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Abstract: This paper presents a review on combining NDT techniques, such as rebound hammer
and ultrasonic pulse velocity, for assessing concrete compressive strength. These methods, though
being favorably not invasive and easy to be extended to a larger number of elements, are affected by
many contingency factors. The SonReb technique suggests combining the two methods to partially
offset their low reliability if considered separately. For years, this concept was introduced in order
to improve the evaluation compared with the use of one NDT. In order to combine the ultrasonic
pulse velocity and rebound hammer, many empirical, multiparametric models were proposed in
the literature as linear, power, exponential, or polynomial. However, the variety of these models
emphasizes that they can give a correct strength prediction only for the particular cases that they are
derived for. Therefore, to assess concrete on site, the strength should be predicted using a calibration
procedure due to the variability of existing concrete mixes. This paper presents a brief outline of
the key aspects of strength assessment, including the different approaches used to build the SonReb
model and a calibration procedure for assessing concrete strength. A comparison study between
the different approaches is proposed, and a performance analysis using Monte Carlo simulations
is discussed. Finally, the estimation capacity of the existing model identification approaches is
investigated, and the effect of the “trade-off” is analyzed for different random sampling with varying
the number of cores.

Keywords: NDT; NDE; concrete evaluation; concrete strength; combination

1. Introduction

The on-site diagnosis of concrete is an essential issue for engineers in order to take
the correct decision about the condition of an existing structure [1]. Nondestructive evalu-
ation (NDE) covers two main objectives of concrete diagnosis, namely, the estimation of
concrete mechanical properties or the assessment of durability indicators (porosity, depth
of carbonation, water content, etc.). Nondestructive techniques (NDT), such as rebound
hammer ultrasonic, impact echo, or electrical resistivity, play an important role in any
investigation program since they allow for the gathering of information about the quality
and durability of concrete without damaging it. The more-evaluated property of concrete is
the compressive strength, which is important for the assessment of the mechanical capacity
of the evaluated structure [1,2].

The main challenge in using NDT assessment is that the NDT measurements cannot
give directly compressive strength. In fact, the NDT result is often a physical parameter,
such as the velocity for the ultrasonic pulse velocity technique or the rebound index for
the rebound hammer technique [3,4]. In several cases, theoretical relationships between
the concrete compressive strength and the parameters measured by NDT are unknown.
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Consequently, empirical relationships” “conversion models” are usually identified for this
purpose. There are several procedures to identify the conversion models. The most widely
used is the regression approach that is based on the least-squared method. Another possi-
bility is the calibration approach generally used for on-site evaluation [5]. The calibration
approach is based on the modification of an existing model (from the literature or standards)
for the concrete under consideration. In addition, innovative methods, such as machine
learning methods [6-8], can be used to identify the relationship between the NDT mea-
surement and compressive strength, but their application on a real structure is limited by
the wide variation of concrete mixes [7]. The literature provides many conversion models
(linear, power, exponential, polynomial, etc.). It is then necessary to mention here that
there is no general conversion model that can be applied for all concretes on real structures.
Therefore, the identification of a new model or calibration of an existing model for concrete
under consideration is essential [8].

For years, the concept of combining two NDT techniques has been studied. The
most famous one is called SonReb. It is the combination between the ultrasonic pulse
velocity technique and the rebound hammer technique in order to evaluate the concrete
compressive strength. This combination has been the focus of many laboratories and on
real-structure studies aiming to improve the quality of assessment. The interest in this
combination is the inversed sensitivity of ultrasonic pulse velocity and rebound hammer to
water content. In fact, ultrasonic pulse velocity is increased in wet concrete, while rebound
number is reduced compared to the case of dry concrete [9]. Consequently, the conversion
model that correlates the concrete strength to ultrasonic pulse velocity or rebound index
can be false if water content variation is not controlled. Therefore, these two indicators
should be evaluated simultaneously, so they are decoupled. The way to do this can be
the combination of the two techniques. However, the method that consists of combining
NDT is promising only if the additional costs due to combination are compensated by an
improvement in the reliability of assessment [10].

