
Case Studies in Construction Materials 6 (2017) 109–119

Contents lists available at ScienceDirect

Case Studies in Construction Materials

journal homepage: www.elsevier .com/ locate /cscm
Case study
Analysis of the single and combined non-destructive test
approaches for on-site concrete strength assessment: General
statements based on a real case-study

Khoudja Ali-Benyahiaa,b,c, Zoubir-Mehdi Sbartaïc, Denys Breyssec,*,
Said Kenaid, Mohamed Ghricia

aDepartment of Civil Engineering, University of Chlef, 02000, Algeria
bDepartment of Technology, University of Khemis-Miliana 44225, Algeria
cUniversity of Bordeaux, CNRS, I2 M – GCE, UMR 5295, 33405 Talence, France
dDepartment of Civil Engineering, University of Blida, 09000, Algeria
A R T I C L E I N F O

Article history:

Received 18 October 2016
Received in revised form 13 January 2017
Accepted 16 January 2017
Available online 19 January 2017
Keywords:
Concrete
Case-study
Non-destructive evaluation
Rebound
UPV
Core
Calibration
Model
* Corresponding author.
E-mail addresses: k_alibenyahia@yahoo.

sdkenai@yahoo.com (S. Kenai), m_ghrici@y

http://dx.doi.org/10.1016/j.cscm.2017.01.00
2214-5095/© 2017 Published by Elsevier Ltd
4.0/).
fr (K. Ali-
ahoo.fr (

4
. This is
A B S T R A C T

The evaluation of the compressive strength of concrete in existing structures by coring is
expensive, technically difficult in certain cases, and even impossible in others. The use of
non-destructive testing (NDT) is an interesting alternative method (i.e. affordable cost,
portable, fast, etc.). However, the NDT estimation of strength requires a procedure of
calibration of the model between NDT and compressive strength. The robustness of this
calibration is a crucial point allowing better choice of the optimal number of cores. Studies
which treat the calibration of proposed models are often based on laboratory experiments
or synthetic data. The present study aims at identifying and optimizing themethodology of
the calibrationmodel on site. This paper is based on a broad campaign of auscultation using
NDT (Rebound and Ultrasound) and coring on an existing construction with 205 triplets of
data (strengths andNDT results). Statistical data analysis enables to quantify the role of: the
number of cores (NC) used for the calibration, the use of only one or two-combined NDT
techniques and the calibrationmethod. The conclusions are focused on the improvement of
the relevance and the effectiveness of NDT techniques in such operational situations.
© 2017 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Existing buildings need the evaluation of their structural capacity in a variety of situations like the prediction of their
seismic performance, restoration purposes, change of use or assessment after a partial failure or structural damages. To
achieve this evaluation, the mechanical properties of concrete need to be evaluated for a more accurate estimation of the
structural capacity [1]. The destructive estimation of themechanical strength of the concrete structural by coring is regarded
as a reference [2,3]. However, this method allows only a limited number of tests, due to the fact that it is expensive and
technically difficult in certain cases, even impossible in others. Non-destructive testing (NDT) does not eliminate the need for
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coring, but it can reduce the total amount of cores needed to evaluate a large volume of concrete [4], and to optimally locate
coring on the structure.

Non-destructive tests in conjunction with destructive tests DT (cores) offer an interesting alternative for concrete
strength estimation in existing constructions [3,5–7]. An empirical relationship (or conversion model) must be identified
between NDT results and strength measured on cores taken from the same locations. For the non-destructive assessment of
strength, the European standard EN 13791 [8] requires at least 18 pairs of data (cores and NDT measurements). In the same
way, ACI 228.1R standard [4] requires six to nine areas of measurement with two cores in each area. However the
professional practice is usually based on much lower number of cores (sometimes down to 3 cores), while the reliability of
this estimation is disputable and rarely discussed [9,10].

Reaching a reliable estimate would suppose that specific attention is paid to the quality control of the conversion model
which depends on several factors: (a) the number of data (cores) used for identification of model parameters, (b) the
measurements quality and the choice of NDT techniques, (c) the strength variation range of thewhole data, (d) the relevance
of the empirical model, (e) the existence of uncontrolled factors. Even if these factors are well known, the analysis of their
effects remains generally qualitative or limited to laboratory or synthetic data [9–11].

