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ABSTRACT 

EDF is progressing steadily on the quality of structural health monitoring by taking advantage of the 

latest innovations in sensors. The construction of the Flamanville 3 EPR enabled to highlight significant 

advances in temperature, strain and moisture monitoring in concrete of the inner prestressed containment.  

A distributed measurement system with fiber optics embedded in concrete has been installed. 

Temperature and strain data is measured on a containment circumference. The challenge of holding the 

fragile concreting sensitive elements (silica) established over long lengths and in a dense reinforcement 

was successful. A remote optoelectronic device provides a measurement every meter all over the 

structure. First effects of concrete prestressing have been quantified. 

Another system for measuring the water content by Time Domain Reflectrometry was also setup. This 

allows to estimate the permittivity of the medium depending on the water content of the concrete. Five 

sensors were embedded at different depths to estimate the gradient of moisture in the wall. This 

information is one of the parameters that will predict more accurately the ageing of concrete.  

Effective cooperation from the lab to the field was required to transfer these technologies, while ensuring 

performance in long term operation.  

INTRODUCTION 

Electricité de France (EDF) operates 58 nuclear power plants in France, including a lot of concrete 

buildings such as containment vessels and reinforced concrete natural draft. The average operation time 

of these facilities is currently about 30 years, and they are expected to provide electricity still 15 to 40 

years. In order to support such long operating planning, a specific Structural Health Monitoring (SHM) 

has been established for each structure. The paper aims to describe the optical fiber technology embedded 

to measure temperature and strains. Then, its focuses on water content sensors technologies and their 

industrial qualification on concrete containment. 

OPTICAL FIBER SENSORS IN CONCRETE: BACKGROUND 

Temperature and strain measurement are both based on a spectral analysis of the backscattered laser light 

pulsed into a silical fiber. A temperature estimate is directly related to the amplitude difference of Raman 

peaks. A strain estimate is obtained with a Brillouin shift corrected by a temperature effect [HEN12]. As a 

matter of operational gain, distributed optical fiber systems are expected to complement and/or cross 

validate traditional sensors such as Vibrating Wire Gauges (VWG), Linear Variable Differential 

Transformer (LVDT) and temperature probes (PT100) [SIM11]. The one meter spatial resolution should 

give access to the thermo-mechanical behavior at different scales. 

In the EDF group, encouraging results in leak/erosion detection applications for hydroelectric facilities 

[BEC13] and raise in technology readiness level for nuclear applications thanks to CEA (Commissariat à 
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l'énergie atomique et aux énergies alternatives) [FER13] for instance, have justified new efforts in 

research and development to bring the technology to the field. More recently, other large scale 

experiments carried out by AREVA at OL3 plant and ANDRA at Bure (Agence Nationale pour la gestion 

des Déchets RAdioactifs) [DEL12] reassured about the feasibility.  

 

OPTICAL SENSORS’ CHOICE ON THE EPR FLAMANVILLE 3 

 

Fiber optics sensors are located all along the top of inner containment’s barrel, on a 165 m circumference, 

at a 24 m radius and a 45 m height. Three types of optical sensors (fig. 1) have been embedded in 

concrete. Among them, “DT” is a smooth flexible temperature / deformation sensor. “D” is a rigid strain 

sensor with a rough surface. “T” is a cable dedicated to temperature in “loose” configuration: the coating 

is not attached to the fiber. A redundancy in sensors (use of two cables for the DT sensor, use of multiple 

fibers for the T sensor and cable outputs (four measurement and four connection boxes) was also 

guaranteed. Eight VWG and four PT100 are integrated in the structure for comparison. This configuration 

is similar to others at lower heights but in retrospect, one can wonder if it would have been better to 

introduce more sensors. It is far from any geometrical singularities of the structure like prestressing 

notches, which enable to get a good representativeness of the containment behaviour. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematics of the fiber optics instrumentation with corrections after concrete pouring 

It was impossible to install sensors just before concrete pouring since tendon buttresses are too strongly 

reinforced with rebar to thread fibers by hand throughout it. It was decided to fix optical fibers before 

laying the outer ply reinforcement and to temporarily protect them with a cage and fireproof fabrics. 