Many researchers have presented their results related to the application of the SonReb
method. Cristofaro has used a large database to check the effectiveness of the available pre-
diction models and to propose new relationships, which are very effective for predicting the
concrete strength of Italian RC buildings made in the latter decades of the 20th century [11].
Diaferio has taken advantage of an extensive experimental campaign in order to calibrate a
huge number of conversion models by varying the setup conditions and the considered
number of data [12]. Another methodology has been proposed by Ali-Benyahia in order to
improve the precision of the assessment quality of concrete strength in an existing structure.
The analysis quantified the combined effects of increasing the number of cores, the condi-
tional coring option, and the use of single or combined NDT methods [13]. However, since
the regression methods have shown less accuracy in concrete-strength predictions, new
techniques, such as Artificial Neural Network ANN, have been employed to capture the
relationship between NDT parameters and concrete mechanical characteristics. The results
obtained from the work of Bonagura et al. indicate the excellent estimation potential of a
multilayer feed-forward neural network trained with a back propagation error algorithm
in the evaluation of concrete compressive strength [14].

Knowing the reliability of assessment is therefore necessary to make a decision about
improving the quality of diagnosis or the cost. Moreover, it is interesting to see whether
the combination process gives a better evaluation or not. It is important to note that due
to many factors, there is not a consensus regarding the efficiency of SonReb compared
to using a single NDT. In fact, as reported by Alwash, the combination of pulse velocity
and rebound hammer techniques is not always efficient, and this efficiency depends on
the quality of NDT measurements (uncertainty) and the number of samples or cores [15].
As reported in some research works, the quality of concrete affects the reputability of the
rebound hammer method [16].

This paper presents a review of the combination of NDT techniques using SonReb for
the assessment of concrete strength. First, the method is described, and different calibration
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approaches from the literature are presented. The efficiency of the SonReb method is
discussed regarding the use of the RMSE index. In addition, the necessity for identification
or calibration of a model for the concrete under evaluation is considered. The performance
of the SonReb method is also analyzed by using Monte Carlo simulation, and the trade-off
effect is presented. Several conclusions and recommendations are provided regarding the
use of the SonReb NDT combining method.

2. Combining NDT Techniques Using the SonReb Method for
Concrete-Strength Evaluation

2.1. Identification of Conversion Models for the Case of the Combination of NDT Techniques

For the case of combining NDT techniques, in order to identify a conversion model,
the process is mainly a mathematical approach. It is based on the solution of a multivariate
mathematical system. The existing approaches for identifying the conversion models can
be classified into two main groups: classical approaches (regression analysis) and machine
learning approaches (neural networks, support vector machine, etc.). In this paper, only
SonReb using a bivariate regression approach is presented.

2.2. Bivaried Regression Model for the SonReb Method

Instead of using a single NDT technique with cores for assessing the concrete strength,
the NDT techniques can be used in combination (in addition to the cores). This combination,
called SonReb, is the most used combination method for assessing the concrete compressive
strength in laboratory and on real structures. This method combines the ultrasonic pulse
velocity technique and the rebound hammer technique in order to assess the concrete
compressive strength.

The theoretical principle of combination is that when two or more NDT techniques
are affected inversely by an influencing factor, combining these techniques can reduce
or eliminate this effect and, as a result, improves the reliability of strength estimation [6].
As an example, there is the effect of the concrete moisture condition which produces an
increase in pulse velocity and a decrease in rebound number when it increases. However,
the benefit of this improvement in reliability resulting from using the combination of NDT
techniques should be assessed against the additional time, cost, and complexity of using
this combination.

Two RILEM Technical Committees (7 NDT and 43 CND) played an important role in
the development of the SonReb method. TC 43 recommendations [17] provided a procedure
to establish isostrength curves for a reference concrete (concrete has the materials and com-
position from a particular region or country for which the curves are devoted). For different
concrete compositions, correction factors are used for this purpose. When the composition
is unknown (as is the case for old structures), the correction factor should be estimated
using cores extracted from the structure under investigation [17]. This methodology can
have a major limit because in several cases, information about concrete mix are unknown,
and the correction of the result in this case is impossible.

In fact, the isostrength curves represent specific conversion models that correlate the
concrete strength with NDT values (pulse velocity and rebound number). The monogram
is not unique and many other versions were developed by researchers all around the world
(see examples [18-20] for isostrength curves, [19,20] for isorebound number curves, and [21]
for isopulse velocity curves).

The variety of these isocurves emphasizes that they can give a correct strength pre-
diction only for the particular cases that they are derived for. Therefore, to assess con-
crete on site, the strength should be predicted using a model derived for the concrete
under consideration.