While estimating the precision quality of the conversion model, its statistical properties during identification phase and
prediction phase (when the model is used on new data) are usually confused. However, the model precision in prediction
phase may be significantly lower then the model precision in the first phase. The difference between calibration and
prediction errors beingmainly due to the involved error of the model extrapolation (generalization). The real challenge here
is to test the precision estimate capacity of the conversion model in the prediction phase.

The NDT techniques based on rebound hammer and ultrasonic pulse velocity tests are often combined in order to obtain a
better assessment of concrete strength [2,10]. Many empirical multi-parametric models had been proposed in the literature
[12–16]. Someworks showed that best precision of the strength assessment is obtained by combining those NDT techniques
[14], whilst other works concluded the opposite [17]. It seems that combined Rebound Hammer (RH) and Ultrasonic Pulse
Velocity (UPV) method does not have any significant effectiveness in certain conditions which have not been really clarified.
In particular, if one of the used techniques is significantly less accurate than the other one (adding poor quality results may
only lead to disappointing outcomes) [7,11,18,19]. This is also the case when the dataset is heterogeneous, for instance
carelessly mixing measurements on carbonated and uncarbonated concrete. In addition, few works dealt with the effect of
the number of data on the combined method effectiveness [10,11].

The aim of this paper is to identify the weight of the various factors on site, in particular the effect of the number of cores
used for the calibration procedure by using two statistical indicators: the root mean square error “RMSE” and the
determination coefficient “r2” to estimate the precision quality of themodel. The analyses are implemented on the basis of in
situ data obtained on a real building, with a comparison between these two indicators.

2. Presentation of the case-study

There are some real study cases in the literature for the estimation of strength with NDT measurements. However, they
are usually limited to the establishment of correlation laws between NDT and destructive tests. Besides that, some recent
works were based on laboratory or synthetic data to analyze themethodology and the quality of strength assessment [9–11].
The main purpose of this paper is to explore how to proceed and optimize the first identification step to improve the quality
of concrete strength assessment on a real case-study of an existing structure.

This study is based on a large campaign of sounding and coring on structural elements in an existing building. The
rebound and Ultrasonic pulse velocity tests were used in conjunction with destructive tests. The studied building is
[(Fig._1)TD$FIG]

Fig. 1. Study case of an existing building.
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dedicated to administrative use and belongs to an industrial factory located at Blida city (Algeria). The building is made of
two blocks with two and three storeys, respectively. The main structure is a portico system (columns – beams) made with
reinforced concrete (Fig. 1).

About 145 elements (columns and beams) were tested with NDT and coring tests. On each element, three NDT
measurements were implemented prior to coring and then one to three cores were extracted at the location of NDT
measurement. A total of 205 core samples of 75mm diameter were extracted (Table 1) and then were submitted to
compression test until ultimate failure. The reduced size of cores (75mm instead of common 100mm)was privileged due to
the high number of cores, despite the fact that it is known to induce a larger variability in strength evaluation [40_TD$DIFF][20].

The test areas were approximately corresponding to a 15 cm�10 cm rectangle where concrete was surfaced with a
grinding stone and where one velocity measurement and 12 rebound values were performed. Rebound hammer
measurements were carried out with a type N device (C181 model) after checking the calibration specimen. Ultrasonic
measurements were carried out with 54 kHz transducers having a 50mm diameter. The system calibration was checked in
conformity with EN12504-4 standards.

The coring and NDT tests were carried out perpendicularly to the direction of concrete casting. After coring, the
specimensweremeasured andweighted after having sawn the ends. On each core, one ultrasonic velocitymeasurement and
between 9 and 12 rebound values were measured. The rebound number is the median value of the test results. All “core
strengths” results discussed above have been obtained after conversion into an equivalent in-situ cube in accordance to
British Standard [8]. More extensive information about the experimental program is given in [21].

