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1. Introduction 

 

Most nuclear reactors, both in Scandinavia and worldwide, are enclosed by a prestressed concrete 

containment. The containment wall is approximately 1 m thick and is prestressed in two directions by 

large prestressing tendons. On the inner face of the containment there generally is a tight-welded 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 

scenario, which the containment is designed to withstand, is a so-called 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 pressure inside the containment. 

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 gradually changed due to environmental factors and by alterations in 

the micro structure of the material. The prestress will be reduced due to shrinkage and creep in the 

concrete and relaxation in the tendons. 

 

The corrosion protection of tendons are for Scandinavian containments arranged in two different ways, 

either by cement grouting (bonded tendons) or e.g. by grease injection (unbonded tendons). The 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 example in the U.S. almost all tendons are unbonded, whereas in France 

almost all tendons are bonded. 

 

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

tendon force is monitored at regular in-service inspections. Except for the regular inspections one 

containment at Forsmark power plant is monitored with fixed gauges at a number of tendons. The 

power plant Olkiluoto in Finland has bonded tendons and during the construction in the mid-seventies 

several prestressed concrete beams were constructed with the single purpose to follow up the prestress 

losses. The remaining tendon forces in five of these beams have recently been tested. Results from the 

beam tests and from the in-service-inspections for Swedish containments are presented in this paper. 

The measured loss of tendon force has been estimated by using different models for predicting creep 

and shrinkage of the concrete and relaxation in the prestressing steel. 

 

The work presented in this paper is mainly based on results from two PhD-projects at Lund 

University. The testing of the beams is a part of the PhD-project ñBonded Tendons in Nuclear Reactor 

Containmentsò. The evaluation of measurements from Swedish in-service inspections is a part of a 

PhD-project finished in year 2007
1
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2. Principal outline of prestressed reactor containments 

 

Scandinavian reactor containments are in principle constructed as prestressed concrete cylinders 

founded on thick concrete plates. The top of the cylinders is either enclosed with a massive steel lid 

(boiling water reactors) or with a prestressed concrete dome (pressurized water reactors). The cylinder 

wall consists from the outside of a bearing concrete shell, which is 0.76-1.2 m thick and prestressed in 

two directions (vertically and horizontally). Inside the bearing concrete the steel liner (5-10 mm thick) 

secures the tightness. The inside of the steel liner is protected from missiles (e.g. from pipe pieces) by 

a 0.26-0.33 m thick reinforced concrete shell. Figure 1 shows the principal outline for the 

containments for these two types of reactors. 

 

Each containment is prestressed with hundreds of tendons. Typical tendons used in Swedish 

containments, see figure 2, are BBRV tendons with 139 wires with diameter of 6 mm (ultimate load, 

Fu = 7.1 MN) and VSL tendons with 19 strands consisting of 7 wires each (Fu = 3.5 MN). 

 

 
Figure 1. Outline of Swedish reactor containments. 

 
Figure 2. Outline of tendon anchors. 

 

3. Tests on beams with bonded tendons 

 

When the nuclear power plant Olkiluoto was built in Finland in the mid-seventies several prestressed 

concrete test beams were fabricated. The beams were cast simultaneously and 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 compressive 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 results regarding the remaining 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 estimated 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 cross-section are given in figure 3 below. In total five beams were tested, two from 

reactor 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 

cross-section of 500x500 mm. Slow-hardening cement was used and the water-cement 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 the cross-section. For the two reactors, 

two different post-tensioning systems have been used, VSL type 19 Ø 13 mm and BBRV type R 238 

(72 Ø 6 mm), respectively. The initial post-tensioning 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 cement grout.  

 

 

Figure 3. Beam details for the beams with the VSL post-tensioning system. The arrangement of 

reinforcement and tendons are the same for all beams. The difference between the beams with the two 

different post-tensioning systems is the dimensions of bearing plates and ducts. Note: all dimensions 

in millimeters. 

3.2. Evaluation of prestress losses 

 

The remaining tendon forces in the beams were determined using the so-called crack re-opening 

method, where the beams were subjected to a three point bending 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 

which the crack re-opens, one LVDT-gauge was mounted across the crack, see figure 5. The 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 accurately determine the decompression 

load, the beams were loaded and unloaded three times. The decompression load was determined by 

intersecting the slopes in the load versus crack width diagram, see figure 6. The intersecting was 

performed as follows: first the intersection point, , was estimated visually (i.e. ñby handò). A 



regression line was adapted to the lower slope from the point where the displacement was 0.01 mm 

(there were some irregularities in the region 0-0.01 mm) to the point on the slope where the 

displacement was  - 0.005 mm. A second regression line was adapted to the upper slope between the 

point where the displacement was  + 0.005 mm to the endpoint of the slope. The two regression lines 

were intersected to find the final intersection point. 

 

 

 
Figure 4. The test setup of the beams. 

 

 
Figure 5. 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 the prestressing steel. The models used were the 

CEB/FIP Model Code 1990
2
 and 1999

3
, ACI 209

4
, Model B3

5
, GL2000

6
 and the PCI Committee on 
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Prestress Losses
7
, which also was used for the calculation of the relaxation in the tendons. Although 

the CEB/FIP model codes are limited to concrete subjected to a mean relative humidity ranging 

between 40 to 100 %, these models have still been used. The initial elastic shortening of the beams at 

the post-tensioning is also included in the calculated prestress losses. Most of the information 

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 assumptions 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 was determined. The 91-days 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. The 91-days compressive strength 

and the modulus of elasticity of the concrete are calculated backwards using formulas 

according to CEB/FIP MC1999. The 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 also was used for 

the beams. 

- The curing membrane is assumed to be removed, i.e. the on-set of drying occurs, 

simultaneously as the tensioning of the tendons.  

