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1. Introduction

Most nuclear reaots, both in Scandinavia and worldwide, are enclosed by a prestressed concrete
containment. The containmewnall is approximately 1 m thick and is prestressed in two directions by
large prestressing tendons. On the inner face of the containment thewdlgénartightwelded steel
plate securing the tightness (steel liner). The main purpose of the containment is to maintain the
structural integrity of the containment in the event of a major internal accident. The main accidental
scenarigwhich the contmment is designed to withstarid a secalled loss of coolant accident

(LOCA). A LOCA is initiated by a pipe rupture in the cooling system, discharging hot steam into the
containment. The escape of steam increases both the temperature and presstie cwsitiEnment.

The increased internal pressure arising from a LOCA is referred to as the design pressure. The
prestressing system is designed to counterbalance the tensile forces arising from the design pressure.
The status of the containment is gratdiuahanged due to environmental factors and by alterations in
the micro structure of the material. The prestress will be reduced due to shankiagreep in the
concrete andelaxation in the tendons.

The corrosion protection of tendons &e Scandingian containmentarranged in two different ways

either by cement groutindgp¢nded tendonsor e.g. by grease injectionr{bonded tendohsThe major
advantage using unbonded tendons is the possibilities of assessing their status (e.g. prestress losses or
corrosion damages) which is not possible using bonded tendons. Both bonded and unbonded tendons
are used worldwide. For exampletire U.S. almost all tendons are unbonded, whereas in France

almost all tendons are bonded.

For Scandinavian reactor contaiants with unbonded tendons (6 containments, all in Sweden) the

tendon force isnonitored at regulan-serviceinspections. Except for the regular inspections one
containment at Forsmark power plaimonitored with fixed gauges at a number of tendohs. T

power plant Olkiluoto in Finland has bonded tendons and during the construction in tbevendies

several prestressed concrete beams were constructed with the single purpose to follow up the prestress
losses The remaining tendon forces in five oée beams have recently been tested. Results from the
beam tests and frothe inserviceinspectiongor Swedish containmengse presented in this paper.

The measured Igsof tendon force has been estimated by ugifigrent models for predictingreep

and dirinkage of the concrete anelaxation in the prestressing steel.

The work presented in this paper is mainly based on results from twepmidats atlLund
University. The testing of the beams isa partofthefphboj ect fABonded €ehdondons
Cont ai n meevduation. of mMehsaremenftom Swedish irservice inspections a part of a
PHD-project finished in year 2067
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2. Principal outline of prestressed reactor containments

Scandinavian reactor containments are in principle aactstl as prestressed concrete cylinders
founded on thick concrete plates. The top of the cylinders is either enclosed with a massive steel lid
(boiling water reactojsor with a prestressed concrete domegsurized water reactiur3 he cylinder

wall conssts from the outside of a bearing concrete shell, which isDZ#®& thick and prestressed in
two directions (vertically and horizontally). Inside the bearing concrete the steel ib@n(s thick)
secures the tightness. The inside of the steel kingratected from missiles (e.g. from pipe pieces) by

a 0.260.33m thick reinforcecconcrete shell. Figre 1 showshe principal outline for the

containments for these two types of reactors.

Each containment is prestressed with hundreds of tendons. Mgpidans used in Swedish
containments, sedglure2, are BBRVtendons with 139 wires with diameter of 6 mm (ultimate load,
Fu=7.1 MN) and VSL tendons with 19 strands consisting of 7 wires &ach 8.5 MN).
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Figure 1. Outline of Swedish reactor comaents

3. Tests on beams with bonded tendons

When the nuclear power plant Olkiluoto was built in Finland in thesuigenties several prestressed
concrete test beams were fabricated. The beams were cast sioustgraand with the same concrete

that was used for the containment walls. The test program was such that one beam was planned to be
tested approximately every third year. The tests included e.g. determining the remaining tendon forces,
the concretes comssive strength and modulus of elasticity. The main purpose of the tests was to
roughly estimate the condition of the containment, e.g. regarding prestress losses. However, after only
six years the test program was cancelled due to unreliable resultsngdhedremaining tendon

forces. The remaining test beams have been stored inside of the containment building ever since.