Optical sensors were also installed 20 cm under prestressing tubes to limit the interaction with vibrating 

needles after concrete pouring. Surveillance during concrete pouring was planned to avoid interaction 

with a vibrating needle. All operations were performed with respect of the safety and time constraints of 

the containment erection thanks to a job rotation perfectly synchronized with builders (fig. 2).  
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Figure 2. Main steps of the field operations before concrete pouring 

Control measurements were performed with an Optical Time Domain Reflectometers at each step of the 

installation: in factory and before and after concrete pouring. Brillouin and Raman measurements were 

also performed just after setup to control the overall efficiency of lines (Brillouin gain and effect of 

optical losses on Raman measurements).  

 

Before concrete pouring, some redundant fibers of the T cable (one monomode and one multimode) were 

immediately lost because of a failure in the splitting part of the sensor (quality defect). All sensors 

survived to mass concrete pouring which is an encouraging result for upcoming projects. However, 37 % 

(hypothesis of single access from 0 m in future) of optical lines were lost. The main reasons were: 

inappropriate sensor lengths due to a use of precut cables lengths, connectors used instead of optical 

spliced to link each elementary sensor and quality defect on a sensor ending. 

 

A linkage effect of multiple connectors with the cement dirt also resulted in poor attenuation profiles on 

the whole circumference. Side-effects were a strong bias in Raman temperature measurements and no 

insurance to perform remote Brillouin at +0.00m in a near future can be certified since the signal gain was 

really weak. It was possible to significantly improve the most penalizing connectors by optical splices but 

some cable outputs were not long enough.  

 

 
A first measurement campaign was performed on site in January. Since June 2014, electronic devices 

have been remotely installed in a bungalow on site at 0,00 m level. A continuous surveillance is 

performed since the beginning of the containment prestressing in June. A data acquisition is performed 

every hour for three Brillouin and one Raman line. 

 

RESULTS: RAMAN TEMPERATURES 

 
Overall, the Raman temperature has followed seasonal temperatures measured in concrete (fig. 3). An 

insufficient care with calibration of references temperature using a basic thermo hygrometer and fiber 

coils near measurement devices certainly explain differences with PT100 values. The temperature seems 

higher in the summer season and at south excepted for the S5 section (probable shadow effect of the notch 

N2). Regarding daily variations, midday temperatures are too high compared with PT100 values (up to 

6°C): Raman data may be affected by a bad sensivity coefficient or it may be polluted by the outside 

temperature because of frequent cable outputs. 
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Figure 3. Raman and PT100 temperatures 

 
RESULTS: BRILLOUIN STRAIN 

 

The relationship between Brillouin shifts, strain and temperature changes can be written as follows: 

 

 
 

where Ct and Cε are characteristical of the fiber type in the order of 1MHz/°C and 0.05MHz/με. The 

strain corrected from temperature was computed and compared with the strain obtained after correction of 

VWG sensors values. Until 2015, it was unfortunate not to have more strain differences until now with 

VWG. It is also noteworthy that mid 2014 VWG measurements were not reliable at 0°.  

 

Recently, the concrete shrinkage, the creep and the prestressing of cables and the outer containment 

allowed to detect more significant strain differences (about 150 µm/m between January and March). A 

good match with VWG data is obtained. The strain difference seems quite homogeneous on the 

circumference. The effect of notches is visible on the strain data before (existing effect on N2) and after 

prestressing (amplified effect on N1).  

 

Figure 4. Brillouin strain corrected with interpolated PT100 temperature, Ct = 1MHz/°C, Cε = 0.05MHz/με 
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Regarding correction coefficients, it is believed that Ct is probably not equal to the one of a free an optical 

fiber, i.e. 1MHz/°C, but must take into account that the fiber is in a cable embedded in concrete. Higher 

Ct values (up to 1.9 MHz/°C) were found with a beam or when hourly measurements were analyzed but 

cable outputs may explain it.  

 

To conclude on theses analyses, results are very encouraging: optical fiber sensors seem to detect the 

strain due to concrete shrinkage, creep and prestressing. However, a consolidated thermal correction has 

to be proposed to truly quantify the phenomena.   