For this reason, the last RILEM recommendations (249 ISC) give more methodological
information about how the structure can be investigated, how the models can be identified,
and how the model can be calibrated on site [22]. The recommendations focus on a new
flowchart that describe all steps from NDT measurements up to mean strength and error
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evaluation. It also gives important recommendations about the estimation of the number
of cores to be extracted and their positions in the structure by using NDT results that can
capture concrete-strength variability.

The evaluation of concrete strength using the SonReb method is similar to that for a
single NDT. It includes carrying out the NDT measurements, extracting cores (random or
using specific methodology as proposed by RILEM 249 ISC), establishing a model using
the dataset (pulse velocity V, rebound number R, compressive strength f.or.) values, and
estimating strength at any test location by applying V and R values (corresponding to this
test location) in the identified / calibrated model. We will focus in this paper on how to build
the SonReb model, how it can be calibrated, and how the performance can be evaluated.

2.2.1. Types of Models

For combining the pulse velocities and rebound numbers with cores, different model
forms have been considered by researchers, such as bilinear, double power, exponential,
polynomial, and other miscellaneous forms. In the study presented by [23], Breysse
gathered about 69 models from the literature. Table 1 shows several models derived by
different researchers.

A possibility promoted by some researchers, see for examples [24,25], is to combine
(in addition to NDT measurements) several concrete characteristics (water-to-cement ratio,
aggregate-to-cement ratio, admixture content, concrete density, age, etc.) in the model.
However, the main drawback of this type of model is the need to know the concrete
characteristics as inputs in the model, while they usually remain unknown in old structures.
Therefore, in this study, models with only NDT measurements as the inputs are considered.

Table 1. Some models derived by different researchers in order to estimate strength using combined
rebound hammer and pulse velocity techniques.

Model (f¢est in MPa, V in km/s) Title 2
feest = 8.630V + 1.416R — 51.581 [26]
feest =7.695 % 10711 V26 R14 [17,27]
fcest — e0.446V + 0.048R [28]
Foest = 0.67 072V +0.04R [29]
foost = 0.42 R063 058V [30]
feest = —173.04 + 4.07V? + 57.96V + 1.31R [31]
feest = —21.1 + 1.24R + 0.058V* [32]
feest = —76.30 + 0.17 V04 R07 [33]
feest = (R/(3.64 + 0.023R — 0.56V/))? [34]
feest = 44.8V + 0.77R — 194 [35]
fcest =1.974 e0.000542V + 0.01605R [36]
feest = 0.01174V + 0.37R — 28.44 [18]
fmt — 10—4.251 171281 R0.686 [36]

The power form is the most widely used one in the literature, and it is written

as follows:
fe=axV?xRe (1)

where 4, b, and ¢ are the model parameters to be identified. The least squares minimiza-
tion [37] can be used to derive the values of the model parameters; however, it is necessary
to first put the model in a linear form using the logarithmic transformation. Consequently,
Equation (1) becomes:

Info =Ina+bxInV+cxInR 2)

As an example, the SonReb model provided by [23] is f. = 1.15 x 10710 V26 R1:3,
The graphical representation of this model is shown in Figure 1. From this figure, the
compressive strength corresponding to any values of V and R can be evaluated (for example,
for V = 3800 m/s and R = 40, the compressive strength f. = 30 MPa).
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It is necessary to note here that this model and each one of the models presented in
Table 1 were identified from experimental work on a specific concrete, which explains the
variability in the values of the model parameters from one model to another. Generally,
the identification of the SonReb model for a specific concrete requires a dataset of NDT
measurements (V and R) and compressive strengths f. from a destructive test on samples.
This dataset (V, R, and f;) is used to identify the model parameters, and, consequently,
the identified model can be used to assess the compressive strength within the concrete
for which this model is derived. If this model is used to assess the compressive strength
within another concrete, the calibration of this model is very important. The principles of
calibration will be discussed later.

5500
5000
4500
4000

3500

Ultrasonic Pulse Velocity (V), m/s

3000
20 25 30 35 40 45 50 55 60

Rebound Number (R)
Figure 1. Graphical representation of the SonReb model using Equation (1) [7].

