380 380
10mm limestone - - 380 - - -
Grade M sand 660 630 650 690 660 660
Air entrainer 400ml  400ml  400ml - 500ml  400ml
Plasticiser 750ml  750ml  800ml - 750ml  750ml
Superplasticiser - - - 7000ml - -
Free water (litres) 155 145 161 133 155 155

Masses of solids are kg/m? of Saturated Surface Dry material

Table A2 Summary of material sources

Material Sandard Source

PC 42.5N BS12 Blue Circle, Northfleet

pfa BS3892: Part 1  Ash Resources, Little Barford
ggbs BS 6699 Civil & Marine, Purfleet
Microsilica BBA 85/1568 Elkem 940, Elkem, High Wycombe
40mm flint BS 882 Streeters, Harlington

20mm flint BS 882 Streeters, Harlington

20mm limestone BS 882 Wimpey Hobbs, Halecombe
10mm flint BS 882 Streeters, Harlington

10mm limestone BS 882 Wimpey Hobbs, Halecombe
Sand GradeM  BS 882 Streeters, Harlington

Air entrainer BS5075: Part 2 AE 88/2, Cormix, Warrington
Plasticiser BS5075: Part 1 P7, Cormix, Warrington

Superplasticiser BS 5075: Part 3 SP6, Cormix, Warrington

Table A3 Concrete compacting factor and air content

Section Compacting factor Air content %
1 0.86 4.9
2 0.88 5.6
3 0.90 5.1
4 0.90 5.2
5 0.92 5.9
6 0.91 5.2
7 0.85 4.6
8 0.89 -
9 0.94 35
10 0.86 4.0

Section(s)

1-5 6 7 8 9 10
Age (days) 3728 3728 3728 3728 3728 3728
BS 1881 cores --6 --6 --6 --6 --6 --6
1SO 7034 cores --6 --6 --6 --6 --6 --6
BS 1881 cubes -22 -22 -22 -22 -22 -22
In-situ cubes 2-2 2-2 2-2 2-2 2-2 2-2
Schmidt Hammer 12-12 --12 --12 --12 --12 --12
Windsor Probe 3-3 --3 --3 --3 --3 --3
Pull-out 4-4 --4 --4 --4 --4 --4
Pull-of f 6-6 --6 --6 --6 --6 --6
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Table A5.1 Coretest results

Cores tested to BS 1881: Part 120 at 28-days age

Cores cut at 3-days age Cores cut at 23/25-days age
Core Estimated Core Estimated
Capped compressive in-situ cube Capped compressive in-situ cube
density strength strength density strength strength
Section (kg/m?) (N/mn?) (N/mn?) (kg/m?) (N/mn¥) (N/mn?)
1 2259 45.0 45.0 2274 43.8 43.0
- 52.0 53.5 2262 46.2 47.5
2250 42.8 425 2282 40.8 40.5
2 2249 44.9 46.0 2272 455 46.5
2267 46.5 475 2269 43.0 445
2227 43.9 445 2242 39.0 40.5
3 2243 43.1 44.0 2292 44.9 455
2281 45.0 455 2258 40.9 41.0
2257 45.0 45.0 2276 45.9 46.0
4 2244 39.7 40.0 2255 39.5 39.5
2294 39.6 40.0 2177 324 325
2262 40.5 41.0 2297 41.1 41.5
5 2286 445 455 2269 41.9 43.0
2293 50.7 50.0 2280 37.0 38.0
2305 44.2 455 2298 41.3 425
6 2300 38.7 39.0 2312 33.9 355
2265 34.3 35.5 2305 325 335
2279 36.6 375 2283 36.8 36.5
7 2363 54.5 56.5 2386 53.7 55.5
2304 46.7 49.5 2387 55.6 56.0
2347 51.6 54.0 2369 55.6 56.5
8 2313 51.6 52.0 2324 45.9 45.0
2310 54.4 56.0 2331 46.9 48.5
2333 54.7 56.0 2306 51.2 51.5
9 2297 32.8 34.5 2306 28.6 30.0
2310 36.1 36.0 2284 314 325
2300 37.1 375 2294 30.6 31.0
10 2243 31.0 32.0 2226 28.2 29.0
2302 33.0 34.0 2235 26.2 27.5
2313 31.8 335 2226 26.8 275

Densities are ‘as received densities’
Srengths are compressive
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Table A5.2 Coretest results