 

 

THE NEED TO MEASURE WATER CONTENT IN CONCRETE 

 

With the rising complexity of nuclear structures like EPR reinforcement, we need to complete 

calculations by in situ monitoring. In specific case of concrete structure, we need to measure three major 

properties of the concrete to ensure time-integrity of the structure and link the one to long and short term 

shrinkage: Thermic, Hydric, Mechanic (THM). Thermal and mechanical properties are well-measured 

thanks to classic sensor like respectively PT100 sensors and vibrating wire sensors. Nowadays, optical 

fiber sensors could also perform these functions [HEN10].  

In theory, saturation and concrete moisture are volumetric parameters, an average over an apparent and 

representative volume. Therefore, the volume investigated by the sensor will be very influent on the 

result.  

Many technologies have been tested over the past to measure water content in concrete. The best known 

are gravimetric test, hygrometry probes, nuclear techniques like X-ray and gamma ray, electrical 

methods, micro waves methods, and gas permeability measurement. EDF, French companies interested in 

structure monitoring and research laboratories partners have launched a benchmark. They selected the 

TDR (Time Domain Reflectrometry) and “gas-pressure-pulse-decay”sensor based respectively on 

electromagnetic and permeability measurement [MOR10]. These two kinds of sensors have been chosen 

to measure water content in EPR concrete. This article presents, after a brief historical, the TDR sensors 

laying operation and first results after construction of the wall. Future research works and considering 

perspectives were also discussed. 

 

OVERVIEW OF SOME MEASUREMENT TECHNOLOGIES 

 
Measurement of concrete moisture is more intricate than mechanical and thermical properties. There is 

still no means to get directly the mass water proportion or the saturated state of concrete, because the 

definition of this parameter is very elaborate. Some attempts were performed over the last thirty years, but 

results are not entirely convincing.  

The concrete is a porous material built from cement aggregate, sand, water and sometimes other cement 

additive. Combining water with a cement (and additive) forms a cement paste by the process of 

hydratation. The porous network resulting of the hydration of cement is defined by the porosity which 

describes the fraction of void space in the material (see fig1) . 
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Figure 1: Porous network of concrete 

 

The saturation  (from 0 to 1) is the rate of full water porosity volume versus the total porosity volume 

. Thus, the mass water content  (or concrete moisture) satisfies the equality (3). 

 

 

 

Where  is the water density (kg/m3) and the dry concrete density (kg/m3).  

The parameter is often used in the structure or material model and this is our utility requirement. 

 

Another parameter can be used is the volumetric water content  defined by: 

 

 

 
As concrete is a nanoporous material, a link between concrete moisture and relative humidity of 

embedded air may be obtain throught sorbtion isotherm curves, which generally exhibits hysteresis 

between wetting and drying path.  

Most of the systems presented below are derived from ground water evaluation, geophysics and soil 

moisture measurement technologies. Some sensors are embedded in the concrete during the construction, 

or require insertion into surface drilled holes in the structure. Other non destructive tests are proposed to 

prevent any core drilling operation, which could be detrimental to structures like containment vessels. As 

described in [COU13], outlooks of the different available technologies of water content measurement can 

be mentionned : Standard gravimetric method, relative hygrometry, nuclear technics like X-ray or gamma 

ray, gas permeability measurement and electrical and microwaves methods. The last two technologies 

have been embedded in the concrete walls of EPR and will be described in this article. 

 

TDR SENSORS 

 
The time domain reflectrometry sensors (TDR) are based on electromagnetic wave reflections by 

discontinuities in the electrical impedance of the material.  

 

By measuring the speed of propagation of an electromagnetic wave in concrete, the dielectric constant can 

be determined trough the relationship between the speed of propagation (  ), the speed of light  ) and 

the relative permittivity  
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Time domain reflectometry (TDR) is a well known electromagnetic technique that has been used to 

determine the spatial location of cable faults. In 1970's, TDR technology began to be applied to geo-

materials, in particular to evaluate soil water content. The TDR method consists to measure the reflected 

voltage along a line probe (where is the electrode length) caused by the travelling of a step pulse, and 

records the travel time and magnitude of all reflected signals (echo) returning back from the line (Figure 

4). 