2.2.2. Efficiency of the SonReb Method

The SonReb method is widely used in real practice; however, until now, there has
been no general agreement about the efficiency of this method (i.e., whether the use of
ultrasonic and rebound hammer techniques together is more efficient than the application
of only one of these two techniques). Some studies indicate that using the SonReb method
leads to a better assessment of the compressive strength [19,38]. However, other studies did
not find an important improvement in the quality of assessment when using the SonReb
method [39,40].

In real practice, to study the efficiency of the SonReb method, the coefficient of deter-
mination 72 for the case of combination is compared with 72 values that correspond to cases
of single NDT techniques. Table 2 compares 72 values obtained from using SonReb with
the values obtained from using the ultrasonic pulse velocity technique only (single V) or
rebound hammer only (single R) and for several datasets selected from the literature. It is
clear that, for each dataset, the value of r* for SonReb is always greater than the correspond-
ing values for the cases of single V and single R. However, from the principles of statistics,
adding a new term to the model (as is the case for SonReb) will increase the value of 72 [41].
As a result, the coefficient of determination is a misleading indicator about the efficiency of
SonReb. Table 2 also shows the values of the RMSE (root mean square error) calculated at
the prediction stage, i.e., for the part of dataset that was not used in the model identification
(fitting stage). From these values, it is clear that for some datasets, the minimum errors
are obtained from using a single NDT technique, while for other datasets, the minimum
errors are provided by the SonReb method. This indicates that the combination is not
always efficient. Furthermore, [42] has studied the efficiency of the SonReb method using
synthetic datasets and highlighted that the efficiency of SonReb depends on the qualities of
the two techniques combined (in other words, the uncertainties of measurements) and on
the number of samples or cores used in the model identification process.
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Table 2. Analyzing the efficiency of SonReb.

r RMSE (MPa)
Ref D;;zzet Model-Fitting Stage Prediction Stage
Single V Single R Combined V + R Single V Single R Combined V + R

[43] 23 0.64 0.23 0.70 3.9 5.3 4.6
[44] 18 0.27 0.31 0.43 2.5 2.5 3.5
[45] 18 0.57 0.78 0.84 6.8 4.9 6.2
[46] 16 0.79 0.68 0.92 8.2 9.2 5.8
[47] 14 0.81 0.88 0.97 3.6 2.2 1.6
[18] 80 0.51 0.83 0.87 10.1 5.6 6.5

In summary, the SonReb method is not always efficient, and its efficiency is affected
by factors such as the quality of pulse velocity and rebound hammer measurements, the
number of samples/cores used in the model identification, and probably the concrete
quality (strength, variability, moisture variation, etc.). To analyze the efficiency of SonReb,
it is necessary to do so at the prediction stage and not at the fitting stage. This consists of
splitting the data in two groups, one for fitting models and the second for testing the model
(prediction on data not used for fitting). Moreover, to deepen the analysis of the efficiency,
it is important to compare the cost of the SonReb with that of using a single technique in
order to derive conclusions that are more realistic.

NC

RMSE = Z(fcorei_fcesti)2/NC 3)
i=1

where f,,. ; is the true in situ strength, f..; ; is the estimated compressive strength, and NC
is the number of cores.

3. Calibration of Conversion Models for the Case of Combination of NDT Techniques
3.1. Objective and Aim of Calibration

As both V and R are influenced by many factors (i.e., aggregate type, moisture, cracks,
carbonation, etc.), calibration is needed for more accurate strength evaluation. Instead
of identifying the conversion models, as described in the previous section, for assessing
concrete in the existing structures, conversion models from standards or laboratory studies
or those provided in the literature can be tested for this purpose. However, since there is
no universal model, which can be applied for all concrete, these models, can only be used
for the cases from which they are derived, and the application of these models to any other
case needs a prior calibration step. The objective of the calibration process of an existing
model is to modify it to the concrete under consideration.

