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Summary

Core testing is considered the most accurate tqakrfor the assessment of in-situ concrete
strength. EN 13791:2007 gives guidance for estimgati-situ compressive strength in existing
structures and states that core testing is theerede method. However, the number of cores that
can be taken from a structure is usually limitexdit snay be advantageous to supplement the core
tests with some type of indirect test. The standaedtioned above establishes two alternatives for
the calibration of indirect tests, both based am ¢ests results taken from the structure being
assessed. One of them requires at least 18 coseBes if it is available 18 core tests, it isnl
natural to ask if it is really necessary to supmatrthose core tests with an indirect test. This
guestion motivates the study here presented. Sgadtyf this study deals with the determination of
the number of cores above which the use of anentltest, as a supplement to core tests, is no
longer attractive.

Keywords: core tests; indirect tests; concrete strengthistital uncertainty; Bayesian approach;
calibration.

1. Introduction

Currently the most accurate method to assess tieate strength of an existing structure is the
assessment directly from core tests. However, timgber of cores that can be taken from a
structure is in general limited, not only becausetroduces damage into the structure, but also
because it is a time consuming and expensive tqabniThus, if it is required to estimate, for
example, the characteristic value of the concrieémgth from that small sample of cores, the
statistical uncertainty will be large and reducehsan estimate.

This drawback can be overcome by supplementingdhetests with indirect tests, such as rebound
hammer tests, ultrasonic pulse velocity tests arldqut tests. These tests are much more economic
than core tests and furthermore, with exceptiopulifout tests, do not introduce any damage into
the structure. With these indirect tests it is gmego obtain a large number of results, virtually
eliminating the statistical uncertainty.

Nevertheless, these tests need a previous catibravhich, according to EN 13791:2007 [1] must
be carried out specifically for the structure beamglyzed. In fact such tests depends not only on
the equipment itself, but also on the propertieghefconcrete being analysed, such as the concrete
age, the type of aggregates, the condition in tedasirability, among others [2]. If indirect tests

are used without a previous calibration specifyctdl the structure under study, there is a risk of
introducing systematic errors.

According to EN 13791:2007 [1] the calibration mbstcarried out using cores taken from the
structure. But, again, since the number of corémised, there will be (statistical) uncertainty i
calibration. On the other hand, it is necessatgpke into account the lack of precision of the
indirect test, because they measure a propertijulipicorrelated with the concrete strength. Thus,



by using indirect tests as a supplement to thetiest (core tests), even though the statistical
uncertainty is eliminated because of the high nurmbeesults that can be obtained, they introduce
two new sources of uncertainty: one due to thetfattthe calibration is carried out from a limited
number of cores and other due to the lack of pi@tisf the indirect test.

In this paper the statistical uncertainty assodiabecore tests will be calledirect test uncertainty

and the two sources of uncertainty associateddioeict tests mentioned above will be called
togetherindirect test uncertainty. By balancing the direct test uncertainty anditlggrect test
uncertainty it can be decided if it is benefic@mlse indirect tests as a supplement to core tests.
From a probabilistic point of view, it can be exggetthat there is a number of cores above which it
is not worth using indirect tests. This happensmiedirect test uncertainty becomes smaller than
theindirect test uncertainty.

As it will be seen, the number of cores above wiitich not worth using indirect tests depends
basically on two parameters: the precision of titirect test and the variability (coefficient of
variation) of the concrete.

