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ABSTRACT

Extending the operating life of nuclear power ptaithplies to monitor the civil engineering struesir
ageing. Structural monitoring of the prestressatcoete containment is one of the main components@EDF's
strategy to justify that safety requirements wél teached until the end of operating life. Contantrstructures are
instrumented to check their behaviour during carction (especially tendon tensioning), during péigal pressure
tests and for prestressing losses monitoring. Nmhess current instrumentation was designed fodB@ears of
operation. Operating life extension up to 60-80ryeaquires then developments for an appropriatiesastainable
structural monitoring system for reliable long tesorveillance.

This paper will present our approach that leadshto definition of an Optimum Surveillance System
(0SS). This concept defines the required sensnts raeasurements that are necessary to ensureesffici
surveillance of the pressure concrete containméhtan operating life of 60 years.

This Optimum Surveillance System includes on onedhtie sensors which deliver global displacement
and which can be replaced (such as pendulum) amdtleer hand, the sensors dedicated to local phenam
initially embedded in concrete (such as strain ns¢t@nd thus inaccessible. An equivalent systetimeis required to
maintain the OSS in case of failure of an embeddedor. For that purpose EDF has developed neweatevi

This paper will also deepen the specific work madeut how to acquire and validate measurements of
deformation in the concrete. This work is structLaeound two principal themes:

» Reinstatement of vibrating wire strain meters owimgnnovative electrical excitation approach cometoi

with appropriate signal processing techniques.

» Development and installation of an accurate surfadensometer when embedded strain meters were out
of order.

A two-step approach was adopted for the validatibthe surface extensometer's behaviour for long te
monitoring deformation:

» Step 1: laboratory experiments.
» Step 2: installation on prestressed concrete comgant and comparison with embedded strain
meters.

The positive results led to the successful valadatf surface extensometer for both decennialspires
testing and long term monitoring. The uncertaintgaxiated to surface extensometer is coherent axdép rate
measured on containment building and is about anfigskostrains per year.

The two proposed developments ensure capturingp@lhecessary information for suitable monitorifig o
the long term behaviour of prestressed concrettasonent.

INTRODUCTION

In the current fleet operated by EDF in Francet@ioments of the Pressurised Water Reactors (PWR) a
made of prestressed, reinforced concrete. Prefstgeissused to balance the forces which the contairt would be
subjected in the event of internal or external hdhza

In addition to the leak tests, the design of comteints requires a strength test to be carriedTauis. test
aims to confirm the good mechanical behaviour @ tbntainment when submitted to a pressure equivale
greater than design pressure (see the requirerobotgles, such as RCC-G part 3 in France or ASME®elll,
division 2, chapter CC6000 in the USA). This aceept test requires the measurement of structurdanemal
response using a wide range of instruments (displaat, deformation and temperature sensors).

Additionally to this design requirements, prestiegsnust be monitored regularly to ensure thagtibains
sufficient and effective throughout its operatiifg.| Many phenomena, such as concrete creep oe eaitosion,
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may significantly reduce its efficiency. The choiok grouting prestressed tendons has advantagésrrims of
prevention of the reinforcements corrosion. Furtime, in the event of a strand failure, the bonesvben the
tendon and the grout enable part of post-tensiotdrgpntinue to be transmitted to the structure ti@nother hand,
this option prohibits future inspection or maintec@ operations, which are possible in the caserestiessed
tendon injected with grease. Therefore, this spmEtyifled to the setting up of a monitoring systeltnconsists of
periodic tests (every 10 years) at accident presand monitoring the behaviour of the containmkeraughout its
life.
In practice, long-term monitoring is mainly carriedt by sensors used for the acceptance test. Taftay
20 to 30 years of operation certain sensors haledféFurthermore, a life extension strategy reeglioperators to
review the durability of containment monitoring ®ms. It therefore appeared important to defineirfgn
Surveillance System (OSS) in order to prove that prestressing level of the containment continadslfil the
safety requirements. Among sensors constitutingQB&, some are originally embedded in the conarktilie
structure, and as such cannot be replaced witeahee models. This article will describe two majoeprovements
in this domain:
* The reinstatement of certain embedded sensoralipitieclared to be unserviceable
» Installing alternative instrumentation capable afasuring the same physical variables as the embledde
sensors. Validation of this alternative instruméota and detailed quantification of the correspogdi
uncertainties will then be described.
Thanks to the efforts made in the definition andathlity of the OSS system, it should be possilde t
monitor and assess the mechanical behaviour afdhg&inment over several decades.