The prestress losses in five of these beams have recently been tested and the results have been
compared with prestress losses eatad using several different prediction models for creep and
shrinkage of the concrete and relaxation of the prestressing steel.



3.1.The beams

Beam details and cros®ection are given in figurg@below. In total five beams were tested, two from

reacto 1 (OL1) and three from reactor 2 (OL2). The beams were fabricated in 1975 and 1977
respectively, and cast simultaneously as the containment walls. The beams are 3 m long, with a square
crosssection of 500x500 mm. Slehardening cement was used and tlagercement ratio of the

concrete was approximately 0.5. The time between casting and tensioning varied between 63 and 687
days. In each beam there is one tendon placed in the center of theextoms. For the two reactors,

two different postensioningsystems have been used, VSL type 19 @ 13 mm and BBRV type R 238

(72 @ 6 mm), respectively. The initial pasnsioning forces were 2.44 MN for the beams from OL1

and 2.52 MN for the beams from OL2. After the tensioning the ducts were injected with geougnt
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Figure3. Beam details for the beams with the VSL gesisioning system. The arrangement of
reinforcement and tendons are the same for all beams. The difference between the beams with the two
different posttensioning systems is the dimensiofi®earing plates and ducts. Note: all dimensions

in millimeters.

3.2.Evaluation of prestress losses

The remaining tendon forces in the beams were determined usingdalesbcrack reopening
method, where the beams were subjttea three point beling test.The test setup is shown in
figure 4.

The beams were loaded until flexural cracks appeared in the bottom. The initial crack was marked and
the beam unloaded. In order to determine the decompression load, i.e. the applied vertical load at
whichthe crack reopens, one LVDIgauge was mounted across the crack, see figuree beam was

loaded once more and both the vertical load applied by the testing machine and the displacements
recorded from the LVDT were recorded. In order to more accuragédyrdine the decompression

load, the beams were loaded and unloaded three times. The decompression load was determined by
intersecting the slopen the load versus crack width diagram, see figurEhe intersecting was

performed as follows: first the itsection pointy, was esti mated visually (i



regression line was adapted to the lower slope from the point where the displacement was 0.01 mm
(there were some irregularities in the regie®.01 mm) to the point on the slope where the
displacement wa8 - 0.005 mm. A second regression line was adapted to the upper slope between the
point where the displacement wias 0.005 mm to the endpoint of the slope. The two regression lines
were intersected to find the final intersection point.

Figure5. The LVDT-gauge mounted across the crack.

The prestress losses in the beams were also estimated using several different prediction models for
creep and shrinkage of the concrete and relaxation in thiegasiag steel. The models used wéee
CEB/FIP Model Code 199band 1998, ACI 209", Model BZ, GL200C and the PCI Committee on

2 CEBBulletin d'information no. 199iEvaluation of the Time Dependent Properties of ConareBomite European du
Beton/Federation Internationale de la Precontrainte: Lausanne, Switzé8&id

3 CEB-FIP Bulletin 1.fiStructural Concrete, Textbook on BehauioDesign and Performanddpdated knowledge on the
CEB/FIP Model code 1990 The International Federation for Structural Concrete: Lausanne, Switzergged

* ACI Committee 209.Prediction of Creep, Shrinkage and Temperature Effects in Concrattuse®, ACl 209R92.
American Concrete Institute: Detroit, MIUSA, 1992

®Bazant Z. P. and W. P. MurphjCreep and Shrinkage Prediction Model for Analysis and Design of Concrete Striictures
Model B3. Materials and Structures,ol/ 28 No. 180: pp357-365,1995.

® Gardner N. J. and M. J. LockméiDesign Provisions for Drying Shrinkage and Creep of Normal Strength Cancrete
Canadian Journal for Civil EngineeringoM98, No. 2 (MarckApril): pp.159167, 2001.



