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ABSTARCT 

The evaluation of the spatial variability of concrete properties is an important issue for a 

better diagnosis of reinforced concrete structures. The combination between destructive 

techniques and nondestructive techniques (NDT) is a common practice to establish 

relationships between concrete properties and NDT measurements. Concrete properties can 

then be estimated at each test location using the corresponding NDT values on the basis of 

the calibration and inversion of these relationships. However, NDT measurements include 

many sources of uncertainties that can lead to biased or even inaccurate estimation. Thus, the 

improvement of the reliability of this estimation requires to specify and control the principal 

influencing factors on these uncertainties. The main objective of this paper is to propose a 

calibration methodology of conversion models and to study the reliability of concrete 

properties assessment considering the effect of the number of measurements, the uncertainty 

of NDT measurements and the combination of NDT techniques. Three conversion models 

linking the ultrasonic pulse velocity, the electrical resistivity, and the dielectric permittivity to 

two physical concrete properties, the porosity and saturation degree, are considered. The 

results show that the inversion of the proposed analytical models enables an accurate 
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evaluation of concrete properties. In addition, it has been shown that there is a minimal 

number of measurements needed for an efficient non-destructive evaluation of concrete 

properties considering their variabilities. 

 

Table A. Definitions of some terms presented in this study 

Name Symbol Definition 

Non-destructive techniques NDT 

Total number of numerical simulation NS 

Measurement noise  �  Coefficient indicating the NDT measurement quality 

Complete number of data NM -total number of measurement in calibration approach 

-total number of synthetic data set in inversion approach 

Reduced number of data  NR -number selected randomly from NM dataset  

Root Mean Square Error RMSE -in calibration approach: ���� = �∑ 
��(���)���(���)�������
��  (1)   

where "� !("#$)" and "� !(%&')" experimental  

and numerical NDT values respectively 

-in inversion approach: ���� = �∑ 
(()*+�, -�.�,)+��.)�(()*+�, �./�,0��.)���1���
�2  (2) 

  where "3(456"7 8"9"746:&9)" and "3(456"7 :9;"7<:&9)" the mean 

  concrete properties (porosity or saturation degree) values after the random 

  generation and after the inversion method respectively. 

   

Fitting Error FE Error calculated for NDT values in fitting (calibration approach,  

  using the formula (1) with n=NR from "NM". 

Prediction Error PE Error calculated for NDT values in prediction approach,  

using the formula (1) with n=NR from "NM-NR". 
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I. INTRODUCTION 

Aging infrastructure and the resulting risks is an important issue nowadays. Many reinforced 

concrete structures are approaching the end of their design life and the number of structures 

that are considered to be structurally deficient is increasing. Thus, diagnosis of their state or 

the future state of new constructions for predictive maintenance is needed to ensure their 

safety and durability and prevent their failure. In this context, the implementation of NDT 

(Non-Destructive Techniques) to determine concrete properties and/or durability indicators is 

necessary to provide meaningful information about critical situations.  

The combination of NDT measurements with optimal coring remains the most valuable way 

to ensure the reliability of concrete properties assessment with limited cost as reported by 

RILEM recommendations [1-4,41]. This NDT combination is an interesting tool to provide an 

efficient assessment of concrete properties that allows to reduce the disadvantages of 

destructive tests to preserves the desired level of structural performance [5-9]. However, one 

of the major challenges of structures diagnosis with NDT is the identification of conversion 

model that relates NDT measurements to concrete properties. Two model identification 

approaches are generally performed: regression approach where the identified model has a 

specific shape (linear or non-linear, power models) [10-12], and calibration approach where a 

proposed model of any shape is used and optimized for the best agreement with experimental 

data [13-15]. The methodology of assessing concrete properties in existing buildings consists 

in performing conversion models. Many conversion models between NDT observables and 

concrete properties have been proposed in the literature [16, 17]. However, none of the 

identified models represents a general model that predicts useable values of concrete 

properties due to measurements uncertainties and uncontrolled factors such as the exposure 

conditions and model parameters identification approach [18].  
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NDT techniques are influenced by many parameters. In fact, as an example, ultrasonic 

technique is sensitive to mechanical properties such as the strength which depends on porosity 

[18, 23, 24] and also to water saturation [23, 25]. Electrical resistivity and permittivity 

measurements are sensitive to porosity and water content [19-22]. The combination of 

complementary NDT can reduce the uncertainty regarding the evaluation of concrete 

properties as reported by [5, 17]. However, only statistical regressions of NDT have been used 

and limited results discussed combination of several NDT by taking into account uncertainty 

of measurements and evaluation methodology [26-28]. These influencing parameters are 

considered in this paper to evaluate the effectiveness of combining two or three NDT for the 

assessment of concrete properties as porosity and saturation degree.   