3. Analysis of strength and NDT measurements correlation

The main objective of this section, reproducing common engineering approaches, is to establish empirical relationships
between the concrete compressive strength of cores and NDT measurements on elements and to analyze the correlation
quality by taking as indicator the determination coefficient “r2” defined in Eq. (1). Since NDT tests were carried out both on
elements prior to coring (NDT1) and on cores prior to compression (NDT2), compression strength can be correlated to any of
these two NDT results.

r2 = (SST� SSE)/SST (1)

where SST is the sum of square distances between measured stength and its mean value, and SSE is the sum of errors
between mesured strength and estimated strength:
Table 1
Distribu

Desig

Cored

[32_TD$DIFF]Cored
SST ¼
XNC

i¼1

f m � f
� �2

; SSE ¼
XNC

i¼1

f m � f eð Þ2 ð2Þ
where fm and fe are respectively the measured and estimated strengths and f is the average measured strength.
A representation of 205 sets of individual data measured on cores and in-situ (elements) shows the existing correlation

between the concrete samples strength and NDT measurements (rebound “R” and UPV “V”) (Fig. 2). These figures highlight
the high consistency between NDT and strength measurements over a wide range of values. These large variations
correspond to a high variability in material properties which may due to the real water to cement ratio and/or to the casting
process.

Table 2 synthesizes the identified relationships and values of determination coefficients r2 for simple regression (one-
variable) and multiple regression (two-variable) with three mathematical forms (linear, power and exponential), which are
commonly used in practice. All models with a single technique show relatively good correlations (r2�0.70), which are even
improved (r2�0.83) for multi-parametric models. There are no important differences depending on the mathematical
tion of the number of cored elements and cores.

nation Block N� 1 Block N� 2 Total

Overall

Ground floor First floor Second floor Ground floor First floor Partial Element Core

column Number of columns [28_TD$DIFF]20 19 20 24 22 105 [29_TD$DIFF]145 205
Number of cores Bottom 7 8 10 9 8 42 123

[30_TD$DIFF]M-height 9 7 8 9 10 43
[31_TD$DIFF]Top 7 6 9 8 8 38

beam Number of beams [33_TD$DIFF]7 7 10 8 8 40
Number of cores Left 4 6 5 7 4 26 82

[30_TD$DIFF]M-span 7 7 5 8 5 32
[34_TD$DIFF]Right 6 4 5 7 2 24
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Fig. 2. In-situ compressive strength versus NDT measured on elements.

[35_TD$DIFF]Table 2
Relationship between Strength “F” and NDT results.

Method NDT on site

Correlation curve r2

Rebound “R” F =–15.034 +0.9874*R 0.78
[36_TD$DIFF]F = 0.0238*R1.8781 0.78
[37_TD$DIFF]F =2.6113*exp(0.0558*R) 0.77

UPV “V” (km/s) F =–27.106+12.509*V 0.70
[36_TD$DIFF]F = 0.6401*V2.5654 0.72
[38_TD$DIFF]F =1.2288*exp(0.726*V) 0.72

Combined NDT:
(R, V (km/s))

F =�24.674+0.653*R +5.752*V 0.83

[36_TD$DIFF]F = 0.0543*R1.171*V1.286 0.84
[39_TD$DIFF]F =1.3947*exp(0.034*R) *exp(0.374*V) 0.84
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model shape, even though the non-linearmodel appears to provide a slightly higher r2 value. The determination coefficients
measure the quality of fit of the model but they do not inform about the real precision of the model when it is used in the
prediction phase. In common practice, in engineering as well as in academic context, the analysis of the established models
does not go further, which is widely insufficient as it will be shown in what follows.

4. Analysis of strength and NDT variability

The data variability has been quantified at several scales for subsets of structural elements according to the blocks, the
storeys or element types (columns or beams) (Table 3). Such approach is commonly carried out in order to identify “regions”
which can be considered as homogeneous according to the coefficient of variation “CV” (with CV= SD/Aver).
Table 3
Data variability of the subsets of structural elements (Aver = average strength, SD= standard deviation, CV = coefficient of variation).

Data subset Rebound number UPV (km/s) Strength (MPa)

Aver SD CV (%) Aver SD CV (%) Aver SD CV (%)