DEFINITION OF THE OPTIMUM SURVEILLANCE SYSTEM (OSS)

The 58 PWR of the EDF nuclear generating fleetchassified according to their type of containmefig(
1) (third barrier between radioactivity and envirgent):
e The 900MW power plants (34 units): the third barre®nsists of a prestressed concrete single wall
containment with an internal liner plate (metallisgglining)
* The 1300 and 1450 MW power plants (24 units): theltbarrier consists of two containments (onedasi
the other: the outer reinforced concrete contairiraed the internal prestressed concrete containment
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Fig.1: Representation of the two types of containinoé the fleet of PWRs
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The containment monitoring system was originallyedisfor two purposes. First, to check design
hypotheses during construction and second, to adguassess structure behaviour during containresit This
monitoring system provides three types of measunésne

» Measurement of displacement (plumb lines, Invaesjisurvey markers)
* Measurement of the structure local deformatioraistmeters embedded in the concrete structure)
» Measurement of variations in stress of certaintpessing cables (dynamometers)

The number of these different measuring instrumeatges according to the considered containment. As
prototypes, the first containments were equippedh waxtensive instrumentation to validate the cotecre
composition formula. The need to monitor prestresshroughout the life of the structure led EDFidefa suited
instrumentation dedicated to the long term monigf the containment (OSS). The sensors and pdiy&ciables
used in the OSS system are given in table 1:

Table 1: Composition of the OSS

Physical variables Original monitoring instruments Part of the OSS Replaceabl_e nature
of the equipment

Displacement (mm) Survey markers YES YES
Displacement (mm) Hydraulic levelling pots NO Nppécable
Prestressing (Mpa) Dynamometers NO Not applicable
Displacement (mm) Plumb lines and Invar wires YES ESY

Strain (um/m) Vibratory strain meters

embedded in the concrete YES NG
Temperature (K) Thermocouples YES YES

Strain measurement in the concrete is crucial déggriong run monitoring because it is the only nea
which cannot be replaced, in the event of faillitds study describes progresses in:
» Extracting the best information from embedded straéters
» Developing and qualifying an alternative deformatineasuring instrument.

STRUCTURE STRAIN MEASUREMENT

Principle of the strain measurement by vibrating wre strain meter

Strain in concrete is measured by sensors usirrgtiilg wire technology. This sensor is made up stea!
wire sensing element enclosed into a protectiveybdtle sensor is embedded in the concrete duringtraction.
When the concrete is compressed, the two endseadehsor come together and the wire slackens;aslyilvhen
the concrete comes under traction, the ends moag and the wire is stretched. A simple equatiokslithe tension
of the wire and its frequency of mechanical vilatiBy measuring the vibration frequency, the defation of the
concrete can be assessed. Figure 2 gives analliostrof a vibrating wire strain meter.
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Fig.2: Sketch of a vibrating wire strain meter floe measurement of deformation inside concrete

The wire is set into transverse motion by excitingith a short pulse of current passed throughtthe
electromagnetic coils positioned near the centethefwire. Since the wire is made of ferromagnstiel, it is
sensitive to the magnetic field and starts vibati its natural frequency. The wire vibration inds a magnetic
field which is detected by the coils and the fretpyeof which can be measured remotely. This ingenigystem
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will measure the electrical frequency of the retatrsignal which is the same as the frequency ofhardcal
vibration of the wire. This physical principle ieny old, since the first types were used on danmabout 1930. It
was also used on EDF's first generation power fl@as-Cooled Reactor), as early as 1956. The duRAR of
the EDF fleet are equipped with large numbers es¢hvibratory strain meters.

Reinstatement of vibrating strain meters

Although vibrating wire strain meters are very reb[l], they may suffer from a certain number dlfufiees
after many years. Indeed, in the event of off fistrains, the wire stretches beyond its normalatpeg range and
abnormal behaviour may appear. Two faults wererlglédentified. First when the stretched wire cariato
contact with one of the coils. In this case, thaura frequency of vibration of the wire is distethand we often
measure twice the frequency. Second, this oveckire may cause the oscillation of the wire to kghly reduced
and then the monitoring time slot does not allow tfiee measurement of frequency with the conventisigmal
processing techniques. Other problems may alsorpsuaah as short-circuits in the coils or demaga¢ion of the
wire. This problem is common to all operators wise sensors with vibrating wire technology [2].