Another issue must be considered concerning the reliability of the NDT measurements, 

namely the implemented assessment methodology and the determination of the spatial 

variability of concrete properties on site [29, 30]. The spatial variability of concrete results 

from the complexity and high heterogeneity of this material due to its constituent’s variability 

such as the size, shape and nature of aggregates and from its exposure conditions such as the 

temperature and humidity [31, 32]. The quantification of spatial variability is based on the 

evaluation of the measurements dependence at different distances. The correlation length, or 

the distance from which the evaluated values are no longer correlated, can be determined [33].  

The objective of this study is to propose an inversion method of the calibrated NDT models 

for a better assessment of concrete properties and their variabilities. First, experimental data is 

used for performing and testing the calibration of NDT models by considering different 

number of measurements. Then, since experimental data is limited, the inversion 

methodology is carried out using simulated dataset to analyze the capability of calibrated 

NDT models in assessing the concrete properties and their variabilities. The main advantage 

of using numerical simulations for calibration and inversion procedures is the ability to 
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modify any of the influencing factors for a better evaluation of its effect. Finally, a parametric 

study concerning the measurement uncertainty (i.e. measurement noise), the number of 

measurements (i.e. coring number) and the NDT combination type, is conducted and the 

results are presented and discussed.  

  

II. Assessing porosity and saturation degree using NDT methods 

II.1. NDT techniques and conversion models  

Three analytical conversion models were considered to evaluate the porosity (Φ) and the 

saturation degree (S>) based on the permittivity, the electrical resistivity and the ultrasonic 

pulse velocity measurements.  

The permittivity (ε), obtained from the dielectric permittivity technique, was calculated using 

the Complex Refractive Index Model (CRIM) [34] which is a multiphasic model that takes 

into account the three phases of concrete: 

?$ = (1 − Φ) ∗ ?(<)$ + Φ ∗ S> ∗ ?(E)$ + Φ ∗ (1 − S>) ∗ ?(4)$                                               (1)       

Where (ε) is the permittivity of the mixture (without unit) which can be measured by 

capacitive method or Ground Penetrating Radar (GPR) [23, 35, 36], ?(<) is the permittivity of 

the solid phase (aggregates and cement paste), ?(4) is the permittivity of the gas phase (?(4) = 

1 [34]), ?(E) is the permittivity of the liquid phase (?(E) = 75 according to [17]) and p is a 

constant coefficient. 

Regarding electrical resistivity technique, the electrical resistivity (G) was determined based 

on Archie's law [37]: 

G = H ∗ GE ∗ Φ�% ∗ S>�9                                                                                                         (2) 

Where GE is the resistivity of the interstitial water (GE = 1 Ω.m), H, I and J are material-

dependent parameters identified based on experimental data. 
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The Ultrasonic Pulse Velocity (UPV) is calculated based on the fraction of concrete 

components: 

KLM7 = N48 ∗ KLM(48)7 + 
1 − N48 − Φ� ∗ KLM(<)7 + Φ ∗ S> ∗ KLM(E)7 + Φ ∗ (1 − S>) ∗
KLM(4)7             (3) 

Where KLM, KLM(48), KLM(<), KLM(E) and KLM(4) are the UPV of concrete, aggregates, solid 

phase of cement paste, water and air respectively. N48 is the volume fraction of aggregates and 

r is a constant coefficient. KLM(E) and KLM(4) are taken equal to 1500 and 350 m/
s respectively  [38, 39].  