All data 34 5.80 16,9 3.67 0.43 11.8 18.8 6.50 34.6
Block 1 (B1) 33 5,80 17.6 3.54 0.45 12.8 17.3 6.62 38.2
Block 2 (B2) 36 5.36 14.9 3.86 0.33 8.5 20.9 5.75 27.5
B1-S0 (level 0) 34 6.31 18.4 3.64 0.56 15.4 18.7 8.12 43.5
B1-S1 34 5.80 17.1 3.70 0.35 9.6 18.9 6.34 33.5
B1-S2 31 5.01 16.0 3.32 0.34 10.2 15.0 4.75 31.7
B2-S0 35 5.98 17.0 3.79 0.34 9.0 20.1 6.16 30.7
B2-S1 37 4.38 11.9 3.95 0.30 7.5 21.9 5.09 23.2
B1-beams 34 5.97 17.5 3.70 0.45 12.1 18.9 6.70 35.4
B1-columns 32 5.61 17.4 3.43 0.42 12.3 16.2 6.38 39.3
B2-beams 37 5.65 15.3 3.89 0.30 7.8 21.8 6.41 29.3
B2-columns 35 5.15 14.5 3.84 0.35 9.0 20.3 5.26 25.9
SD between data subsets 1.82 0.20 2.22
CV between data subsets 5.3 5.4 11.8
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All subsets appear to have relatively close characteristics in terms of mean values and CV, whatever the type of
component. Block 2 presents slightly better properties than those of block 1. Besides that, a small difference is registered
between storeys of each block. In the same way, the properties of the beams are slightly better than those of columns. The
variability “CV” of NDT measurements calculated between the average values for each subset is about 5%, which is only a
third of the within-subset variability. This value leads us assume that the whole data set can be considered as belonging to
the same homogeneous population.

5. Estimation of in-situ properties

5.1. Methodology of the estimation

Themethodology of the quality assessment of models precision is applied and tested on the same population of 205 data
collected on site (strength “F”, Rebound “R” and ultrasonic pulse velocity “V”). A set of alternative approaches is considered
while varying the number of cores (between bounds corresponding to commonpractice) and themodel shape. The reference
solution is assumed to be the strength values obtained on the full data set. The estimated values are strength values obtained
when the samemethodology (i.e. same NDTmethod and samemathematical model type) is applied to a limited set of cores.
The difference between estimated and reference values indicates the quality of the assessment. The number of calibration
cores NC is varied from2 to 20 (Fig. 3). The cores selected for each number NC (sample) are randomly selected among the 205
cores (population of size N). For each sample with size NC, a statistical regression allows to identify a specific relationship
Fm= f(NDTm).

The three most usual model shapes were tested: the power form for the rebound, the exponential form for UPV and the
double power form for the combined NDT. Thus, the fitting error can be quantified and estimated (represented by RMSE and
the coefficient r2) from the distance between measured and estimated strengths on the NC pairs. This same conversion
model can be used to estimate strengths for all the other (N-NC) measurement points. To estimate the quality of the
conversion model at the prediction stage, RMSE and r2 value are thus calculated from the distance between measured and
estimated strengths on the (N-NC) pairs [9]. This is possible in this case-study since the true strength (reference) is known at
all NC points, which is usually not feasible in common practice, because of the more limited size of the data set.

As the results can have some part of randomness since any set of NC datawould leads to a different results. This is why the
same procedure is repeated 100 times for each number NC. Mean value and variability (standard deviation of strength) over
the 100 iterations are quantified in order to analyze the robustness of the estimation.

5.2. Analysis of the effect of the cores number on the assessment precision

The fitting and prediction errors (RMSE and r2) obtained for the rebound and UPV are plotted in Fig. 4 as a function of the
number of cores NC. The graphs show both average values and standard deviations (calculated on 100 iterations). It can be
seen that for NC¼2 fitting error RMSE (Fig. 4a and c) is null (average and standard deviation) while the r2 value (Fig. 4b and d)
[(Fig._3)TD$FIG]

Fig. 3. Flow chart of the methodology of strength assessment accuracy at identification (fitting) and prediction (use) stages.
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Fig. 4. RMSE and r2 (average and standard deviation) of fitting and prediction models for separated NDT.
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amounts unity: with NC=2, identifying the model comes to find the values of two model parameters which satisfies two
equations, and the solution is unique and exact, thus has a perfect fit. However, when the number NC increases, the value of
the two model parameters is only a “best compromise” since they must satisfy at best NC equations and consequently the
fitting error RMSE increases while its standard deviation reduces. The prediction error however has an opposite behavior
with an increasing quality when NC increases (Fig. 4c and d).

The average value of RMSE at the prediction stage is always higher than at fitting stage (Fig. 4a and c). It is only when NC
increases, that the two RMSE and the two r2 coefficients converge, while their standard deviations decrease. They perfectly
coincide with the total number N of the population. The difference between the fitting and prediction error is due to
extrapolation. This precision difference is very significant, in particular when NC is small, but in real practice, only the
precision of the fitting model is estimated.