2. Assessment of direct test uncertainty

Suppose that the compressive strenfittof an existing structure follows a normal disttibn. The
population f¢ is identified here as the values thigttakes from point to point in that structure. The
objective is to estimate the characteristic valué pcorresponding to the quantile 0.05 of his
probability distribution. Let the characteristidwe be denoted by« and an estimate of by

f« . With the objective of determining an estimdte, suppose that a sample mfcores was taken,
which, after being tested in laboratory, resulted samplq fcs, ..., fcn} of n values of the
compressive strengtlfc. Let f. and s be, respectively, the mean and standard deviafitmat
sample. Letv =s/ f. be the coefficient of variation. Thus, since itsnvessumed that. is normally
distributed, an estimate dtx would be given simply by:

foo = (1-1.64% Jfe. (1)

This estimate, however, does not include the $tzdlsuncertainty, i.e., the uncertainty arising by
the fact that the parametefs andV was estimated from a sample with finite size aks been
widely accepted that a Bayesian approach is theopppte way to deal with statistical uncertainty
[3]. According to the predictive model for a norndgdtributed variable corresponding to an non-
informative prior distribution on the parametels Bayesian estimate féyi , here denoted byuq,

is given by:

R 1 \— (2)
foa =| 1+to.05p-1 |1+ =V | fc,
n

wheretp osp-1 denotes the inverse of thalistribution withvy = n-1 degrees of freedom, computed
at p=0.05.

Dividing (1) by (2) it is obtained a factor whicéflects the extent to which the estimage must
be reduced in order to take into account the sitzlsuncertainty. This factor, here denoteddy
and calledlirect test uncertainty factor, is always greater than one and tends to onecasatinple
size of cores grows. Tharect test uncertainty factor is then given by:

gz foo . 1-1.64% (3)
1=77 - ’
fae  1+toosp-w/1+1/nV

Note that thedirect test uncertainty factor depends only on the number of cores and the esfima
coefficient of variation off. . The factora, is the factor by means of whictao must be divided in
order to obtain the estimate. which, as mentioned above, properly include thastical
uncertainty. Note that when - o, a1 —» 1. So the case witlr; =1 corresponds to the case where
there is no statistical uncertainty.

As an example, consider a structure from whichrgsaas taken, later tested in laboratory.
Suppose that those tests yieldied 40 MPa andV =0.12. The estimate off without take into




account the statistical uncertainty is thi = (1-1,645< 0,12)4&¢ 32,1 MF. The direct test
uncertainty factor, (Eq. (3), is equal to 1,115jckHeads tofyq =32/1,115= 29,7 MP.

In Figure 1 is plotted as a function of the number of conefor a concrete withy =0.12.
According to that graphic (concrete with=0.12), for n > 20 the factora; is less than 1.02. So,
for this concrete the statistical uncertainty asged to a sample with size of about 20 is almost
zero (for the purpose of estimatirfg ). Therefore, from a probabilistic point of viewere would
be no need to supplement the core tests with arecidest.

But, suppose that it would be feasible to take ftbmstructure only 5 cores, which, as seen above,
leads toa: =1,115. In this case, probably it would be worth supplatirgy the direct tests with
indirect test in order to reduce the statisticatartainty. As it will be seen in next section, wieat

it would be worth or not depends on the precisibmairect test (and also on the coefficient of
variation of f¢) .
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Figure 1. Direct test uncertainty factor for a concretewith vV =0.12

3. Assessment of indirect test uncertainty

Using indirect tests, the compressive strengtihefconcrete is evaluated from a property correlated
with the strength, such as the superficial hardireise case of the rebound hammer. As mentioned
before, indirect tests need a previous calibrgperiormed from a number of cores taken from the
structure under evaluation.

Suppose that the correlation between the prop¥rtyneasured by the indirect test and the
compressive strengtlfic of concrete meets the requirements of the linegiresssion model, that is,
the compressive strength can be predicted by a Inebtlee form:

fo=fo+BX +0Z, (4)
where Z is a standardized normal variable, i£.- N(0,1).

The parameters of such a modgh( 4 and o) are estimated from a samplerfpairs

{(%, fc1),...,(%, fen)}, wherex represents the value measured by the indirecatdstationi and

fo the strength of the core taken from that locatidre calibration of the indirect test consists of
estimating the parametef®, £ and o, whose estimates here denoteddy 4 and 4, are in
general performed by the least squares method ] parametes measures the mean deviation
of the points(x, fs) from the regression line, thereby constitutingesasure of the precision of the
indirect test, or still, a measure of the abilifyttze indirect test in predicting the compressive
strength fc.