 

II.2. Calibration of conversion models 

The calibration process of the selected conversion models is the main first step to estimate 

concrete properties. The calibration consists in determining the coefficients of these models 

that minimize the error between experimental and numerical models. Experimental data is 

obtained from a part of the large experimental campaign realized in the context of a national 

French project SENSO [23]. Tests were carried out on slabs of 50 cm x 25 cm x 12 cm where 

six different mixtures with round siliceous aggregates (0–14 mm) with different water to 

cement ratio (w/c) have been used [23]. NDT measurements have been carried out on all 

samples (samples for each mixture as presented in table 1). Porosity and compressive strength 

(at 28 days) were determined by destructive tests following the recommendations of AFPC-

AFREM [23]. Three series of tests for different saturation degrees S> are considered: The first 

one corresponds to an oven-drying (Sr =0%) of samples up to constant weight (in this case, 

the measurement is affected mainly by the porosity). After that the second series consists of 

saturated condition (Sr =100%) by a capillary absorption of samples up to constant weight. At 

last, different intermediate saturation degrees (40%, 60% and 80%) are concerned for the 
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remaining samples in each mixture to evaluate the effect of different controlled saturation 

degrees.  

The data set of each concrete mixture is presented in table (1). The mean compressive 

strength (fcm) and the mean porosity (Фm) of concrete are also shown. Three samples were 

investigated for each mixture in order to evaluate the variability of NDT measurements [23]. 

The range of variation of UPV, G and ε in function of Sr in each mixture is detailed in table 

(1).  

 

Table 1. Summary of the experimental results with six concrete mixtures [23] 

N° Dataset W/C fcm ( 

MPa) 

Sr (%) Фm (%)  UPV (m/s)*  ε* ρ (Ω.m)* 

1 0.47 55.6 0 - 100 14.3 3641-4928 6.07 -10.69 156-3260 

2 0.59 46.0 0 - 100 15.5 3683-4747 5.79-10.07 115-4616 

3 0.57 43.3 0 - 100 15.2 4164-4769 5.83-9.63 99-2083 

4 0.63 44.3 0 - 100 15.9 4047-4755 5.72-9.12 121-2308 

5 0.9 27.5 0 - 100 18.1 3882-4403 5.75-9.86 85-3316 

6 0.62 44.0 0 - 100 16.0 3949-4703 5.95-10.17 106-2795 

*: range of values   

 

II.2.1. NDT models calibration 

Numerical simulations are implemented to develop the calibration procedure and its 

validation since they allow studying the effect of some factors such as the number of 

measurements and the measurement uncertainty on this calibration. 

Figure (1) presents the flowchart of calibration approach. The different steps of the adopted 

approach are: 
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-Step 1: The experimental data set of S>and Φ with the corresponding UPV, G and ε is 

collected;  

-Step 2: In order to simulate the repeatability of the NDT measurements, a noise ‘�’ was 

generated randomly and added to the values considering a Gaussian random variable with a 

mean 3a of 0% and a coefficient of variation cdMa of 0%, 2% gh 5%. Hence, the 

experimental NDT values correspond to: � !:,ijklm = (1 + �:) x � !:,   opqlr>ps, where t  is 

the index from 1 to the complete number of data (NM=100). 

-Step 3: As part of an approach that is intended to be sufficiently practical, a reduced number 

of measures (NR) is selected randomly among the complete data collected in step 1; Then, the 

model’s parameters (equations (1), (2) and (3)) are identified using NR. The identified 

parameters are: 

• KLM(<), KLM(48) and r for the UPV model; 

• ?(<) and p for the permittivity model ;  

• H, I and J for the resistivity model.  

Those parameters are determined based on the minimization of the root mean square error 

RMSE (equation (4)) between the NR of experimental and estimated NDT parameters by the 

corresponding model (equations (1), (2) and (3)). 

���� = �∑ 
��(���)���(���)�������
��                (4) 

 

-Step 4: The calibration is tested by choosing randomly the remaining values “NM-NR” not 

used in the calibration step (step3). Estimated NDT values are predicted using the conversion 

models with parameters identified in step 3 and, then, the RMSE is calculated again between 

experimental and estimated NDT values.  
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Because of the random generation of measurement noise and the random selection of NR, this 

numerical process was repeated to obtain a simulation number (NS) of 250. This selected NS 

presents a compromise to produce fastly and efficiently representative results. At the end, two 

types of RMSE values are obtained. The first, regarding NR for the identification step (step 

3), quantifies the fitting error (FE). The second, obtained while testing the calibration with 

“NM-NR” (step 4), quantifies the Prediction Error (PE). The PE allows to quantify the 

capacity of this calibration to predict the exact NDT values with taking into account the 

uncertainty and number of measurements [5, 28].      