Onemust be aware that afittingmodel could have a good precision quality (or even a perfect fit), and a very lowpredictive
capacity [10]. This issue is crucial for small NC values, since graphs show that the predictive RMSE can be twice the fitting
RMSE. Beyond NC�9, the prediction and fitting errors stabilize around 3MPa for RMSEwith Rebound and 3.5MPa for RMSE
with UPV. Further increase of NC does not improve the prediction. These errors result from the variability and uncertainties
[(Fig._5)TD$FIG]

Fig. 5. RMSE and r2 (average and standard deviation) of fitting and prediction models for combined NDT.
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of measurement, the model errors, and the influence of uncontrolled parameters (moisture, carbonation, cracking, etc.). It
can be concluded that, in this case-study, the number NC=9 can be considered as sufficient number regarding the precision
of the conversion models. For NC <9, statistical uncertainties are larger and the assessment precision is reduced.

The same conclusions can be reached from the analysis of r2 coefficients. Beyond NC�6, the prediction and fitting
coefficients stabilize around 0.78 with Rebound and 0.72 with UPV (Fig. 4b and d). Even though these values may be
considered as large ones in engineering common practice, this does not necessarily imply that the conversion model will
provide accurate predictions [12,22]. For this reason, deriving the assessment quality of the conversion model from the
coefficient r2 as an indicator is not recommended. A better approach would be to use RMSE values.

5.3. Analysis of the effect of NC on the effectiveness of combined methods (SonReb)

For the combined NDT methods, Fig. 5 shows the fitting and prediction errors (RMSE and r2) as function of the core
number NC. The trend of all variations is almost similar to those with a single technique. The perfect fit is obtained with 3
cores, since the conversion model has now 3 [41_TD$DIFF][27_TD$DIFF]degrees of freedom and the RMSE curves stabilize around a value
RMSE�2.5MPa, which is slightly lower than for single techniques. This shows a slight improvement of RMSE for combined
NDT (Fig. 5a). The average value of r2 is higher for fitting than for prediction (Fig. 5b). The two coefficients convergewhen NC
increases and stabilize beyond NC=11 (average and standard deviation) with a value of r2 around 0.84, which is slightly
better than the one found for individual technique.

The average values and standard deviations for both fitting RMSE and r2, for the single and combined NDT are shown in
Fig. 6. Fitting RMSE of UPV is higher than that of rebound with a constant difference when NC varies (Fig. 6a). In the same
way, the fitting r2 for rebound is higher than that with UPV with a constant difference when NC varies (Fig. 6c). It should be
emphasized here that this conclusion is specific to this case study and depends typically on the respective accuracy of the
twomeasurement techniques (i.e. within-test variability) in this situation. In dedicated literature, it is possible tofind similar
situations [19] or opposite ones depending on the structure condition, device used, the measurement protocol and the
operator.

By observing Fig. 6, the fitting error (average and SD) is lower for combined NDT than for single NDT with a constant
differencewhen NC varies. It is possible to see that the performance of combinedmethod (i.e. more accurate than the single
NDT) at the fitting stage would seem unaffected by the number of cores. In literature, the analysis of the performance of
combined NDT is often based on the fitting stage, which is widely insufficient.
[(Fig._6)TD$FIG]

Fig. 6. Comparison between the fitting RMSE and r2 of single and combined NDT as function as the number NC.
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Fig. 7. Comparison between the predictive RMSE and r2 of single and combined NDT as function as the number NC.
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However, themulti-parametricmodel at the predictive stage appears to be highly dispersive (less robust than themodels
with one NDT method) when the number of cores is small (see Fig. 7a). This comes from the trade-off effect, which appears
when model parameters have to be identified from a dataset with experimental errors and with a two low number of
measurements [9]. It is particularly important with 2 cores for a single technique (2model parameters, see Table 2) andwith
3 or 4 cores for combined techniques (3model parameters, see Table 2). This indicates clearly that using combinedNDTat the
predictive stage with a too small number of cores is dangerous and can lead to large errors. The calibration of the combined
Table 4
Comparison in predictive RMSE and r2 (average and standard deviation) between separated and combined NDT.

