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Abstract 

For RC structures exposed to marine environments, chloride-induced corrosion leads to deteriorations that 
can be associated to different exposure conditions: tidal, splash and atmospheric. The on-site assessment of 
the corrosion condition of the reinforcement in concrete relies on a corrosion diagnosis which consists in 
different techniques and among them non destructive techniques such as half-cell potential, resistivity  and 
corrosion measurements. Although the two first techniques are commonly used, variability and uncertainties 
in NDT condition assessment remain factors that need to be better understood in order to increase the 
reliability of the diagnosis particularly in the case of marine structures (in comparison with atmospheric 
structures for which literature is more important).  

The objectives of the Project DéCoF-Ré  (2014-2017) were to study both the concrete durability and the 
corrosion state of the piers of the Ile de Ré bridge which is located in the French Atlantic coast. Concerning 
the corrosion study, visual inspections, rebar localization, half-cell potential mapping, electrical concrete 
resistivity mapping and corrosion rate measurements were performed during three years in order to analyse 
the influence of the measurement procedures, the investigated zones (pier number, side, height) and the 
environments (tide level, climatic conditions). This paper focuses on the resistivity measurements conducted 
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with a four electrodes arrangement probe (Wenner type) on the piers of the Ile de Ré bridge using a vessel. 
Although resistivity values cannot directly provide an information on the passive/active state of the rebar 
because the measurement qualifies the electrical resistivity of the concrete cover (and not the resistivity of 
the steel/concrete interface which is usually obtained by Linear Polarisation Resistance measurements), it is 
a useful non destructive technique to point out the areas where the corrosion might be strongest. The 
purpose of this paper is to outline the errors made while measuring the resistivity given the uncertainty 
assessment based on both (i) the repeatability tests and (ii) the material local anisotropy and measurement's 
variability. Moreover, a model based on the evaluation of Probability of Wrong Assessment is proposed to 
help the owner of the bridge in taking a decision.  

 

Keywords: reinforced concrete, bridge, marine environment, resistivity NDT measurements, 
uncertainty 

 

 

1 Introduction 

In Europe, most civil engineering reinforced 
concrete (RC) structures have been built during the 
last 60 years and their ageing is becoming a great 
challenge in terms of deterioration assessment, 
repair decision and management strategy [1, 2].  

For RC structures exposed to marine environments, 
chloride-induced corrosion leads to deteriorations 
that can be associated to different exposure 
conditions: tidal, splash and atmospheric. On-site, 
the assessment of the corrosion condition of the 
reinforcement in concrete relies on a corrosion 
diagnosis which consists in different techniques [3, 
4-6] and among them non destructive techniques 
such as half-cell potential [7], resistivity [8, 9] and 
corrosion measurements [10]. Although the two 
first techniques are commonly used, variability and 
uncertainties in NDT condition assessment remain 
factors that need to be better understood in order 
to increase the reliability of the diagnosis [11, 12] 
particularly in the case of marine structures (in 
comparison with atmospheric structures for which 
literature is more important).  

The objectives of the Project DéCoF-Ré  (2014-
2017) were to study both the concrete durability 
and the corrosion state of the piers of the Ile de Ré 
bridge which is located in the French Atlantic coast. 
Concerning the corrosion study, visual inspections, 
rebar localization, half-cell potential mapping [13], 
electrical concrete resistivity mapping and 
corrosion rate measurements were performed 

during three years in order to analyse the influence 
of the measurement procedures, the investigated 
zones (pier number, side, height) and the 
environments (tide level, climatic conditions). This 
paper focuses on the resistivity measurements 
conducted with a four electrode arrangement 
probe (Wenner type) on the piers of the Ile de Ré 
bridge (Figure 1) using a vessel. Although resistivity 
values cannot directly provide an information on 
the passive/active state of the rebar [14] because 
the measurement qualifies the electrical resistivity 
of the concrete cover, it is a useful non destructive 
technique to point out the areas where the 
corrosion might be strongest. The purpose of this 
paper is to outline the errors made while 
measuring the resistivity given the uncertainty 
assessment based on the repeatability tests. 
Another issue was analysed: the material local 
anisotropy and measurement's variability. It is not 
detailed but the key results are reminded in the 
conclusion. 
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Figure 1: Figure 1: Mesh and position of the probe 
for repeatability measurements. 

 

2.2 Concrete resistivity assessment 
with a 4 electrode probe on the bridge 

The resistivity measurements were performed 
using a Proceq RESIPOD® probe which follows the 
Wenner technique. This probe is composed of four 
equally spaced electrodes which ensure the 
electrical contact with the concrete surface. A small 
alternative current I is passed between the 
outermost electrodes trough the concrete cover 
and the resultant potential difference V is 
measured between the two inner electrodes. The 
concrete electrical resistivity ρ for a semi-infinite 
geometry is given by (1), where "a" is the electrode 
spacing (5cm for the Resipod probe).  

ρ = 2π ∗ a ∗
𝑉

𝐼
 (1) 

In the case of measurements performed on 
samples in the laboratory, the error of 
measurements coming from the device itself, as 
given by the constructor is  

ξρ,dev=3* σρ,dev =2.4 kΩ.cm.  