The first portable electronic frequency meters dadek to the mid 1980s and the technology for the
measurement of frequency used at that time onbwallfor measurements if the signal to noise ratis hgh. This
eliminated certain responses from sensors whicle werfectly valid and coherent. Indeed, by usingleno signal
processing techniques, such as Fourier transfiienyse of a high band-pass filter or the reduatiothe excitation
voltage, it was possible to recover certain straieters which had been declared unserviceable. Thelete
methodology which was used to recover vibratingewstrain meters is explained in details in [3]. Thethod
described is used on vibrating wire pressure delsjt covers all sensors using vibrating wirehtealogy, naturally
including vibrating wire strain meters.

Figure 2 illustrates a typical case where the nestogol for interrogating vibrating wire strain rees is
used to recover a sensor. By reducing the timgdsigafter the voltage pulse and by using a higidbaass filter to
eliminate the noise (which is very loud just aftee pulse), it was possible to take a repeatedrapcbducible
measurement of frequency. The analysis of the spareding deformation value was validated by congpariwith
vibrating wire strain meters in the same zone anthé same direction of measurement. Similarly, proplems
owing to the second harmonic due to the wire wiithcks against the electromagnets were solvedduycieg the
excitation voltage.

Returned signal of a vibrating wire strainmeter with a brieve response
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Fig.3: electrical signal from a vibrating wire straneter with a short response. In this case, #ve excitation and
signal processing protocol is used to recover thasurement

Finally, the use of this new method of interroggtiensors has enabled to recover between 10 ad®30
all sensors declared to be defective. The applicadf this methodology (non intrusive) from the sidé would
appear to be very useful, since sensors in embeclolectete are inaccessible and cannot be replacadsimilar
one. Nevertheless, and to meet the requirementheofOSS system, the mere recovery of vibrating \strain
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meters by this method was not always sufficient.tWégefore had to innovate and qualify an alteusasystem for
measuring deformation in the concrete: the surétigen meter. This development and its qualificatoe described

in the next paragraph.

Development of a surface strain meter
Principle of the qualification

The surface strain meter developed must be campdibteasuring very slight levels of deformation sinc
the lowest creep rates are less than 5 um/m/yéar nfeasuring instrument was first developed inaberatory to
guarantee its metrology performances; it was timstalled on a containment for validation and congoar with
strain meters embedded in concrete in the sameaarkaeasuring in the same axis. Validation mustvsthat the
surface strain meter measures the same deformasiothe embedded strain meter, to the nearest airtgrt
Qualification of the surface strain meter on stteulsed on checking the following 3 points (Fig 4):

» Rate of creep: the rate measured by the surfacembeédded devices must be identical for strain raéte
the same part of the containment and in the sareetitin of measurement.

» During the ten-year containment tests, the ampisuahd rates of deformation measured must be adénti
between embedded devices and those in the facing

* There must be no hysteresis in the deformationevafter the containment test

50C 4+ Point No. 1. Containment test: Comparison of the Point No.. 3. Exploitation: (.:om.par!son of the kinetics
amplitudes, linearity and reversibility of deformation and amplitude .°f deformation in t'm? betweerT
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Fig.4: presentation of the different points to beaked to qualify an alternative system for the sneament of

deformation

Presentation of the measuring instrument

The surface strain meter is made up of an 1m lehgtar bar. Invar is an alloy, of which the
coefficient of thermal expansion is very low (appnoately 10° K™). One end of the bar is secured to an embedded
rod in the concrete whilst the other end of thedbiges inside in a rod, which is also embeddetthénconcrete. The
measurement of the displacement between the etitedfivar bar and the embedded rod (sliding part)sied to
determine the deformation by dividing the lengthdisiplacement by the length of integration (diseahetween the
two embedded rods). A photograph of the devichdsve below:
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Fig.5: Surface strain meter installed on site. displacement sensor is installed on the left hamtiaf the 1 m
Invar bar.