                                                                                                       

 

 

Figure 1.  Flowchart of calibration approach  
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Table (2) summarizes the average and standard deviation values of 250 simulations for the 

calibrated parameters with ξ=0% and a dataset randomly reduced to 20 measurements from 

NM. The value of these parameters is within the allowed margin: 

• 0.5 v H v 3 ; 1.3 v I v 2.5 and 2 v J v 3 [37] for the resistivity model ; 

•  4 v ?(<) v 8 and y = 0.5 [17,34] for the permittivity model ;  

and for the UPV model, the velocity in the solid phase of cement paste KLM(<) and in the 

aggregates KLM(48) are in the order of 5000 I/z  [17]. Based on these first results and the 

literature review, the corresponding conversion models can be considered validated with 

these identified values. 

 

Table 2. Synthesis of models calibration: case of NR=20 and { = |%  

Coefficients of resistivity model 

H I J RMSE (Ω.m) 

1.97}0.71 2.18}0.24 2.78}0.26 222.64 

Coefficients of permittivity model 

?(<)    y RMSE 

4.44}0.14 0.50 0.74 

Coefficient of UPV model 

KLM(<)(I z⁄ ) KLM(48)(I z⁄ ) h RMSE (I z⁄ ) 

5033.36 }153.96 5213.36}64.81 0.50 218.40 

 

Figure 2 presents the estimated UPV, G and ε numerical values versus the experimental ones 

for the 250 sets obtained during the calibration and the validation steps with ξ=0%. Each set 

corresponds to NR=20 measures selected randomly from NM=100 and from NM-NR=80. The 

evolution of the estimated NDT values gravitates around the bisector of the experimental ones 
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not only at fitting stage as expected, but also at the validation stage indicating that the 

calibrated NDT models can be validated with another set of measures not used in the 

calibration process. As it is unpractical to show the results for all the tried cases of NR, it is 

important to mention that the case of NR=20 is chosen here as an example to show the results 

of the calibration approach. To deepen the analysis, the effect of NR and ξ are presented in the 

following section. 
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Figure 2. Estimated �, UPV and � values versus the experimental ones obtained during (a) calibration and 

(b) validation when NR = 20 and ξ=0%. 

 

 

II.2.2. Effect of measurements number 

Figures 3 and 4 show the evolution of the mean "3" and standard deviation "�" of RMSE of 

each NDT technique in function of NR which varies from 3 to 20. The mean fitting error (FE) 

of each NDT increases with NR. This could be explained by the increased number of points to 

be fitted with NR while using models having a fixed number of parameters. An inverse 

tendency has been observed at the prediction stage since the models provide a better 

estimation when the number of measurements increases. Consequently, by increasing NR, the 

standard deviations of FE and PE decrease as shown in figure 4. On the other hand, PE and 

FE converge with the increase of NR and almost coincide with NR = 20 for any added 

measurement noise. It’s not sure that when the fitted model has a good fitting, the prediction 

will be the same [5, 28]. In fact,  for small NR values (NR< 9), PE can be more than at least 

1.5 times the FE value for each NDT regardless the measurement noise value (figure 3). For 

NR � 11, a stabilization of PE and FE is observed. For example, with �=2%, they are around 

235 m/s for RMSE with UPV, 0.8 for RMSE with ε and 235 Ω.m for RMSE with G. The 
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prediction does not improve by further increase of NR. Thus, a value of NR=11 is sufficient 

regarding the fitting and prediction in this case. In addition, low measurement quality (i.e. 

high �) will reduce the fitting and prediction performance since the mean and the standard 

deviation of FE and PE increase with the noise for UPV and ε except for G where the effect of 

� is negligible.    