Cores tested to ISO/DIS 7034 at 28-days age

Cores cut at 3-days age Cores cut at 23/25-days age
Core Estimated Core Estimated
Capped compressive in-situ cube Capped compressive in-situ cube
density strength strength density strength strength
Section (kg/m?) (N/mn¥) (N/mn?) (kg/m?) (N/mn¥) (N/mn¥)
1 2280 43.0 435 2286 425 435
2257 41.5 42.4 2229 375 37.7
2220 40.5 41.6 2222 39.0 39.1
2 2268 455 47.5 2255 415 43.3
2255 47.5 47.5 2266 435 44.8
2242 425 44.2 2245 425 435
3 2324 51.0 49.9 2258 41.0 41.4
2263 415 435 2264 415 42.2
2264 46.5 459 2261 45.0 45.7
4 2237 39.0 39.3 2238 40.0 41.6
2216 36.5 35.7 2297 40.0 39.9
2268 445 45.3 2288 445 44.8
5 - 50.0 47.1 - 42.0 431
- 46.0 47.5 - 46.0 44.8
- 445 45.8 - 40.0 41.3
6 2318 40.5 40.8 2297 34.0 35.3
2293 37.0 38.3 2295 335 34.8
2286 38.0 37.8 2285 34.0 35.2
7 2374 56.0 59.2 2358 515 54.1
2345 56.0 56.5 2321 48.5 51.4
2334 52.0 53.2 2316 475 49.5
8 2340 56.0 56.8 2307 46.5 46.8
2313 53.0 54.0 2322 50.5 50.0
2294 53.5 53.6 2334 49.0 50.8
9 2272 34.0 34.3 2275 31.0 31.1
2300 34.0 35.9 2316 33.0 34.7
2318 355 36.9 2293 335 34.9
10 2268 335 34.9 2239 24.5 25.7
2266 29.0 30.3 2289 29.5 31.1
2283 29.5 31.2 2279 29.0 30.9

Densities are ‘as received densities
Srengths are compressive



Table A6 Cubetest results

20 deg Curing Ambient Curing

7-Day Test 28-Day Test 3-Day Test 28-Day Test
Density Srength Density Srength Density Srength Density Srength
Section (kg/m?) (N/mn?) (kg/m?) (N/mn?) (kg/m?) (N/mn?) (kg/m?) (N/mn?)
1 2327 46.0 2330 55.0 2284 24.5 2297 50.0
2325 45.0 2329 52.5 2284 24.5 2294 49.0
2 2355 51.5 2354 63.0 2328 30.5 2324 56.5
2359 53.5 2352 61.5 2329 30.0 2315 55.0
3 2308 435 2312 50.5 2320 32.0 2314 525
2312 445 2321 54.0 2301 30.0 2314 54.5
4 2350 50.0 2356 575 - - 2287 49.0
2345 49.5 2355 58.0 - - 2300 48.5
- - 2292 49.0
- - 2303 49.5
5 2321 44.0 2323 54.5 2278 25.5 2284 46.0
2321 435 2327 54.0 2304 30.0 2296 51.5
6 2347 435 2366 50.5 2288 25.5 2327 48.0
2356 44.0 2339 50.5 2306 25.0 2319 50.0
7 2400 52.0 2404 64.0 2399 40.0 2392 65.5
2402 54.5 2388 62.5 2386 415 2394 62.0
8 2386 57.0 2396 70.0 2336 29.5 2358 62.0
2391 56.5 2391 715 2344 30.0 2352 59.0
9 2349 40.0 2356 50.0 2317 225 2334 43.0
2349 39.0 2358 50.5 2311 23.0 2328 425
10 2328 36.0 2326 48.5 2327 19.0 2304 38.0
2326 375 2330 50.0 2287 18.0 2296 385

Densities are ‘saturated densities’
Srengths are compressive
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Table A7.1 Schmidt Rebound Hammer — 3-day test

results

Section 1 2 3 4 5
Location Rebound number

B1 27 28 33 42 39
G2 38 31 36 26 30
E3 29 29 32 25 55
B4 26 30 35 36 34
D4 35 29 29 30 30
H4 43 30 30 36 28
A5 27 28 34 21 33
E5 38 39 32 35 29
G5 32 32 41 26 29
D6 20 43 34 32 31
B7 30 27 33 24 40
G8 27 31 30 29 34
Mean 1 31.0 314 333 30.2 34.3
Standard deviation 6.45 4.78 3.22 6.18 7.56
Est’ cube comp’ 31.0 32.0 35.0 30.0 36.0
strength (N/mm?)

Est’ cylinder comp’ 26.5 27.0 295 25.5 30.5
strength (N/mm?)

Mean 2 28.1 29.5 325 29 321
Standard deviation 4.2 1.58 221 3.65 3.26
Est’ cube comp’ 26.9 28.7 33.6 28.1 33
strength (N/mn?)

Est’ cylinder comp’ 22.0 23.8 28.0 23.6 27.8

strength (N/mn?)

