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Abstract 
The question of inversion of NDT measurement is of first importance, since it can open 

the way towards the material physical and mechanical assessment. Inversion challenge is 
illustrated here by using two NDT (GPR and resistivity measurements) and two material 
indicators (saturation rate and porosity). The problem of inversion is formalized and solved 
by using data sets provided in the frame of the SENSO experimental program. It is shown 
how these techniques provides different information and the quality of the models is 
analyzed. Results provided with alternative models are compared. The main questions are 
those of: (a) the selection of appropriate techniques, which must have a good quality and 
show a good complementarity, (b) the calibration of good models used for inversion. 

Résumé  
La question de l’inversion des mesures de CND est de première importance, puisqu’elle 

permet d’ouvrir la piste à l’évaluation des propriétés physiques et mécaniques du matériau. 
Elle sera étudiée à partir de mesures d’atténuation radar et de résistivité électrique, en traitant 
des données obtenues dans le cadre du large programme expérimental SENSO. La 
complémentarité des techniques sera montrée et la qualité des modèles analysée. Les résultats 
obtenus avec des modèles alternatifs seront comparés. Les questions principales sont : (a) la 
sélection des techniques appropriées, qui doivent à la fois être de bonne qualité et 
complémentaires, (b) la calibration de bons modèles utilisés pour l’inversion.  
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1 Introduction  
Assesssing the material condition of building materials is a key point for reassessing 

existing structures reliability or residual service life, since material ageing can result in some 
performance loss and some decrease of the safety level. Progressive decay of performance 
also induces important maintenance costs, maintenance being required such as to prevent 
further deterioration and/or catastrophic failure. Non-destructive techniques (NDT) are often 
used to assess the condition of existing reinforced concrete structures. Among the main 
challenges regarding concrete assessment, one can cite: 

- water content (or moisture content) assessment, for two reasons: a large value of water 
content can be the sign of the poor material quality (often due to delamination in 
concrete), but it can also reveal a potential vector of future damage, since the water is the 
more common agent for deterioration (salt ingress, dissolution, freeze...). Many NDT are 
sensitive to both a material condition parameter (e.g. Young’s modulus) and to water 
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content. Due this double dependancy, one cannot easily decide what is the cause of the 
measured variation in the NDT parameter: is the concrete stiffer or only wetter ? 
- porosity assessment, since porosity is an important material factor which controls 
mechanical properties like Young’s modulus and strength.  

This paper focuses on water content and porosity assessment, but the methodology 
presented has been used similarly for mechanical parameter assessment, on the same set of 
data [1]. These data have been obtained in the frame of an extensive experimental program 
(SENSO) which is not detailed here, since it is discussed in a companion paper [2]. Among 
the many NDT which have been used in the SENSO program, two have been selected here: 
attenuation of radar waves and electrical resistivity, since their sensitivity to the water content 
for the first one [3], and to both water content and porosity for the second one [4-5], have 
been known for a long time. 

2 Quantifying sensitivity : the direct problem 
 The SENSO program has provided an extensive NDT measurement database for many 
techniques, among which we have selected data regarding electrical resistivity ρ (in Ω.m), 
and the magnitude A of the radar wave when it reaches the receiver [6]. This amplitude 
decreases when the material attenuation increases and it is directly linked with dielectric 
conductivity [3]. Data concern eight different concrete mixes (with w/c ranging from 0.35 to 
0.90) at different saturation rates, between dry (after having kept specimens at 105°C in oven 
until mass stabilization) and saturated. The studied parameters are Sr (saturation rate, in %) 
and p (open water porosity, in %). Figures 1a-d show how ρ and A vary with Sr and p. For 
more clarity, log ρ is drawn instead of ρ. The high scatter is explained by large range of 
concretes, one having a very small porosity (the corresponding points in the (Sr, ρ) diagramm 
are much above the others), and another containing a very different aggregate, whose 
electrical conductivity is larger, with the same consequence. 
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Figures 1a-d. Variation of  ρ and A with Sr and p. Empirical linear regression are added. 
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Both saturation rate and porosity have a significant influence on resistivity, while only 
saturation rate is influent on radar amplitude (the correlation with porosity is not significant). 
Table 1 summarizes the regression equations which have been identified for the two NDT 
from 135 specimens (all mixes), comparing results obtained with simple regression and with 
multilinear regression. Figures 2a-b plot the plane corresponding to the multilinear regression 
for both parameters. 