Displacement is measured using an LVDT (linearalslg-differential transformer) sensor, its accuraay
been checked in a metrology laboratory. Manual nremsent in parallel is also possible, without remgvthe
LVDT sensor, thanks to a micrometer which is placadspecific stops. This manual measurement iscpéatly
useful for the periodic metrology inspection of thetrumentation to check that there is no drifthef sensor.

The embedded rods are anchored in the concretedafpth of 300 mm. This depth imposes special
precautions in the positioning of the bore to avay risk of breaking the passive reinforcemenpi@stressing
cables.

Uncertainty of measurement

The uncertainty of measurement was determined g@lycby laboratory testing and by a comparison with
the measurements of the embedded strain metersrims tof drift of the integrating circuit in relaticto the
anchoring. Table 2 below sets out the nature ofitfierent sources of uncertainty and their relativeights.

Table 2: Uncertainty of measurement of the surkian meter

. Relative weight
Source of uncertainty (%) 9
Drift of the integrating circuit in relation to ttechoring 36.2
Drift of the strain meter in relation to temperatur 25.2
Acquisition card of the telemetry system 15.1
Drift of the LVDT in time 9.1
Uncertainty on the measurement of temperature 4.7
Uncertainty of calibration 4.7
Bias error 2.5
Hysteresis error of the sensor 2.1
Repeatability 0.4

Finally, by cumulating the different sources ofoefiwe obtain an overall (with two standard dewviasi)
uncertainty of measurement equald 203 um/m This uncertainty is sufficient to detect any ofparn behaviour of
the structure early enough and for an efficient mooimg of the structure in the long term.

Results of qualification
Qualification on an industrial site consisted ie thllowing:
e Paralleling the measurements of embedded and suiigtectors for several years
e Comparing these measurements for a one-off edemten-year containment test.
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Figure 6 shows 4 years of comparative tangentiébrd@tion measurements in the lower third of the
cylindrical part of the containment.
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Fig.6: Tangential measurement of deformation (frfand embedded device), lower third of the cyloadipart of
the containment, outside (minimum, maximum and ayewalues of the group of embedded strain meters)

The analysis of these data shows that the sudlaae meter follows the average curve given by
the embedded sensors perfectly. The group embesitesbrs has inherent variability, since they ateafimn the
same location, such that the thermal and envirotsheronditions may change slightly, which explaitie
variability (minimum, maximum and average) of theup of embedded strain meters.

The performance of the surface strain meters vss ehecked during a containment test for
which the deformations measured are consideralmerd-7, which shows the deformations accordinthtolevel
of pressurisation of the containment, demonstrdtesabsence of hysteresis of the sensor and lityabi monitor
linear and reversible deformations during the fEse surface measurements made are also similhose obtained
using the embedded device. It is therefore possibtietermine Young's modulus and Poisson's rhtaks to the
surface strain meter
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Fig.7: Measurement of deformation during a comtegnt test (graph showing deformation versus predsgide
the containment)
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After several years of validation on a containmamid thanks to the comparison of the
measurements with the original embedded device,stivface strain meter was qualified for the longmte
monitoring of deformation of the containment. Ityrtherefore replace vibrating wire sensors, if seagy. This
device is to be deployed on all containments of8Bé& fleet with a lifetime objective of 60 years.

CONCLUSION

The monitoring system of nuclear containments waaceived to check the initial design
hypothesis. This system also ensures that prestgessmains compatible throughout reactor contaimrliéetime.
An Optimum Surveillance System (OSS) which guamsteatisfactory monitoring of the containment béhav
was defined by EDF. The OSS sensors have to be pedenent.

The principles and methods described in this atadlow long-term containment surveillance, prodide
that the following points are respected:

»  Continuous monitoring of OSS data for early detectif sensor failures. In this context the use of
innovative methods for sensor data collection amalyeis is of special interest, in particular for
long-term monitoring

* Replace, if necessary, all defective OSS senssmady as possible

* In case sensors cannot be replaced (strain meatdrsdeled in concrete), plan an early installation
of surface strain meters as an alternative meangeakuring deformation

In accordance with these principles and precautithreslong-term monitoring of the mechanical bebavi
of the containment will be guaranteed and the dperwill achieve better control over the ageing tbke
containment.
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