It is important to mention here that the performed calibration must be satisfied in the presence 

of conflicting objectives: (a) increase NR for model calibration to consolidate the stability of 

the conversion model, (b) increase NM and thus “NM-NR” to validate the model, while (c) 

preferably restricting NM for economic goals. To provide an answer, numerical simulations 

have been used for the calibration methodology in order to analyze efficiently the effect of 

NR and NM without any supplementary cost.  
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Figure 3. Variation of the mean value "�" of (a) FE and (b) PE for ε, UPV and � in function of NR 
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Figure 4. Variation of the standard deviation "�" of (a) FE and (b) PE for ε, UPV and � in function of NR 

 

III. Models inversion methodology for concrete properties evaluation 

by NDT 

After the calibration process of conversion models obtained from the relations between 

destructive and non-destructive tests results, the inversion methodology of these models is the 

second essential step in investigation program for concrete properties evaluation. In real 

investigation programs as expressed in [41], the optimal assessment of concrete properties in 

a structure is based on extracting a limited number of cores NR based on NDT measurements 

carried out in the test locations NM [5, 28]. To represent the real practice, a numerical 

approach is simulated to evaluate the concrete properties by NDT techniques and perform a 

parametric study of the influencing factors that affect the reliability of this evaluation. 

The effect of varying different factors such as the measurement noise, the reduced number of 

cores and the effect of combining two or three NDT techniques on concrete properties 

assessment quality has been studied using Monte-Carlo simulations. The considered case 

study is a 2D square slab with side of 10 m. Figure 5 presents the flowchart of the followed 

inversion approach. Different steps can be distinguished: 

-The first step consists in creating a synthetic data set of Φ and S>. The mean and the standard 

deviation of Φ and S> are used as a reference for the estimated values after inversion of NDT 



 16

models. Synthetic NDT values are then calculated in each mesh element (i.e. test location) 

using the three calibrated conversion models (§ II.2) based on the generated values of Φ and 

S>. The total number of generated values NM is equal to 100. Typical distribution maps of Φ 

and S> are presented in Figure 6. The mean and standard deviation of Φ and S> are in the 

practical range of 16.1 ± 2.28% and 52.6 ± 5.5% respectively. The range of variation of NDT 

observables in function of the generated values of Φ and S> are respectively [5.57-8.48] for �, 

[3930 - 4564 m/s] for UPV and [168 - 2826 Ω.m] for � (figure 7). 

-The second step consists in reducing the size of the synthetic dataset in each simulation. In 

other words, a random number of cores NR is selected among the NM synthetic test locations. 

To take into account the repeatability of NDT measurements, noise was generated by 

assuming a Gaussian distribution (3a = 0% and cdMa = 0, 2% gh 5%) for each NDT 

parameter.  

The inversion method includes four types of NDT combinations from three variables: 

(KLM, ?, G), (UPM, G), (UPM, ?) and (?, G). As, the equations relating the NDT with Φ and S> 

are multiple non-linear equations with different shapes (equations (1), (2) and (3)), the 

inversion is carried out by the Gauss-Newton optimization method [40]. Consequently, for 

each NR and in each simulation, the inversion of the corresponding models was performed in 

a same numerical optimization process and allowed to calculate simultaneously the estimated 

concrete properties values Φ and S>. 

- The mean and the standard deviation of Φ and S> obtained with the inversion method are 

calculated. These estimated values are then compared to the reference values by means of 

RMSE error function. Because of the random character of the numerical process (random 

generation of noise and cores) and in order to have meaningful outputs, several simulations 

have been generated for each NR data set. The process was repeated 250 times, for which the 

convergence and stability of outputs are ascertained [1].  
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Figure 5.  Flowchart of multi-physical NDT inversion approach 

 

 

 

Figure 6. Distribution maps of the random generation of (a) � and (b) �� 
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Figure 7. Evolution of (a) � (b) UPV and (c) � in function of the generated values of � and �� 

 

To learn more if the proposed methodology can be adopted to assess the concrete properties 

and their spatial variability, the effect of NR and � on the RMSE values for 3� and �� is 

studied with the different NDT combination configuration (Figure 8). The general features are 

identical for all type of NDT combination with RMSE values that decrease with the increase 

of NR and the decrease of � except for the (?, G) combination where the effect of � is low. 