 

 
Figure 6. The load versus crack-width diagram. The decompression load is determined by intersecting 

the two slopes. 

3.3. Results 

 

The results from both the tests and the prediction models are given in table 1. As is apparent from 

table 1, the results from the tests are somewhat scattered. However the measured prestress losses in 

beams number 1, 2 and 4 are in good 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 zones surrounding the bearing-
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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 prestress losses by approximately 5 %.  Another parameter which 

affects the prestress losses in beam number 3 is the time between casting and post-tensioning which 

was only 63 days. Slow-hardening cement has been used, hence the load was applied before the 

concrete was fully hardened, (concrete with slow-hardening cement obtains the corresponding 28-days 

strength after 91 days). This increases the creep of the concrete substantially thus increasing the 

prestress losses.  

 

What further is apparent in table 1 is 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/FIP model codes are in good agreement with the test results, in spite of the limitations 

regarding the mean relative humidity. 

 

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. the on-set of drying, were correct. If 

the concrete had been subjected to drying prior to the tensioning, the parts from both shrinkage and 

drying-creep influencing the prestress losses would be reduced. Drying-creep is the part of creep 

which is associated with the drying of the concrete. The creep strains increases if the concrete is 

subjected to both load and drying simultaneously. 

4. Tendon in-service inspections for Swedish reactor containments 

 

Swedish reactor containments with unbonded tendons are located at two different power plants, three 

pressurized water reactors at Ringhals power plant and three boiling water reactors at Forsmark power 

plant. 

4.1 Evaluation of prestress losses 

 

Tendon in-service inspections in Sweden are performed according to an American guide Regulatory 

Guide 1.35 (1990)
8
. This guide describes the basic methodology of an inspection program for concrete 

containments with unbonded tendons. The inspections shall be made 1, 3 and 5 years after the 

structural integrity test and thereafter every 5th year. A reduction of inspections occasions 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 results the amount 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 corrosion or other material defects. 
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Two different methods for measuring tendon force have been used at Swedish reactor containments. 

(1) At the tendon inspections so-called lift -off technique is used and (2) at one of the Swedish reactor 

containments (Forsmark 1) fixed gauges are installed at some of the tendons. Both these methods 

measure the force in the end of the tendon. 

 

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

jack is used to measure the force at the end of the tendon. The intention with the lift-off technique is to 

measure the force transmitted from the anchor head to the bearing plate, see figure 7. 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. The most difficult part of the lift-off 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 define the lift-off force from a 

curve plot, see figure 7. The measuring error for the jack equipment is normally stated to max 2%. 

 

 
Figure 7. Lift -off test of VSL-tendon 

 

Fixed gauges (Glötzl gauges type K 250 A135) were installed initially on 8 vertical and 5 horizontal 

tendons (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 Glötzl gauges have been read approximately 

every second year and more frequently the first 3 years after the tensioning. 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 long-term losses in the concrete, ACI 209 and Model B3. The 

relaxation in the tendons is predicted according to recommendations given in PCI Committee of 

Prestress Losses. The loss from creep and shrinkage in the concrete are added to the loss from 

relaxation in the 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 Anderson
9
. 

 

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

force is divided with the initial measured force. Each break-point represents the mean force from the 

tested tendons at one inspection. The modeled force 30 years after the initial tensioning is marked with 

solid dots. The variability in measured tendon 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 of 1-8 %. The COV for VSL tendons is generally twice as high as for 

BBRV 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 mean of 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. 
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2-5 years after the initial tensioning. The measurements made at Forsmark 2 and Ringhals 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 force. This force level was 

confirmed also at the latest inspection at Forsmark 2 (not shown in figure 8). At this inspection the 

average force along the tested tendons was measured and the results are presented in Anderson et al
10

. 

For curved tendons the friction between tendon and duct could result in unequal loss of force along the 

tendon. The results presented in Anderson et al
 2
 indicate that the mean loss of force along the tendons 

was less than the loss of force at the end of the tendon.  

 

For Ringhals 2, both 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 increases significantly at the start of 

operation and 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 operation did not start until 4-5 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. 

 

 
Figure 8. Lift -off force at Swedish tendon in-service inspections 

 

The results from fixed gauges at Forsmark 1 are shown in figure 9 and 10. In contrast to tendon in-

service inspections, the results from fixed gauges are measured at the same individual tendons over 

time. The tendon force is also registered in shorter intervals which make these results 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. 5-10 % 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 distinct change of slope can be observed approximately 5 years after the initial 

tensioning, which is at the same time as the operation of the reactor was started
11

. At this moment, as 

mentioned before, the temperature was significantly increased (from around 20
o
C to between 30-

45
o
C). When the temperature rises the relative humidity can be assumed to decrease. Both 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. 
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Figure 9. Measured values from fixed gauges at Forsmark 1 

  

Figure 10. Measured values from fixed gauges at Forsmark 1 

(logarithmic time scale) 

 
The general results from in-service inspections at the Swedish containments show significantly lower 

losses after 30 years than the results from beams stored at Olkiluoto power plant. Some of the most 

important parameters affecting prestress losses are the concrete age at loading, the drying conditions 

and the temperature surrounding the structure. The main reasons for the low loss shown in the results 

from Swedish in-service inspections are assumed to be the large volume/surface ratio and the high 

concrete age at the initial tensioning. 

 

The volume/surface ratio for the test beams (Section 3) is less than ¼ 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 around 2 years when the tendons where initially tensioned. This very high age, compared to 

e.g. bridges, will reduce the basic creep, the drying creep and also the shrinkage. The basic creep is 

reduced due to the increased modulus of elasticity of the concrete. The drying 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 were, unlike the containments, sealed until the tensioning and therefore the effect of drying 

creep and shrinkage can be assumed to be more significant for the beams than for the containments. 