Number
of cores “NC”

RMSE (MPa) Determination coefficient r2

Rebound UPV Combined NDT Rebound UPV Combined NDT

Aver SD Aver SD Aver SD Aver SD Aver SD Aver SD

2 5.24 2.21 6.40 3.67 / / 0.77 0.01 0.70 0.02 / /
3 4.52 1.77 4.99 1.90 5.38 2.44 0.77 0.01 0.71 0.01 0.65 0.25
4 4.09 1.11 4.60 1.67 4.70 2.48 0.78 0.01 0.71 0.01 0.70 0.21
5 3.92 1.06 4.29 0.87 3.96 1.25 0.78 0.00 0.71 0.01 0.74 0.17

0.99 0.68 0.84 0.78 0.00 0.71 0.01 0.78 0.10
3.60 0.60 3.95 0.50 3.30 0.64 0.00 0.01 0.08

8 3.53 0.53 3.89 0.46 3.15 0.54 0.78 0.00 0.72 0.01 0.81 0.06
9 3.45 0.42 3.86 0.42 3.09 0.48 0.78 0.00 0.72 0.01 0.81 0.06
10 3.40 0.33 3.83 0.37 2.99 0.35 0.78 0.00 0.72 0.01 0.82 0.04
11 3.38 0.30 3.78 0.33 2.95 0.30 0.78 0.01 0.72 0.01 0.83 0.03
12 3.35 0.30 3.76 0.32 2.91 0.26 0.78 0.01 0.72 0.01 0.83 0.02
14 3.29 0.23 3.74 0.32 2.84 0.21 0.78 0.01 0.72 0.01 0.83 0.02
16 3.25 0.19 3.67 0.23 2.79 0.18 0.78 0.01 0.72 0.01 0.83 0.02
18 3.23 0.17 3.67 0.21 2.79 0.18 0.78 0.01 0.72 0.01 0.83 0.02
20 3.20 0.14 3.64 0.18 2.75 0.16 0.78 0.01 0.72 0.01 0.84 0.01
205 3.05 / 3.47 / 2.57 / 0.78 / 0.72 / 0.84 /
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NDTmodel deserves a specific attention [11] and the risk of errorsmust be underlined because a very lownumber NC are still
used as an usual practice in engineering [10].

These results can explain the lack of consensus between specialists about the efficiency of combining NDT methods
regarding strength assessment. For a better understanding, Table 4 provides average values and standard deviations for both
predictive RMSE and r2, for the threemodels (twowith a single technique and one with combination). These results are also
plotted on Fig. 7, which focuses on low NC values (up to NC=10 cores). Predictive RMSE of UPV is also higher than that of
rebound [10] with a constant difference when NC varies (Fig. 7a). The predictive r2 for rebound is higher (in the same way)
than that with UPV with a constant difference when NC varies (Fig. 7c).

Alwash et al. [10] studied at predictive stage the utility of combining two NDT techniques according to NC with various
qualities of NDTmeasurements. They concluded on the basis of average RMSE that the combination is effectivewhen thefirst
NDT measurement has a high quality (i.e. low value of within-test variability) beyond a minimal number of cores which
amounts respectively 9, 5 or 4 when the measurement quality of the second technique is respectively low, average or high.
These numbers are probably case-specific, but one can see on Fig. 7a that adding a second technique is effective in our case
with at least 5 cores if the first technique is UPV, andwith at least 6 cores if the first technique is R. The difference comes from
a better repeatability of rebound measurements in our case-study, that had been pointed from results in Table 2.

It appears in our case-study that at least 6 or 7 cores (according to RMSE and r2 respectively) are needed in order to have
the predictive curves with combined techniques better than that with rebound only, if we only look at average indicators
(Fig. 7a and c) (Table 4).

However, the performance variability (standard deviation of predictive RMSE and r2) of the conversion model is
illustrated in Fig. 7b and d. As previously stated, it can be noted that for lowvalues of NC, the variability is definitely higher for
combined NDT at predictive stage than for single NDT, confirming the lack of robustness of combination. Indeed, while the
efficiency may seem good in average (Fig. 7a and c), individual results (i.e. those corresponding to one unique simulation in
our approach, or to one specific investigation in real situations) can lead to incorrect conclusions. The minimal number of
cores must be increased in order to guarantee that the combination is robust enough and effectively more efficient than a
single technique. If one considers a “robust RMSE” which could amount to the average value with about the same standard
deviation, the combination appears to provide a better assessment than a single technique onlywhen NC amounts 6 cores in
our case-study but this critical number can possibly be higher or lower with worse or better within-test variability.