Thus, by increasing NR and the measurement quality, the conversion models provide a better 

estimation of Φ. It can be noted that, the accuracy of Φ estimation using (?, G) combination is 

clearly affected by a high measurement noise (� > 10%). However, as this case is rarely 
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founded, it is not presented in this paper. On the other hand, RMSE values are almost 

identical for (KLM, ?, G) , (KLM, G) and (UPM, ?) combinations except for RMSE values on �� 

using the (KLM, ?) combination when �=5% (figure 8c). Consequently, as an example, same 

NR is needed by these combinations to have about 1% of RMSE for 3� in each considered 

measurement noise (figure 9a). This figure shows also that by increasing �, the selected 

number of cores must be higher in inversion technique using these types of combinations. In 

figure 8, RMSE values are the smallest for 3� and  �� with these combinations mainly when 

�=0% or 2%. Thus, the presence of UPV with low and average quality has the most important 

influence on the assessment approach in comparison to the other NDT observables. Since 

(?, G) combination is slowly affected by the noise, this type of combination (i.e. in a lack of 

UPV) seems effective to evaluate the mean and standard deviation of Φ for a high 

measurement noise (�=5%) as the RMSE values are the smallest ones (figure 8c). For 

example, for any measurement noise, NR = 8 is sufficient to have a RMSE value of 1% for 

3� (figure 9a). At last, it is essential to mention here, that a convergence of RMSE values of 

3� and  �� is observed with 13 cores, regardless of the combination type and measurement 

quality.  
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Figure 8. Variation of RMSE for �� and ��in function of NR with different inversion combination type 

and different measurement noise (a) (ξ=0%) (b) (ξ=2%) and (c) (ξ=5%)  
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Figure 9. Distribution of NR in function of the measurement noise where (a) �����Ф = �% and 

(b) ������� = �% for different inversion combination types. 

Figure 10a illustrates the cumulative distribution function of estimated mean porosity for 

different inversion combination configuration in the case of NR = 13 and ξ=2%. Each 

distribution function corresponds to the 250 set values of mean porosity corresponding to the 

13 measurements points. The comparison between the mean of each cumulative distribution 

function and the reference value of mean porosity emphasizes that the (?, G) combination 

overestimates the mean of porosity, while the other combinations are better in this estimation, 

since the difference between the estimated and the reference mean value of Φ (after the 

random generation) is almost negligible. 

 

Figure 10. Cumulative distribution function of the estimated mean of (a) Ф and (b) �� for different 

combination configuration in comparison with their reference values - case of NR = 13 and ξ = 2%. 

 

The analysis of RMSE for 3��  HJ� ��� has the same analogy as that of Φ. Table 4 summarizes 

the RMSE values with different NR. An example about how NR evolves considering ξ for 

different combination type to have RMSE��� = 2% is presented in figure 9b. Figure 10b shows 

also one case about the efficiency of S> estimation by (UPM, ?, G) , (KLM, G) and (UPM, ?) 
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combinations in the same way adopted to analyze their efficiency in Φ estimation (figure 

10a). 

As mentioned before, the efficiency of NDT combination for the assessment of concrete 

properties and their spatial variability depends on NR, NDT measurement repeatability, and 

the combination configuration of two or more NDT measurements. Thus, a balance between 

the cost and the evaluation efficiency must be seeked in practical studies by optimizing the 

influencing parameters. In this part of the study, it can be concluded that, with ξ=2% and 

NR=13, a combination of KLM, ? HJ� G measurement can be appropriate to have a reliable 

assessment of Φ and S> and their variability with RMSE in an acceptable range (not more 

than 0.5% for the mean and standard deviation of Φ, and 2% for the mean and standard 

deviation of S>).  

 

Table 4. RMSE for ��� ��  ��� with different inversion combination type (a) (¡¢£, �, �), (b) (¡¢£, �), (c) 

(¡¢£, �) and (d) (�, �) resulting from 250 simulations with NR = 3, 5, 7, 9, 12, 15 and 20. 