Prestress Lossgsvhich also was used for the calculation of the relaxation in the tenaltmsugh

the CEB/FIPmodel codesre limited to concrete subjected to a mean relative humidity ranging

between 40 to 100 %, these models have still been Tikednitial elastic shortening of the beams at

the posttensioning is also included in the calculated prestress losses. Mbstiofdrmation

regarding the beams which was needed as input for the prediction models was available, except for the
compressive strength and modulus of elasticity of the concrete and data regarding the curing method
and curing time, why the following agaptions had to be made.

- Compressive tests have been conducted on cylinders which were cast simultaneously as some
of the beams. These tests were performed three and six years after casting and both the
compressive strength and modulus of elasticity vedsrchined. The 9ilays compressive
strength and the modulus of elasticity of the concrete were calculated backwards from the test
results, using formulas according to CEB/FIP MC 1999. Thde8& compressive strength
and the modulus of elasticity of thenmwetearecalculated backwards using formulas
according taCEB/FIP MC1999The compressive strength was estimated to 34.5 MPa and the
modulus of elasticity to 20.4 GPa.

- Since membrane curing was used for the containment, it is assumed that this aised\fas
the beams.

- The curing membrane is assumed to be removed, i.e. thetaf drying occurs,
simultaneously as the tensioning of the tendons.
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Figure6. The load versus craakidth diagram. The decompression load is determined by intersecting
thetwo slopes.

3.3.Results

The results from both the tests and the prediction models are given if.tAlslés apparent from

tablel, the results from the tests are somewhat scattered. However the measured prestress losses in
beams number 1, 2 and 4 arggood agreement. The deviating results for beams 3 and 5 is probably

due to that during the tests splitting cracks occurred and propagated at both ends of the beams and did
not close after unloading. There was also extensive cracking in the zonesdingdhe bearing

" PCI Committee of Prestress Loss#ecommendations for Estimating Prestress Las$4dSI| Journal, \dl. 20, No. 4
(July-August): pp 4570, 1975.



plates. This indicates that the anchors have moved inwards during the testing, which causes a
shortening of the tendon thus increasing the prestress losses. Due to the short length of the tendons a
movement of 1 mm will increase the press losses by approximately 5 %. Another parameter which
affects the prestress losses in beam number 3 is the time between casting-tersjoostg which

was only 63 days. SloWwardening cement has been used, hence the load was applied before the
concete was fully hardened, (concrete with slbardening cement obtains the corresponding@&
strength after 91 days). This increases the creep of the concrete substantially thus increasing the
prestress losses.

What further is apparent in taklas that most of the prediction models underestimate the prestress
losses in the beams, especially for beam number 4, for which the time between casting- and post
tensioning was approximately two years. This is, however, not the case with the model GL2000 which
overestimates the prestress losses for beams number 1 and 2 and is in good agreement with the
measured losses in beam number 4.

The CEB/FIPmodel codes are in good agreement with the test results, in spite of the limitations
regarding the mean relativeidity.

Table 1. Measured and calculated prestress losses.

Beam Test MC 90 | MC 99 ACI PCI B3 GL2000
1 38 % 36 % 35 % 26 % 31 % 36 % 41 %
2 38 % 36 % 35 % 26 % 31% 36 % 41 %
3 61 % 39 % 38 % 27 % 31% 37 % 42 %
4 37 % 30 % 29 % 24 % 28 % 33 % 38 %
5 48 % 33 % 29 % 24 % 28 % 30 % 38 %

The results from the prediction models, i.e. the models predicted lower losses than the measurements,
indicate that the assumptions made regarding the curing time, i.e.-ie¢ oihdrying, were correct. If

the concret had been subjected to drying prior to the tensioning, the parts from both shrinkage and
drying-creep influencing the prestress losses would be reduced. Eangag is the part of creep

which is associated with the drying of the concrete. The creepssinareases if the concrete is

subjected to both load and drying simultaneously.