Corrosion diagnosis was performed on 15 piers (14 
offshore and 1 onshore). The measurements were 
carried out on two opposite sides of the piers: side 
C was more exposed to dominant winds and daily 
sunshine leading to a stronger action of 
wetting/drying cycles whereas side G was less 
exposed (Figure 2). The dimensions of the 
investigated zones were 3m height and 1.85 m 
width. Measurements were carried out between 
+3.95 m and +6.95 m Chart Datum (CD). Chart 
Datum fixes an absolute sea level reference along 
the French coast and in this paper, La Rochelle – La 
Pallice harbour was considered as the reference. As 
the objective of the paper was to assess and to 
model uncertainty of resistivity measurements, the 
influence of the corrosion was disregarded, 
considering a pier, which was diagnosed passive on 
both sides. Measurements were performed during 
the rising tide on one non-damaged pier, thus 
allowing the concrete to dry and to oxygenate 
during about 2-3 hours for the bottom part (1m 

high) and about 6-7 hours for the higher part (2-3 
meters). 

 

Figure 2: Top view of the pier and exposure sides C 
and G. 

2 Protocols and results 

2.1 Procedure for the repeatability test 

The objective was to determine the repeatability of 
the resistivity measurements when performed on-
site. For this purpose, the probe was always 
positioned according to direction II (in Red, Figure 
3) and 35 consecutive measurements (not 
readings) on the same location were carried out in 
each mesh. The twelve meshes of sides C and G 
were investigated.  

 

Figure 3: Mesh and position of the probe for 
repeatability measurements. 
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2.2 Results of measurements   

The mean value μρ,rep and the standard deviation 
σρ,rep were computed from the 35 measurements in 
each mesh. For each of the 13 meshes of side C 
(Figure 4), Figure 5 (a) plots the 35 resistivity values 
measured in one mesh with its mean resistivity 
value inside the same mesh. Similarly, Figure 5 (b) 
plots the results for the 13 meshes of side G. For 
both exposures (sides C and G), results showed that 
for resistivity measurements in the range 10-160 
kΩ.cm, the scatter increases when the mean 
resistivity increases (10-150 kΩ.cm range). 

 

 

Figure 4: Position of steel rebars and of the meshes 
for sides C (left) and G (right). 

 

(a) 

  

 
(b)  

Figure 5: Repeatability test: sides C (a) and G (b). 

2.3 Uncertainty modelling of the state 
dependant unvertainty 

To quantify this trend, the evolution of the 
standard deviation with the mean resistivity is 
presented in Figure §. All the values were fitted 
with a linear relation (2) which regression 
coefficient was equal to 0.96. Linear fitting 
parameters were 0.13 (coefficient of variation) for 
the slope and near zero for the y-intercept (-2,05 
kΩ.cm), which was in the same range of magnitude 
of the error of the device (+/-2.4 kΩ.cm) indicating 
that the measurements are not biased. These 
results mean that when performing resistivity 
measurements on-site, the scattering of the 
measurements increases with the mean resistivity 
value by a factor of about 50. To our knowledge, 
this result has not been published yet.  

  

Figure 6: Evolution of standard deviation with 
mean resistivity for the repeatability test. 
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σ𝛒,rep = 0,13. µ𝛒,rep − 2,05 (2) 

3 Discussion on the protocol  

Les us consider now other orientations of 
electrodes than the one plotted on Figure 3. That is 
a measure of the effect of material variability on 
the measurement. We propose here the protocol 
and the results. 

3.1 Protocols for material variability 
assessment   

According to the 4 positions plotted on Figure 6, 
tests have been carried out to cover the whole 
surface (10 measurements). 

  

Figure 7: Scheme of the mesh and positions (I, II, III 
and IV) of the probe. 

3.2 Modelling  

Standard deviation was computed from the 40 
measurements on each mesh (4 positions x10 
tests) and liked to the condition state. 

It is plotted on Figure 8. 

 

Figure 8: Evolution of standard deviation with 
mean resistivity for material and measurement 
variability's. 

As presented in Figure 8, the scattering of the 
resistivity measurements was not increasing with 
the mean resistivity following a linear relation but 
an exponential relation (R²=0.96). The equation of 
the exponential fitting relation given in (3)Erreur ! 
Source du renvoi introuvable. covers a mean 

resistivity range from 10 to 140 k.cm.  

σ𝛒,𝑡𝑜𝑡 = 1.16 𝑒0.026.μ𝛒,𝑡𝑜𝑡  (3) 

4 Conclusions  

This paper aims to evaluate several sources of on-
site error based on a dedicated campaign of 
concrete electrical resistivity measurements 
performed on a bridge in a marine environment. It 
is shown that errors of assessment from the 
resistivity measurements are not negligible. The 
repeatability error increases linearly with the 
resistivity and the local anisotropy of the material 
affects strongly the assessment for high resistivity 
values (ρ≥80 kΩ.cm): the coefficient of variation of 
total error reaches 30% around 140 kΩ.cm.   
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