Table 1. Regression equations for which have been identified for log  ρ and A (standard 
deviation on regression coefficients is given within brackets).  

 resistivity Radar amplitude 
Simple regression, 

porosity 
log  ρ = 4.265 – 0.127 p 

(r² = 0.13) 
A = 0.554 – 0.057 p 

(r² = 0.03) 
Simple regression, 

saturation rate 
log  ρ  = 3.394 – 0.0142 Sr 

(r² = 0.52) 
A = 0.568 – 0.0014 Sr 

(r² = 0.548) 
Multiple regression log  ρ  = 5.26 – 0.120 p – 0.0151 Sr 

          (0.56)   (0.035)   (0.0022) 
r² = 0.67 

A = 0.65 – 0.00436 p – 0.00156  Sr 
   (0.05)    (0.0031)      (0.00019) 

r² = 0.70 
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Figures 2a-b. Multilinear regression of  log ρ and A with Sr and p.  

3 Identifying material properties 

3.1 Formalizing the inverse problem 

3.1.1 Crossed sensitivities 
Let us look at this question using a very general formalism. If one considers, for instance, 

two measured properties T1 and T2 and two material parameters Y1 and Y2 to be evaluated, 
assuming the following dependencies: 

 
T1 = f1 (Y1, Y2)  and  T2 = f2 (Y1, Y2)                       (1) 
the efficiency of the combination increases with increasing values of G: 
 
G = [ (∂T1/∂Y1)(∂T2/∂Y2) - (∂T1/∂Y2)(∂T2/∂Y1) ] / [ (∂T1/∂Y1)(∂T2/∂Y2) ]     (2) 
 
When looking for interesting combinations, one has therefore to consider the sign and 

values of the four partial derivatives ∂Ti/∂Yj, i and j = {1, 2}. The priority is therefore the 
identification of techniques whose “crossed-sensitivity” is different, i.e., if one assumes that 

   
 



 NDTCE’09, Non-Destructive Testing in Civil Engineering  
 Nantes, France, June 30th – July 3rd, 2009  

∂T1/∂Y1 and ∂T2/∂Y2 have the same sign (e.g. positive, which means that the measured 
property increases with the material parameter), techniques fulfilling: 

 
SGN (∂T1/∂Y2)  ≠  SGN (∂T2/∂Y1)                   (3) 
 
If this condition is not satisfied, the only perspective is to find techniques maximizing the 

upper term of the ratio defining G.  Thus, what is important is both: (a) the sensitivity of each 
individual technique to the Y parameters, (b) the comparison between these sensitivities, the 
best being when the sensitivities of the two techniques are very different, thus maximizing G. 

3.1.2 The weight of the measurement noise 
A second important factor is the quality of the measurement. Since the measurements T1M 

and T2M differ from the “true” properties T1T and T2T, the better the reproducibility, the 
better the efficiency of coupling. One can write 

 
T1M = T1T + ε1   and T2M = T2T + ε2                                 (4) 
where the ε1 and ε2 terms have several origins: measurement errors and measurement 

noise (due to the processing device...) but also any consequence of additional noise factors 
among which low scale material variability and the influence of environmental factors (like T 
and HR) if they are not considered explicitly. Thus, it is impossible to find the exact values of 
Y1 and Y2 by inverting the system 

 
T1M = f1 (Y1, Y2)  and T2M = f2 (Y1, Y2)                       (5) 
with TM instead of TT. This question is adressed more in details in a companion paper [2]. 

3.1.3 The importance of the quality of the model  
A last important element has to be considered: the inversion process requires that one is 

able of expliciting the direct problem. Since the physical reality cannot be approached by 
something else than models, one must consider that f1 and f2 are only models approaching 
the reality. The challenge is to calibrate and  use modes thatl approach the reality at best. In 
any case, model errors (or uncertainties) will result in uncertainties and errors on Y estimates. 
This is the reason why inversion problems in NDT often requires a good calibration: one 
needs to approach the relation between Y and T at best, before inversion. Analytical models, 
empirical relations drawn from data sets, additional laboratory tests or complimentary semi-
destructive tests offer some ways to improve the quality of calibration. 

3.1.4 Synthetic considerations  
To summarize these considerations, one can write the general problem as : 
 
Yj ?  \    TiM = fi (Yj, Ek) + εi(Ek) 
when the solution comes from 
 
TiT = Fi (Yj, Ek) 
 
and where: (a) the model fi differs from the true one Fi, (b) some measurements errors 

εi(Ek) exist, (c) the inversion problem can be poorly conditioned because the “cross-
sensitivity” G (see Eq. (2)) is very low. To optimize the combination of NDT techniques for 
quantifying physical or engineering parameters, it is thus required to:  

- choose NDT techniques offering the best as possible “cross-sensitivity” G, 
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- reduce the measurement errors, including the consequences of unmastered 
environmental conditions, 

- use a model which is a very good approximation of the physical reality. 

3.2 Looking for solutions 
 
The dependency of  log ρ and A with Sr and p has been calibrated in the SENSO program 

and plotted at Figures 2a-b. These equations (last line in Table 1) can be used for inversion 
and determination of the two unknown parameters Sr and p. In a second time, since the 
porosity dependency of A is not statistically significant, the same can be done with an 
alternative (simpler) regression model for A: A = 0.568 – 0.0014 Sr. 