4. Tendonin-service inspectiongor Swedish reactor containments

Swedish reactor containments withbonded tendorare located at two different power plants, three
pressuized water reactors at Ringhals power plant and three boiling water reactors at Forsmark power
plant.

4.1 Evaluation of prestresslosses

Tendonin-serviceinspections in Sweden are performed according to an Americda Beaigulatory

Guide 1.3519905. This guide describes the basic methodology of an inspection program for concrete
containments witlunbondedendons. The inspections shall be made 1, 3 and 5 years after the

structural integrity test and thereafter every 5th year. A reduction of inspeaticarsions can be

made if there are two or more identical containments at the same power plant. The guide recommends
that 4% of the tendons should be selected randomly and tested at each inspection. If the three first
inspections show acceptable resultsatmunt of inspected tendons can be reduced to 2%. Apart from
measuring tendon force, one wire or strand in one of the selected tendons shall be removed and
checked over its whole length to observe csioo or other material defects.

®|Regul atory guide 1.35, fdlnservice Inspection of Ungr

U.S. Nuclear Regulatory Commissioryision 3, 1990.



Two different methos for measuring tendon force have been used at Swedish reactor containments.
(1) At the tendon inspections-salledlift-off techniquds used and (2) at one of the Swedish reactor
containments (Forsmark fixed gaugesre installed at some of the tendoBoth these methods
measure the force in the end of the tendon.

Worldwide, lift -off technique is the most common method to measure tefodm In this method a

jack is used to measure the force at the end of the tendon. The intention withatigdihnique is to
measure the force transmitted from the anchor head to the bpktegee figure7. In principle the
magnitude of the force is registered at the instant when a movement can be observed between the
anchor head and the bearing plate. st difficult part of the lifoff test is to decide when the

anchor head starts to move. The simplest method is to visually observe this. A more sophisticated
method is to measure the displacement and force continuously and then definethtolide from a
curveplot, see fgure 7. The measuring error for the jack equipment is normally stated to max 2%.
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Figure 7. Lift -off test of VSL-tendon

Fixed gauges (Glotzl gauges type K 250 A135) were installed initially on 8 vertical and 5 horizontal
tenddns (for horizontal at both ends) in Forsmark 1. The force is measured by a pressure ring, which is
placed between the anchor and the anchor plate. The Glotzl gauges have been read approximately
every second year and more frequently the first 3 yearsthfteensioning. The measuring accuracy
provided from the manufacturer is 2% for the used gauges.

4.2 Results

The measured tendon force is compared with the modelled force 30 years after the tensioning. Two
different models are used to calculate lbegn losses in the concrete, ACI 209 and Model BBe
relaxation in the tendons is predicted according to recommendations given infRQitee of

Prestress Losseshe loss from creep and shrinkage in the concrete are added to the loss from
relaxation in he steel and compared with the measured force in the figures below. More details about
the measuring results and the modelling of prestress are presented in Ahderson

Figure 8 show lift-off measurements from all Swedish tendon inspections where theregésodon

force is divided with the initial measured force. Each bigaikt represents the mean force from the
tested tendons at one inspectibhe modeled force 30 years after the initial tensioning is marked with
solid dots.The variability in measuretendon force at each tendon inspection is significant and varies
between different inspections. The evaluated coefficient of variation (COV) from Swedish tendon
inspections is in the region o0f8%. The COV for VSL tendons is generally twice as higfoas

BBRYV tendons. Another tendency shown in the measuring results is that COV evaluated from each
tendon inspections increases with time. This can be expected due to the variability in the mechanisms
of long time losses.

According to Fig 8 the meaof force loss for the Swedish containments lays in general around 5 to 10
% of the initial force. In most cases the whole loss seems to arise before the first tendon inspection i.e.

Anderson P., AThirty years of measured prestress at
Engineering and Design; Vol. 235, pp 232336. , 2005.