Srengths are compressive
Mean 1: Mean of 12 results
Mean 2: Mean of values falling with + 5 of Mean 1
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Table A7.2 Schmidt Rebound Hammer — 28-day test results

Section 1 2 3 4 5 6 7 8 9 10
Location Rebound number

D1 40 44 38 37 38 36 45 44 34 34
B2 45 42 45 36 39 40 45 45 33 39
E2 44 49 42 32 42 39 45 49 38 46
H2 40 51 42 40 41 44 38 49 44 32
Cc4 40 42 54 36 40 48 44 51 37 37
E4 49 46 39 44 35 35 49 43 36 32
D5 52 49 40 36 37 38 46 52 37 32
F5 42 47 46 40 35 51 45 49 35 32
A7 39 42 40 44 36 35 52 49 38 38
D7 40 52 38 38 41 44 43 53 34 32
G7 40 36 44 39 39 40 45 50 44 32
E8 37 45 42 36 41 45 55 49 34 37
Mean 1 42.3 45.5 425 38.2 38.7 41.8 45.9 48.8 37.0 35.3
Standard deviation 4.42 4.56 4.46 3.49 2.46 5.17 4.35 3.09 3.67 4.35
Est' cube comp’strength (N/mm?) 49.5 55.0 50.0 425 435 49.0 56.2 61.5 40.5 37.3
Est’ cylinder comp’strength (N/mm?) 42.0 47.0 43.5 36.0 37.0 41.5 47.8 52.0 34.0 32.0
Mean 2 40.7 44.2 41.0 37.0 38.7 41.4 45.2 49.1 35.6 34.0
Standard deviation 2.36 3.94 24 24 2.46 4.07 1.64 2.66 1.84 2.87
Est’ cube comp’ strength (N/mm?) 47.0 53.0 47.3 40.5 435 47.9 54.9 61.7 37.6 35.3
Est' cylinder comp’strength (N/mm?) 40.0 45.0 40.5 34.0 37.0 40.5 46.5 48.5 33.0 30.0

Srengths are compressive
Mean 1. Mean of 12 results
Mean 2: Mean of values falling with + 5 of Mean 1

Table A8 Windsor Probe (penetration resistance) — 3 and 28-day test results

3-day test 28-day test
Exposed probe height (mm) In-situ Exposed probe height (mm) In-situ
Mean Sandard strength Mean Sandard strength
Location A3 G4 E7 (mm) deviation (N/mn?) D2 B5 H6 (mm) deviation (N/mn?)
Section
1 4.5 39 4.0 4.13 0.32 27.0 5.0 5.1 5.2 5.10 0.10 45.0
2 3.9 3.9 4.4 4.07 0.29 255 5.0 5.0 5.1 5.03 0.06 44.0
3 4.0 4.6 4.5 4.37 0.32 315 4.9 5.4 5.4 5.23 0.29 47.5
4 3.9 45 4.9 4.43 0.50 325 4.9 4.85 4.8 5.10 0.04 45.0
5 3.93 4.28 4.9 4.37 0.49 315 5.0 5.37 5.1 5.14 0.20 46.0
6 - - - - - 5.2 5.2 5.7 5.36 0.29 50.0
7 - - - - - 6.0 5.0 5.0 5.33 0.58 50.0
8 - - - - - 5.7 5.3 6.0 5.66 0.35 56.0
9 - - - - - 5.2 4.8 4.9 4.96 0.21 42,5
10 - - - - - 5.0 4.8 51 4.97 0.15 43.0

Srengths are compressive
Assessed ‘Mohs'’ hardness No for flint and limestone — No 4
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Table A9 CAPO (pull-out) — 3 and 28-day test results

3-day test 28-day test
Pull force (kN) Mean Pull force (kN) Mean
Mean Sandard strength Mean Sandard strength
Location A2 C5 F4 H7 (mm) deviation (N/mm?) B8 D3 E6 Gl (mm)  deviation (N/mnp)
Section
1 16.5 155 165 20.6 17.3 2.27 20.1 41.2 35.0 422 33.0 37.9 454 47.6
2 18.5 17.5 22.7 17.5 19.05 2.48 22.5 35.0 30.9 35.0 40.1 353 3.77 441
3 22.7 22.7 22.1 20.6 22.0 0.99 26.3 49.3 44.2 48.3 45.2 46.8 244 59.4
4 20.6 247 247 20.6 22.7 2.37 27.3 432 34.0 39.1 30.9 36.8 5.44 46.2
5 29.8 278 2838 27.8 28.6 0.96 35.2 38.1 422 35.0 40.1 389 3.06 489
6 35.0 40.1 34.0 412 37.6 3.6 47.2
7 45.2 44.2 47.3 47.3 46.0 1.56 58.4
8 44.2 49.3 49.3 51.3 48.5 3.03 61.8
9 32.0 30.9 37.1 32.0 33.0 2.78 411
10 320 320 258 - 29.9 3.58 36.9
Srengths are compressive
Table A10 BOND (pull-off) — 3 and 28-day test results
3-day test 28-day test
Bond strength (N/mn®) Bond strength (N/mn?)
Sandard Sandard