Alternative models will be considered in a further step, by changing the models, such as to 
look at the influence of the calibrated model on the solution (cf §3.1.3): two cases will be 
considered: (a) parabolic model for A(Sr), (b) Archie’s law for ρ (Sr, p). 

 

3.3 Quality of the assessment 

3.3.1 Validation of assessment 
With the two regression equations (log  ρ  = 5.26 – 0.120 p – 0.0151 Sr, A = 0.65 – 

0.00436 p – 0.00156  Sr), the criterion of  Eq. (3) is not satisfied, but the cross-sensitivity is 
“interesting” as shown by the different plane orientations in Fig. 2a-b. The inversion of the 
linear system is straightforward and (Sr, p) values are easily derived. The problem is even 
simpler with the second version of the system (log  ρ  = 5.26 – 0.120 p – 0.0151 Sr, A = 
0.568 – 0.0014 Sr). This model giving better results, they are discussed here. It leads to 
estimated values which are plotted on Fig. 3a-b, on which each point corresponds to the 
average on eight slabs for Sr = 100 %, and 2 or 3 slabs for the other values of Sr. 
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Figure 3a-b. Comparison of experimental value (x-axis) and estimated value(y-axis)  of Sr 

(left), variation of estimated value of porosity with w/c (right). 
 

The estimation of the saturation rate in the 25 %-100 % which practically covers all cases 
that can be encountered in practice shows that the radar measurement provides useful and 
discriminant information. On Figure 3b, the estimated porosity after inversion is plotted as a 
function of the (known) w/c of the mix instead of a “real” porosity, since the porosity has 
only been measured on two or three cores taken in companion slabs, and the obtained values 
cannot be considered as reference values. The increase of estimated porosity with w/c is 
clear, since the average value for all sets of Sr varies from less than 10 % for w/c = 0.35 to 16 
% for w/c = 0.65 and w/c = 0.90. These results clearly show that the combination of the two 
NDT measurements (radar magnitude and electrical resistivity) enables to detect and quantify 
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with satisfactory accuracy the saturation rate (with an absolute error of about +/- 10 %) and 
the porosity (with an absolute error of about +/- 2%).   

3.3.2 Influence of the models used for inversion 
A more detailed study of  the SENSO results has shown that the linear model used for 

radar can be improved and that a parabolic function better fits experimental results, as shown 
on Figure 4a-b. The corresponding regression equation is a second order polynom, which has 
a minimum for Sr ≈ 90 %. The model is better than the linear one, but it will lead to some 
difficulties during the inversion process since some values which have been really measured 
(below A = 0.43) have no corresponding Sr solution, when values above 0.43 have two 
corresponding values. With these considerations, and a careful attention on what between the 
two possible solutions has to be chosen, one can derive the (Sr, p) couple.  

 
Another model can also be used for resistivity. The literature has extensively argued upon 

the interest of the (empirical) Archie’s model for quantifying the electrical porosity in rocks, 
and by extension in concretes, as a power function of saturation rate and porosity [7-8]. Thus 
we have used this model, with the regression equation which has been fitted on the data set 
provided by the SENSO program [8]: ρ = 0.012 p-5.02 Sr-2.41. The Figures 5a-b summarize the 
results of the inversion process. They show some improvement when compared with Figures 
3a-b, showing the importance of the model accuracy. Few points can be seen on the x-axis: 
they correspond to A values for which the inversion problem is unable to find any solution. 
This question can be solved if one replaces the regression curve by a conditionnal distribution 
of possibilities, in the frame of fuzzy logic, as it is explained in a companion paper [9]. 
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Figure 4a-b. Non linear regression model for radar magnitude A as a function of saturation 

rate and regression surface (to be compared with Figure 2b). 
model 3 : Sr mod = f (Sr exp)
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Figure 5a-b. Comparison of experimental value (x-axis) and estimated value (y-axis) of Sr 
with parabolic model (left), variation of estimated value of porosity with w/c with Archie’s 

model (right). 
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4 Conclusions 
The question of inversion of NDT measurement has been tackled by considering two 

techniques (namely GPR and resistivity measurements) and two material indicators 
(saturation rate and porosity). The problem of inversion has been analyzed first in general 
then by using data sets provided by the extensive SENSO experimental program. It has been 
shown that these two techniques have a good complementarity and that, using calibrated 
empirical models, it is possible to estimate together two unknown parameters with a good 
accuracy. The weight of models used for inversion has been studied by comparing results 
provided with alternative models. The same methodology can be used for similar problems, 
like, for instance, the strength evaluation of concrete by using both rebound hammer and 
propagation of sonic waves. In all cases, the main questions remain those of: (a) the selection 
of appropriate techniques, which must be a good quality and show a good complementarity, 
(b) the calibration of good models used for inversion. 
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