 
Figure 2: TDR device – Measurement principle 

  
The relationship between the travel time τ and the material permittivity εr can be written: 

 

where c ≈ 3 × 10
8
 m.s

-1
 is the velocity of light in vacuum. 

Standard TDR devices make use of a broadband step voltage pulse, the frequency content of the measured 

TDR wave form extends from about 20 kHz to roughly 1.5 GHz. In real case, the relative permittivity of 

the concrete versus frequency is not a constant, due to dispersion. For this reason, we measure an apparent 

relative permittivity. In fact, the equation (4) is an approximation. This procedure is not really applicable 

and it is necessary to calibrate the travel time versus mass water content w using standard method on 

concrete specimens.  

The set up for industrial qualification of TDR is presented below. On figure 3 is presented the cast of five 

TDR sensors along the thickness of the wall in order to follow the water content gradient during the life 

of the structure. 

 

 
Figure 3: Implantation scheme of 5 TDR sensors in the containment wall 
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As mentioned before, a calibration on concrete tests specimen is necessary to establish the relation 

between the loss of water of the material and the relative permittivity. These operations are realised in 

controlled atmosphere in laboratory. The specimens are weight and TDR measurements are made during 

drying. It permits to determine the characteristic loss of mass/permittivity of the concrete. A numerical 

calculation of drying is performed with CODE_ASTER
®
 THM kit in order to fit laboratory measurements 

(figure 4) [ZEG14]. 

 

 
Figure 4: Numerical calculation of drying (left) and laboratory measurements (right) of specimens 

 
Because EPR concrete have high performance properties (C60 grade), hydric properties are difficult to 

establish.  Moreover the concrete have a low porosity. For the study, we choose to restrain the range of 

water content useful for the life of the structure. Thus, we improve the quality of the polynomial fit. On 

figure 5  is presented a curve relating permittivity and volumic water content for values superior to 5 

percents. The curve is a degree 2 polynomial equation compatible with literature [SKI00].  

 

 

 
 

Figure 5 - Calibration curve obtained with laboratory measurement and numerical calculation for volumic 

water content > 5% 

 
The figure 6 present data sets of measurement in the containment wall of Flamanville 3 during 24 months.  
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Figure 6:Volumic water content versus the time (left) and represented in the section of the containment wall 

(right) 

 
We can notice that volumic water content is relatively low (low porosity and important self drying of high 

performance concrete after casting), then the trend level off. The gradient is steady. The lower value is 

situated close to the drying face of the containment wall. Even if we can see the temperature effect, the 

value decreases between two winter periods for instance. Then, the relative positions of the records 

provided by each sensor are kept over time. The volumic water content is quite consistent with 

predictions at this stage of concrete drying (about 6 to 10 % ).  The measurement differences observed 

between sensors may come from the relative position between the TDR antennas and the reinforcement 

steel bars which can disturb the electromagnetic field. Nevertheless, it also shows a satisfying 

repeatability for each sensor. Besides, we can note the influence of temperature between winter and 

summer season.  

 

CONCLUSION AND PERSPECTIVES 

  

To conclude, EPR offers a chance to validate sharp technologies used for nuclear applications and to 

improve the surveillance of the EPR FA3 reactor building. 

 

For optical fibers, adapted material choices and working procedures, including protection solutions, 

enables to get 100 % of fiber operational after concrete pouring. Multiple connectors and outputs had to 

be avoided. The data is truly promising and the analysis of the concrete prestressing will be deepened. 

 

Regarding the TDR system, it seems to correctly behave at structural scale, which is encouraging for the 

industrial qualification. The calibration combining numerical calculation of drying and laboratory 

measurements is an atypical way to determine both the characteristic of material and sensors. A large data 

set is necessary to correct the influence of temperature but the trend of raw measurement is consistent 

with a seasonal effect. Only long term exploitation will validate the system from the metrological point of 

view. Robustness, simplicity of maintenance and performance are qualities necessary to satisfy nuclear 

civil engineering requirements. 

 

Long term operation for industrial facilities where concrete structures play a central role in the safety 

implies a comprehensive monitoring system, including optical fibers measurement and concrete water 

content assessment. 
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