3.2. Methods of Calibration

Different methods can be applied in order to calibrate an existing conversion model.
These calibration methods differ in their simplicity and accuracy. We present here several
calibration methods:

3.2.1. Shifting Factor Method (A-Method)

The method of calibration by shifting (A-method), in which the model f is calibrated
by shifting it by a calibration constant A, i.e., the calibrated model becomes f + A. The
constant A is calculated from the values of indicators and observables measured at some
points within the concrete under consideration. The calibration by the shifting method is
easy to carry out and inexpensive. However, the parameter A cannot correct or modify the
conversion model to include the effects of all influencing parameters. Moreover, it does not
modify the model sensitivity coefficients (i.e., if the model is linear, then the calibration has
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no effect on the slope “’sensitivity coefficient”) which may lead in some cases to serious
errors. The concept here is to shift the uncalibrated prior model by a coefficient A,

feest(X) = fe uncar(x) + A 4)

The coefficient A is calculated as in the following steps:

(a) Use the uncalibrated prior model to calculate the estimated strength at each core
location f;ycq 1, then
(b) Calculate the shifting factor A

NC

A= Z(fcore i fc uncal i)/NC = (7core - 7C uncal ) ©)
i=1
Figure 2 shows the scatter diagram with an uncalibrated model selected from the
literature and the calibrated models that result from using the two calibration methods
(k-method and A-method).

3.2.2. Multiplying Factor Method (k-Method)

In this method, the conversion model f is multiplied by a calibration constant k in
order to produce a calibrated model k x f. As in the previous method, the calibration
constant k is calculated from the available data on the concrete under consideration. In
contrast to the calibration method by shifting, the present method modifies all coefficients
of the conversion model.

The principle comes to update an uncalibrated prior model by a coefficient k to produce
a calibrated model,

fcest(x) =k x fc uncal(x) (6)

where f. ;a1 is the estimated compressive strength calculated from the selected uncalibrated
prior model. The coefficient k is calculated as in the following steps:

(a) Calculate the mean value of core strengths,

(b)  Use the uncalibrated prior model to calculate the estimated strengths at core locations
and then take the mean of these values,

(c) Calculate the calibration factor.

k= 7core/?c uncal @)

. o
S S o
. )
@

\

\

e Fe
(=T
L L

=

(7]
o
L

\
|
|
1

r=15.533x% - 34.5 B
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Figure 2. Scatter diagram of the (x,fere) pairs with models obtained by the calibration approach.
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4. Case of the SonReb Method

To calibrate SonReb conversion models, any one of the two approaches (i.e., A-method
or k-method) presented above can be applied. In this section, an example of the calibration
of the SonReb model is presented; the two calibration methods were applied on datasets
collected from the literature [23]. These datasets consist of ultrasonic pulse velocity and
rebound hammer measurements carried out on an existing structure. Firstly, the results of
using the SonReb model without calibrations are shown in Figure 3a. If one compares the
concrete strength estimated by the SonReb model with the values obtained from destructive
tests, see Figure 3a; it is clear that the uncalibrated model is unable to assess the strength
with a good precision (here, the mean absolute error of 6.2 MPa is found). However,
when the model in Figure 3a is calibrated by applying the A-method (Figure 3b) or the
k-method (Figure 3c), the reliability of assessment is improved. The strengths estimated
after calibration were compared with the measured strengths, as shown in Figure 3d. From
this figure, it is obvious that the errors are reduced to 1.2 MPa for both the A-method and
the k-method.

Delta factor Uncalibrated model

4600 4600 -
© w—fc = 18.6 MPa % ===fc = 18.6 MPa
E 5 _
= ==fc = 24 MPa =~ =fc =24 MPa
> 4100 - —————————————— = 4100 - -
= fc=29.3 g fc=29.3 MPa
§ © Destructive tests E @ Destructive tests
> 3600 - 23600
2 S
& &
-2 E
s 2
g 3100 - & 3100 -
© =
= 5 -
=1

2600 T 2600 ‘ T :

20 40 50 60 20 30 40 50 60
Rebound Number (R) Rebound Number (R)
(a) (b)
40 -
K factor -
4600 > Delta factor i Lot
35 .

" =fc =18.6 MPa —_ Ok facor -
< T -
E wfc = 24 MPa s o,
;" 4100 = 30 ,O‘
= fc =29.3 MPa ‘K':o e
‘g © Destructive tests § 25 ’,"
i 5
2 3600 2 |
] 2 -
2 g 20 O
H o
a £ -
&2 ] -
£ 3100 . 15 -
g .
[ "
E »
£ \ 10 -

2600 10 15 20 25 30 35 40

20 40 50 60 T £ st h (MPa)
Rebound Number (R} arget strengtl a
(0) (d)

Figure 3. In situ case study of using the calibration methods on the SonReb model (a) uncalibrated
model, (b) calibration by A-method, (c) calibration by k-method, (d) the error of calibration of the two
methods (shifting and multiplication) [7].