2-5 years after the initial tensioning. The measurements made at ForsmarRiagimals 2 differs
from the rest of the measurements and calculated values.

At Forsmark 2 the losses for the horizontal tendons have increased at every tendon inspection and at
the third inspection the measured force was around 20% of the initial Thiseforce level was

confirmed also at the latest inspection at Forsmario2ghown irfigure 8). At this inspection the

average force along the tested tendons was measutetia@results aneresented in Anderson et@l

For curved tendons the frictidretween tendon and duct could result in unequal loss of force along the
tendon. The resulisresented in Anderson et?ahdicatethat the mean loss of force along the tendons
was less than the loss of force at the end of the tendon.

For Ringhals 2, ki the vertical and the horizontal tendons have higher losses than the general result.
One parameter that differs in Ringhals 2 compared to other Swedish containments is the time between
the tensioning and the start of operation. The temperature inceigisifisantly at the start of

operationand the temperature have been shown to highly influence shrinkage, creep and relaxation.
For Ringhals 2 the operation starts already 1 year after the initial tensioning, but for the other
containments the operatioiddhot start until 45 years after the initial tensioning. The early start for
Ringhals 2 is assumed to be the main reason for the larger losses for this containment.
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Figure 8. Lift -off force at Swedish tenddn-serviceinspections

The results from Ked gauges at Forsmark 1 are showfigare9 and 10. In contrasb tendonin-
serviceinspections, the results from fixed gauges are measured at the same individual tendons over
time. The tendon force is also registered in shorter intervals which nedeeribsults more suitable for
indicating trends.

The results from fixed gauges show the same general loss of force as the result from the tendon
inspections, i.e.-A0% average loss of force 30 years after the initial tensioning. The tendon force is
assumed to have a linear dependency with a logarithmic timescale. This assumption shows good
agreement with the results from the fixed gauges.

In figure 10 a distincthange of slope can be observed approximately 5 years after the initial
tensioning, which isit the same time as the operation of the reactor was Staftethis moment, as
mentioned before, the temperature was significantly increased (from ardi@tb2getween 30

45°C). When the temperature rises the relative humidity can be assumed asdeBah these

factors have been proved to increase longtime losses in the concrete and the tendons. The clearly
stated influence of startup at Forsmark 1 increases the validity of the assumption made for the results
from tendon inspections at Ringhals 2.

YAnderson P., Berglund L.E. and Gusdons afefdstudyat. , AAver a
nucl ear reactor containments in Swede-h00,20000lucl ear Engi
M First shown in a report by Vattenfall AB 1991.
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Figure9. Measured values from fixed gauges at Forsmark 1

Figurel10. Measured values from fixed gauges at Forsmark 1
(logarithmic time scale)

The general results from-gervice inspections at the Swedish containments show significantly lowe
losses after 30 years than the results from beams stotékilabto power plantSome of the most
important parameters affecting prestress losses are the concrete age at loading, the drying conditions
and the temperature surrounding the structure.nidia reasons for the low loss shown in the results
from Swedish irservice inspections are assumed to be the large volume/surface ratio and the high
concreteage at the initial tensioning.

The volume/surface ratio for thestbeamgSection 3)s less tlan % of a typical containment wall

with liner on the inside. This gives much higher drying rate for the beams, which increases both the
shrinkage and the drying creep for the beams. For the containments included in this study the concrete
age was aroundy®ars when the tendons &e initially tensioned. Thigery high age, compared to

e.g. bridges, will reduce the basic creep, the drying creep and also the shrinkage. The basic creep i
reduced due to the increaseddulusof elasticityof the concrete. Therying creep and the shrinkage

will be reduced due to the fact that a significant part of the drying will have taken place after 2 years.
Some of the test beams were also almost 2 year when the tendons where initially tensioned. However,
the beams werelike the containments, sealed until the tensioning and therefore the effect of drying
creep and shrinkagsn be assumed to beresignificant for the beams than for the containments.