Therefore, to get a more complete view about the effectiveness of combining NDT at predictive stage, it is also worth
analysing the statistical distribution of the results, without limiting to the standard deviation. It is thus possible to analyse
each of the 100 iterations (see Fig. 3) and to count howmany times the combination leads to better results (i.e. lower RMSE
and/or higher r2) than a single technique, which can be either Rebound or UPV. The results can be presented in terms of
percentage of the positive (effective) cases for which (for NC given), the combined approach is better than the single
technique approach: RMSESonReb<both (RMSER,RMSEV) and/or r2SonReb > both (r2R, r2V).

The percentage of the “positive cases” for the combined NDT at predictive stage is displayed on Fig. 8 for increasing NC.
This percentage regularly increaseswith NC and tends towards 100%. It also corresponds to the practical probability, on a real
on site investigation (which comes to a unique draw) that the combined approach will lead to a better assessment than the
single technique approach. The percentage of the “positive cases” is slightly higher for the coefficient r2 than for RMSE. It is
also higher for UPV measurements than the rebound ones (the UPV measurements showed worst quality in the present
study). Fig. 8 illustrates how, for very lowNC values, there is more than 50% probability to obtain poorer performances when
techniques are combined. However, at the fitting stage, the combined NDT is always performant when NC varies (Fig. 6).

It is now possible to explain the lack of consensus among specialists on this issue. Depending on the threshold “rate of
success” one will chose to consider a real benefit for combining techniques (for instance 75% or 90%), and on the practical
quality of each NDT, the minimal number of cores will vary. In this case study, it appears that combining UPV with former
[(Fig._8)TD$FIG]

Fig. 8. Percentage of the effective models of combined NDT at predictive stage.
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Rebound measurements will require at least 7 cores if the expected rate of success is taken at 80%. If almost no failure is
tolerated, the combined NDT will be effective only above NC�16.

6. Conclusions

A real case-study (two RC buildings) was used as a basis for the analysis of the in-situ concrete strength assessment using
NDT tests. Relationships between the concrete strength and NDTmeasurements (single or combined techniques) have been
identified according to the traditional engineer approach. The quality of fit was shown to depend only slightly of the
mathematical model form of the conversion model, and it is slightly improved for the combined method. However, this
common approach does not deliver a really relevant view about the quality of the concrete assessment.

The data set was used for a thorough analysis of the NDT concrete strength assessment, focussing on the effect of the
number of cores during the model identification phase, the type of NDT method used and the fact that NDT techniques are
used alone or in combination. The statistical analysis was based on the post-processing of results obtained by repeating a
large number of times (100) what can be done in the field, when the expert investigates the structures. The difference
between errors in the model identification stage (fitting) and the prediction stage (use) was pointed to and the focus was
given on the latter one, which is the only significantmeasure of themodel efficiency. Two statistical indicators (RMSE and r2)
were calculated to estimate the prediction errors, which are logically reduced as NC increases. In this case study, it was
concluded that for a single NDT method approach a number NC=9 cores can be considered as a sufficient number to
converge towards the condition of maximum effectiveness of the assessment procedure and that a further increase does not
improve the assessment significantly

Combination of NDT techniques has been promoted in many studies but its efficiency remains controversial. This issue
has been analyzed into details. Because combinedmodels have a larger number of degrees of freedoms, aminimal number of
cores is required tomake combination at least as effective than a single technique. Combination at predictive stagemay also
be affected by large uncertainties when the number of cores is too small. Theminimal number of cores, whichwill guarantee
a more reliable result with combined techniques than with a single technique depends on a variety of parameter (among
which the within-test variability of each NDT method). In this case-study, having at least six cores seems to guarantee that
combining NDT methods will improve the concrete strength assessment.

Of course, one canwonder about the extension and generalization of our results to different situations. On one hand, our
opinion is that all qualitative conclusions will remain valid on different contexts, for instance that of higher strength
concreres. On the other hand, quantitative statements will deserve a further analysis. For instance further studies are
required in order to quantify how the critical number of cores ensuring that the combination of two NDT techniques
improves the assessment varies according to the respective quality of the two techniques.

Some conclusions may also be drawn which are not specific to this single case, namely:
-
 The attention that must be paid to NDT within-test repeatability.

-
 The need to assess predictive RMSE of the model, which can be done in real cases through cross-validation method.

In commonpractice, it is necessary to take care of the performance of identifiedmodel, byeither increasing of the number
of cores or re-examination of calibration procedures. This aspect will be the subject of methodological developments in
progress.
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