Location A4 c2 C7 H5 F2 F7 deviation Mean B3 B6 D8 E1 G3 G6 deviation Mean
Section
1 183 183 198 198 188 1.88 005 191 281 281 233 258 292 244 023 265
2 177 167 209 177 167 209 020 184 292 303 258 315 281 281 020 288
3 198 209 183 209 209 - 0.09 203 297 308 308 308 286 286 011 299
4 154 165 154 154 176 176 011 163 230 208 230 254 254 208 021 231
5 197 - 163 174 185 185 013 181 217 195 217 206 195 2.06 0.10 2.06
6 264 286 275 275 264 286 010 275
7 384 384 346 362 351 395 020 3.70
8 297 275 308 308 264 286 018 290
9 244 188 1838 221 210 210 0.21 2.10
10 244 255 221 221 221 275 023 240

Strengths are tensile
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Table Alla Summary of 3-day strength test results

3-day Schmidt Hammer

cube Equiv' in-situ cube
Windsor Pull Pull
Ambient All meas Mean £5 Probe -out -off
24.5 31.0 27.0 27.0 20.0 1.91
30.5 320 28.5 25,5 225 1.84
31.0 35.0 335 315 26.5 2.03
- 30.0 28.0 325 275 1.63
28.0 36.0* 33.0 31.5%* 35.0 1.81**

255
41.0
30.0
23.0
18.5

COOO\ICDU'I-b(A)I\Jb—\%)
[=3
]
=]

=
o

3-day cube, Schmidt Rebound Hammer, Windsor Probe and Pull-out

strengths are compressive (N/mn®)
Pull-off strength is tensile (N/mn®?)
* 5-day strength ** 4-day strength

Table A1lb Summary of 28-day strength test results

Equivalent in-situ cube

28-day core

Schmidt Hammer

28-day cube 3-days 25-days Equiv' in-situ cube

Windsor Pull Pull
Ambient 20°C BS 1O BS 1SO All meas Mean £5 Probe -out -off

Section
1 495 54.0 47.0 425 435 40.0 495 47.0 45.0 47.5* 2.65
2 56.0 62.5 46.0 46.5 44.0 44.0 55.0 53.0 44.0 44.0 2.88
3 53.5 52.5 45.0 46.5 44.0 43.0 50.0 475 475 59.5 2.99
4 49.0 58.0 40.5 40.0 38.0 42.0 425 405 45.0 46.0 231
5 49.0 54.5 47.0 47.0 41.0 43.0 435 435 46.0 49.0 2.06
6 49.0 50.5 375 39.0 35.0 35.0 49.0 48.0 50.0 47.0 2.75
7 64.0 63.5 53.5 56.5 56.0 51.5 56.0 55.0 50.0 58.5 3.70
8 60.5 71.0 54.5 55.0 48.5 49.0 61.5 61.5 56.0 62.0 2.90
9 43.0 50.5 36.0 355 31.0 335 405 375 425 41.0 2.10
10 385 49.5 33.0 32.0 28.0 29.0 37.0 355 43.0 37.0 2.40*

Schmidt Rebound Hammer, Windsor Probe and Pull-Out strengths are compressive (N/mmnr?)

Pull Off strength is tensile (N/mmg)

* 29-day strength
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Abstract

A programme of research was carried out to examine the ability of selected near-to-surface tests to provide early,
accurate measures of the 28-day in-situ strength of arange of cast concrete materials typical of those currently used
in highway construction applications. Their ease of use, and ability to forecast the quality of cast materials on a
broader scale than is currently provided by the 7-day cube test and core assessment procedures, was also included in
the study.

An analysis of the data has shown that each of the near-to-surface tests provide measures of early-life concrete
strength broadly similar to those indicated by 3-day ambient-cured crushed cubes. Each of the testsis also
sufficiently accurate to enable it to be used to indicate relatively large-scale variability in the 28-day strength of the
material. For individual concretes, however, near-to-surface tests may predict strengths 30-40% greater than the in-
situ strength indicated by crushing cores. Careful pre-test calibration could improve the accuracy of prediction
associated with each of the tests.

From the point of view of their ease of use, and their output, the Schmidt Rebound Hammer appears to be the
most suitable test to pursue.

Related publications

CT121  Non-destructive testing (1994-1997). (Current Topics in Transport: selection of abstracts added to
TRL Library’s database) (price £20)

RR250 Non-destructive testing methods for concrete bridges by R J Woodward. 1990 (price code B, £15)

CR156 The non-destructive detection and mapping of ASR cracking in concrete by R L Smith and M J Crook.
1989 (price code C, £15)

Prices current at April 1998

For further details of these and all other TRL publications, telephone Publication Sales on 01344 770783 or 770784,
or visit TRL on the Internet at http://www.trl.co.uk.

23