But, since the parametef®, £ ando are estimated from a samglew, fca),...,(Xn, fen)} Of
finite size (n, in this case) statistical uncertainty will existiich is properly taken into account by
the following predictive model [5]:

- 5
(X—X)Z& (5)
S

whereTn-> denotes a distributed variable withv =n-2 degrees of freedonx = L
SO( = Z|n:]_(x| _Y) '

The predictive model expressed by (5) is the Bayesiodel obtained considering the Jeffreys’
prior distribution for the parameteys, £ and o, which is a (improper) distribution of the non-
informative type. It must be said that the modeahabcoincides with the classic one. The advantage
of the Bayesian approach, however, is that it wénglcble to include prior knowledge about the
parametersfy, £ ando, which could reduce the statistical uncertaintgvdrtheless in the present
study it will be considered the situation wherer¢his no previous knowledge.

Based on the predictive model above, the objecsivew to determine an estimate &k, which
will be denoted byf«. . This will be then the estimate given by the iedirtest. Unfortunately, it is
not possible to derive an expression fgg, as was done fofs (See Eq. (2)), since it is not
possible to obtain a closed form for the predictiiaribution associated to the Eq. (5). However,
f«2 can be obtained trough the Monte Carlo Method (MCA8 explained in the following.

Suppose that an indirect test properly calibratedgfgiven structure was performettimes on
that structure, leading to a sample, ..., Xm} . Thus, generating trough MCM a samplg...,tm} of
the variableT,-2, wheren is the number of cores used in calibration, Ejjcéh be used to
generate a samp{efe, ..., fem} , from which f«, can be computed.

Note that in generain is high, of the order of several dozens or evamdheds, because of the ease
use of the indirect test. So, fan large there is no statistical uncertainty in tample{ fcs, ..., fom}
itself, except of course the uncertainty in calilamra and the uncertainty due to the lack of precisi
of the indirect test.

As before, let us define the factor:

f (6)
ar = fckO

fo = fo+ BIX +Tn_z\/1+1+
n

fck2 ,

where, rememberfcko = (1-1.64% )fc which is the estimate ofy from core tests without taking
into account the statistical uncertainty. The faeto reflects the extent to which the estimaie

must be reduced in order to account the uncertaisgpciated to the indirect test. Evidently, from a

probabilistic point of view, it only makes senseuse the indirect test as a supplement to thetdirec
test if a2 < ai. Similar to the factor, the factora, will be calledindirect test uncertainty factor.

In order to determiner, using the MCM, the following algorithm was devedop Suppose that it
was taken from a given structurecores, which, once tested in laboratory, gave amnsérengthf.
and a coefficient of variation of . Based on those tests, the chosen indirect testaldorated,
giving the estimate%,, 4 and . The factora> can be computed as follows:

1) draw a sampléfes ..., fom} ~ N( fe, V [Fo) ;

2) draw a sampléz,..., zn} ~ N(0,1);

3) simulate the measurements with the indirect teshputingx = ( fc —,30 —52.-)/5’1,i =1,...m;
4) evaluatex =) " x andst =[1/(m-D]>"" (x —X)?;

5) computeSy = (N—-1)s% ;

6) draw a sampléty,...,tm} ~studenth— 2);



(x = X) o, i=1,..m;
XX

7) generatefg = ,80+,81x. +1 \/1+ +—

8) from the sampléch , fem} generated in the previous step, compute the ded®th, foco:

9) computed; = [cko (1-1.64% Jfc

fck2 fck 2

It should be assigned tm a value sufficiently high so that, stabilizes in successive runs of the
routine. The systematic use of this routine shothetia> does not depend on the paramet@rs
and 4, nor the mearf.. So, a2 depends only on the sample sizeon the indirect test precision
J, and on the estimated coefficient of variat\of the concrete strength.