¤¥�¦ (%)  
(¡¢£, �, �)  (¡¢£, �) (¡¢£, �)  (�, �) 

���(%) ���(%) ���(%) ���(%) ���(%) ���(%) ���(%) ���(%) 

NR=3 

ξ=0% 2.39 2.34 2.39 2.34 2.27 2.73 2.77 4.01 

ξ=2% 3.28 2.92 3.28 2.92 3.22 2.96 2.80 4.02 

ξ=5% 4.71 7.73 4.71 7.73 4.93 7.41 2.98 4.03 

NR=5 

ξ=0% 2.25 1.77 2.25 1.77 2.01 2.02 2.29 3.72 

ξ=2% 3.02 2.39 3.02 2.39 2.27 2.46 2.29 3.73 

ξ=5% 4.02 7.13 4.02 7.13 4.73 6.96 2.30 3.74 

NR=7 

ξ=0% 2.05 1.47 2.05 1.47 1.77 1.76 2.25 3.64 

ξ=2% 2.64 2.27 2.64 2.27 2.04 1.87 2.27 3.65 

ξ=5% 3.51 6.68 3.51 6.68 3.53 6.20 2.28 3.66 

NR=9 

ξ=0% 1.76 1.18 1.76 1.18 1.63 1.62 2.10 3.57 

ξ=2% 2.04 1.81 2.04 1.81 1.93 1.71 2.12 3.61 

ξ=5% 2.95 6.54 2.95 6.54 2.90 6.18 2.13 3.63 

NR=12 

ξ=0% 1.61 0.99 1.61 0.99 1.55 1.48 2.09 3.47 

ξ=2% 1.95 1.67 1.95 1.67 1.79 1.53 2.11 3.49 

ξ=5% 2.39 6.35 2.39 6.35 2.60 5.84 2.12 3.50 

NR=15 

ξ=0% 1.31 0.87 1.31 0.87 1.28 1.35 2.06 3.43 

ξ=2% 1.63 1.64 1.63 1.64 1.59 1.38 2.07 3.45 

ξ=5% 2.36 6.08 2.36 6.08 2.52 4.86 2.08 3.47 
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NR=20 

ξ=0% 1.02 0.70 1.02 0.70 1.04 1.14 1.63 2.42 

ξ=2% 1.41 1.41 1.41 1.41 1.38 1.28 1.64 2.43 

ξ=5% 2.03 5.41 2.03 5.41 2.01 3.81 1.65 2.44 

IV. CONCLUSIONS  

The efficiency of calibration and inversion approaches for predicting concrete properties and 

their variability with NDT have been evaluated in this paper. Three conversion models 

relating UPV, G and ε to Φ and Sr have been implemented. First, the parameters of the 

conversion models have been identified based on minimizing the error, in terms of RMSE, 

between experimental and estimated values of NDT. The cloud of estimated NDT values is in 

the zone of bisector of the experimental values. The identification approach depends on the 

measurements number and the noise of NDT measurements (repeatability). RMSE values 

decreased with the increase of measurements number and the decrease of measurements 

noise. 

Secondly, the capability of the calibrated conversion models to assess concrete properties has 

been evaluated considering different NDT combinations. Synthetic simulations have been 

used to better evaluate the influencing factors on concrete properties determination and their 

variability. The difference between the mean and standard deviation of Φ and Sr before and 

after NDT models inversion has been evaluated and acceptable values have been obtained. 

Maximum values of RMSE were around 1% and 2% respectively for the mean and standard 

deviation of Φ, and around 2.3% and 3.4% respectively for the mean and standard deviation 

of Sr. RMSE decreases with the increase of the number of cores and the decrease of the noise 

except for (?, G) combination where the effect of the noise was negligible. The results show 

that in the case of this study the added-value of increasing the number of cores beyond 10 is 

not needed. (KLM, ?, G) (KLM, G) and (KLM, ?) were the most effective combinations to assess 

in the same time Φ and Sr considering the number of measurements and noise.  
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The proposed approach can be an extension of the proposed RILEM recommendations [41] 

which is a general methodology of concrete strength evaluation on-site. In this study we 

added the fact that physical models can be used for NDT calibration by taking into account 

NDT uncertainty. In addition, three NDT can be combined for the evaluation of at least two 

concrete properties (porosity and saturation degree) in the case of this study. We 

demonstrated that, the proposed models can be calibrated and inverted (resolved) in the same 

time for concrete properties evaluation with incorporation NDT errors. This approach can be 

also adapted for concrete strength evaluation for existing concrete structures as buildings, 

bridges, etc. Additional studies are currently conducted in order to study the effect of 

complementary parameters such as concrete variability, the number of cores, the 

autocorrelation length, the marginal distribution function, the autocorrelation function on the 

efficiency of the developed methodology. Tests on real cases are currently implemented for 

testing the efficiency of the developed approach.  
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