5. Performance of the Evaluation Using Monte Carlo Simulations

In real practices, after the in situ measurements and strength testing in laboratory,
these results are used to identify/calibrate a conversion model between the NDT measure-
ments and concrete strengths. This methodology can be affected by some factors, such
as the number of cores and the uncertainty of NDT measurements. To take into account
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these effects, recent works [24,48] proposed to simulate the methodology using the Monte
Carlo method.

The model calibration is based on a random selected number of test results or number
of cores (NC). The process of strength estimation goes first through the identification step
and then the prediction step. The strength estimation in the identification step is based on
the NC of the test results or cores chosen for the calibration. On the other hand, the strength
estimation in the prediction step is based on a number NT-NC of test results, where NC is
the number of test or cores used to identify the model and NT is the total number of test
locations or tested samples for NDT measurements.

After the random selection of NC from NT test locations, the regression analysis is used
to identify three linear models corresponding to three cases: using pulse velocity method
V, using rebound hammer method R, and using combined method (V + R). Each identified
model is used to estimate the local strength, which is used to calculate the estimated mean
strength fcest, the estimated strength standard deviation (strength variability) s(fcest), and
errors [42].

The figure below shows three Fitting Error Curves (FEC) and Prediction Error Curves
(PEC) corresponding to three cases (single technique V, single technique R, and combination
of V +R).

From Figure 4, the following can be noted:

e  The fitting error RMSEfit increases as NC increases. This is rational because the number
of points to be fitted using a model having a fixed number of parameters is increased.

e  The other interesting observation is about the points with RMSEfit = 0 when NC =2
for the case of a single technique and NC = 3 for the case of combination of NDT
techniques. This means that when NC is equal to the number of model parameters,
the model parameters can be identified without any fitting error, but the prediction
error is very large, i.e., the models have poor predictive ability. This discrepancy must
be pointed out, since a very low number of cores is a common practice.

e  The prediction error exhibits an adverse pattern to that of fitting error, since it decreases
while NC increases by increasing NC.

e  For each of the three cases (V and R measurements alone or in combination), the
difference between the FEC and PEC decreases as NC increases.

e  For all cases, the error of prediction starts stabilisation after six cores. After nine cores,
there is no significant improvement in the strength prediction. Therefore, no core is
needed after this number.

10 +
E o Fitting and Prediction errors RMSE
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:E
U
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g
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2 4
= 3 —— m——
B2 2 '::":’_‘ S S e ttted ittt
E 1 s - -
o Ed S
0 P
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NC
-==-FEC (V) (Linear) —— PEC (V) (Linear)
----FEC (R) (Linear) ——PEC (R) (Linear)
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Figure 4. Fitting and prediction errors (FEC and PEC) as a function of NC resulting from analyzing
the in situ dataset S1 [40].
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6. Relationship between the Statistical Parameters of the Model “Trade-Off Effect”

Based on the dataset of [40] composed of triplet of V, R, and fcore, the trade-off effect is
analyzed on the SonReb method. In order to analyze the model calibration quality, and to
study the effect of calibration on the model parameters, the number of cores (NC) that are
subject to calibration is varied between the minimum number of 3 cores and a maximum
of 20 cores. This procedure is repeated 10,000 times for each number of cores in order to
study the stability of the repetitive process. From each repetition, a model with its own
statistical parameters is estimated. This set of parameters varies from one repetition to
another. The relationship between models’ parameters is called “trade-off”. This effect has
only been studied for the single NDT method [23]. The authors reported that the relation
between the two parameters of all the models having the same form from the literature is
linear. On a large experimental database [13], similar results are presented, as can be seen
in Figure 5. This figure presents the results for both R and V measurements. The colours
indicate the number of cores used for calibration. It can be seen that increasing NC allows
one to decrease the variation range of the parameters “a” and “b”.