Consider again the example of the previous seciwbeye, remember, the concrete strength of a
existing structure is being assessed. From thattstre it was takem =5 cores, which, after tested
in laboratory, gavef. =40 MPaandV =0.12. Suppose that, based on those core tests, thredhdi
test chosen was calibrated, giving the param@ters24 MPa, £ =1.2 MPa and 6 =2.0 MPa. These
are reasonable values for rebound hammer testﬂ[é]routlne described above gawg=1.08,

that is lower tham . Remember that in this exampde =1,115. So, in this case it is worth
supplementing the core tests with the indirectlestg considered, sinag < ai. Obviously it is
being assumed that the cores available are repatsenfor the structure or structural element
under study.

In Figure a- is plotted as a function of the number of coneased to calibrate the indirect test.
Figure 2 also showes: in order to compare it witkr; . It can be observed that, for an indirect test
with 6 =2.0 MPa and for a concrete withl =0.12, such an indirect test would only be useful if it
was feasible to take from that structure up to &Bazores. Above 8 cores the uncertainty
associated to the core tests becomes smallerhieamtertainty of the indirect test, even for géar
number of measurements with the indirect test.
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Figure 2: Direct and indirect test uncertainty factors for a concrete with V =0.12 and a indirect
test with  =2.0 MPa.

In the following, similar curves will be drawn, babnsidering that the concrete is of inferior
guality, with sayV =0.18. Figure 3 shows the results for an indirect tagt & = 2.0 MPa. As it can
be seen, the number of cores above which the etdest is no longer beneficial rose to about 20.
So, concrete with poor quality favours the usendifrect tests.
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Figure 3: Direct and indirect test uncertainty factors for a concrete with V =0.18 and a indirect
test with  =2.0 MPa.

Consider once again a concrete witl+ 0.12, but suppose now that the precision of the indirec
test is estimated b§ =3.0 MPa. As it can be seen from Figure 4, the uncertamsociated to the
core tests solely is lower than the indirect testautainty, even for few cores. So, for the purpafse
assessment the concrete strength, such an intkegcthould not be used, at least as a supplement
of core tests.
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Figure 4: Direct and indirect test uncertainty factors for a concrete with V =0.12 and a indirect
test with  =3.0 MPa.



4. Conclusions

Whenever the concrete strength of an existing &trags to be assessed, core testing constituges th
reference method, not only because it is the nustrate method, but also because it constitutes
the base for calibration of indirect tests. In théger it was shown how characteristic value of the
concrete strength can be estimated taking intowatdbe statistical uncertainty associated to a
limited number of cores.

When the number of cores is small and the coefftai variation of the concrete strength is high,
the statistical uncertainty can be significantuedg the estimate of the characteristic concrete
strength. In this case it can be advantageouspiolesment the core tests with an indirect test,
properly calibrated using the core tests resukssiiown in this paper, for a given concrete
(characterized by a certain coefficient of variajiand for a given indirect test (characterizedby
certain precision) there is a number of cores aldveh the statistical uncertainty associated to
core tests solely is lower than the uncertaintsothiiced by the indirect test. So the use of that
indirect test is only attractive if the number ofes that is practicable to take from the structsire
smaller than that number.

It should be emphasized, however, that the cormhgsirawn in this study are valid under two
basic assumptions: first, the indirect test sassthe requirements of the linear regression model
and, second, the calibration is carried out speadlff for the concrete to be assessed, i.e., any
previous knowledge about the calibration paramegansed from others calibration operations is
not used.

It is evident that if the indirect test being used been calibrated for a similar structure, it ldou
be reasonable to use the knowledge gained. Thdy san be easily extended to cover that
situation. For example, suppose that a previoubradion was performed on a similar structure,
having been useth cores. Thus the uncertainty factor associateddandirect test could be re-
evaluated usingn+m insteadn in the predictive model.
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