4 - _ , 15
B - NC=3 . *NC=3
: NC=6 . L | NC=6
1.2 - .
2 3 NC=12 | a8 L NC=12
£ NC=20 £ NC=20
] = g 09 »
5 + NC=205 < + NC=205
g 2 - g
s 3 o6
(9
g, 3
s Z 03
'b\ ..
H. e
. "
0 b 0.0
766 2.6-3 4E-2 7.6-1 1.E+1 0.1 03 0.8 21 5.7 15.7
Model pre-factor "LNa" Model pre-factor "LNa"
(a) (b)

Figure 5. Trade-off between model parameters (for 300 iterations) with single methods for different
numbers of NC [40]. (a) R test results, power model, b = f(LNa), (b) V test results, exponential model,
b = f(LNa).

Regarding the SonReb method, this effect has not been studied. For this reason, in this
paper, the same dataset from [48] that is composed of on-site measurement of 205 triplet V,
R, and f. from a reinforced concrete building was used.

From this database, the SonReb method was tested by calibration. Figure 6 illustrates
the trade-off between the statistical parameters “a”, “b”, and “c” of the multivariable model
for the combination of rebound and ultrasonic pulse velocity. Furthermore, this trade-off is
then analyzed for different NC with 10,000 repetitions for each given number.

For a given NC, each repetition (randomly chosen) has its own model and its own
parameters (a, b, and c), which are different from one simulation to another. It is noticed
that all the parameters (ai, bi, and ci) of the repetitions (I = 1 to 10,000) for a given NC are
on the same plane (ci = f(ai,bi)). Moreover, it is also noticed that even if NC is varied, the
sets (ai, bi, and ci) always remain on the same plane. Dispersion of the sets is decreased by
as much as the NC increases. Figure 6 confirms that, in an appropriate reference frame, the
parameters a, b, and ¢ of a multivariable model are related by a linear relationship.

It is clearly shown in Figure 6 that the variation of the NC slightly influences the values
of the parameters a, b, and c of the 10,000 repetitions of each NC. These values become
closer to the parameters of the whole population model (N) as the NC increases. Moreover,
the variation of the NC has a significant influence on the degree of dispersion (standard
deviation) of the parameters a, b, and c of each NC.
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Figure 6. Effect of the trade-off as a function of the NC number.

7. Conclusions

This paper discusses the issues of combining NDT methods in order to assess the
concrete compressive strength from a literature point of view. The method is presented, and
the mathematical concept is discussed. Even with the combination of NDT, the conversion
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models identified for a specific concrete cannot be applied for other concretes without
calibration procedure. This paper discusses the performance of SonReb and the two
methods of calibration (A-method and k-method) from a statistical point of view by using
Monte Carlo simulation.

In real practice, in order to study the efficiency of combination, the coefficient of
determination 72 of the model derived for the combination of NDT techniques is compared
with those corresponding to the models established from using these techniques separately.
In fact, r? can be a misleading indicator about the efficiency of combination and may lead
to wrong conclusions. Thus, assessing the model prediction capability by using RMSE is an
efficient way to decide whether using combined techniques is better than using a single
NDT technique.

Using a combination of rebound hammer and ultrasonic pulse velocity techniques
with cores for assessing the concrete strength is a common practice. However, there is no
consensus about the efficiency of this combination. Some researchers found that it yields
results that are more reliable, while others did not find a significant improvement in the
concrete assessment by combining methods. A general conclusion about the efficiency of
combination methods cannot be provided because it depends on the quality of assessment
provided by each specific combination in comparison with what corresponds to the use
of only one NDT. Therefore, there is not a general conclusion on the efficiency of SonReb.
In fact, for each investigation on a real structure, the evaluation of SonReb efficiency is
recommended. This can simply be performed by comparing the RMSE of the prediction
from SonReb with the one from a single method (UPV, Rebound, or other method).

Calibration of SonReb on cores taken from structures is very important. The use of
a direct model without calibration can lead to wrong evaluation of concrete strength. A
shifting method can be applied for the calibration of some models, but its use can over- or
underestimate concrete strength. The use of a multiplying factor or a new regression is
more efficient.

The use of a prediction dataset for the evaluation of model performance is mandatory.
In fact, it is the only way to give realistic information about the predictive capacity of the
identified / calibrated model.

Monte Carlo simulation is powerful for evaluating the uncertainty of the SonReb
evaluation of concrete compressive strength.

As for the case of one NDT method, SonReb results from the analysis of the trade-off
effect demonstrate that the model parameters are correlated linearly, and the number of
cores influences the dispersion.

The minimum number of cores is about six to seven cores for stable results. The use of
more than nine cores does not significantly improve the quality of the evaluation.
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