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PROOF TESTING OF CANDU CONCRETE
CONTAINMENT STRUCTURES

A report prepared by M.D. Pandey and reviewed by M.A. Nessim, Centre for Engineering
Research Inc., under contract to the Atomic Energy Control Board.

ABSTRACT

Prior to commissioning of a CANDU reactor, a proof pressure test is required to demonstrate the
structural integrity of the containment envelope. The test pressure specified by AECB Regulatory
Document R-7 (1991) was selected without a rigorous consideration of uncertainties associated
with estimates of accident pressure and containment resistance. This study was undertaken to
develop a reliability-based philosophy for defining proof testing requirements that are consistent
with the current limit states design code for concrete containments (CSA N287.3).

It was shown that the updated probability of failure after a successful proof test is always less
than the original estimate. The efficiency of proof testing can be quantified by the difference
between the original and updated values of the failure probability. Detailed parametric studies
showed that proof-testing is of minor significance when the initial structural design is overly
conservative. A systematic procedure was developed for calibrating the proof-load factor with
respect to a specified target reliability, taking into account the uncertainties associated with the
load and resistance variables.

The impact of the current proof testing requirement on the reliability of existing CANDU
containment structures was examined considering a failure mode that involves through-wall
concrete cracking. Based on containment availability requirement as a special safety system, the
target probability of failure was selected as 10"3 per accident.

Prestressing systems of existing CANDU containments were designed so conservatively that the
probability of through-wall cracking before proof testing is less than 10'9 per accident, which is
much smaller than the target value. Because of this, proof testing has an insignificant role in
updating their reliability. Therefore, the value of proof testing in this case must be assessed in
terms of its effectiveness in assuring design accuracy and construction quality. In case of a
reinforced concrete containment (e.g., Pickering-A), proof testing is essential to demonstrate that
the containment satisfies the target reliability requirement.

Proof testing is effective in updating the reliability of new prestressed containment elements
designed according to CSA N287.3. A successful proof test with a 1.15 load factor would reduce
the probability of through-wall cracking by one order of magnitude. This result is based on a
currently acceptable probabilistic model for accident pressure with a coefficient of variation
(COV) of 0.2 and mean to design ratio ( r ) of 0.8. It was demonstrated that the proof-load factor
is fairly sensitive to the parameters (namely, COV and r ) of the accident pressure distribution.
Assuming that the design pressure is based on a probability of exceedance of 10%, it was
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concluded that the current value, 1.15, of the proof load factor is adequate for COV values less
than 0.32.

In case that pressure distribution parameters were changed from the present value, the calibration
results presented in this report will be useful in selecting a proof-load factor consistent with the
target reliability requirement.

RÉSUMÉ

Avant de mettre en service un réacteur CANDU, il faut effectuer un essai de résistance à la
pression pour démontrer l'intégrité structurale de l'enceinte de confinement. La pression d'essai
spécifiée dans le texte de réglementation R-7 (1991) de la CCEA a été choisie sans tenir compte
de façon rigoureuse des incertitudes associées aux estimations de la pression d'accident et de la
résistance de l'enceinte de confinement. La présente étude a été effectuée dans le but d'élaborer
une méthode basée sur la fiabilité pour définir des exigences d'essai de résistance qui sont
compatibles avec le code actuel de calcul aux états limites pour les enceintes de confinement en
béton (CSA N287.3).

Il a été montré que la probabilité de défaillance mise à jour après un essai de résistance concluant
est toujours inférieure à l'estimation originale. L'efficacité de l'essai de résistance peut être
quantifiée par la différence entre la valeur originale et la valeur mise à jour de la probabilité de
défaillance. Des études paramétriques détaillées ont montré que l'essai de résistance n'a pas
beaucoup d'importance lorsque la conception structurale initiale est trop prudente. Une méthode
systématique a été élaborée pour étalonner le coefficient de charge d'essai en fonction d'une
fiabilité cible spécifiée, en tenant compte des incertitudes associées à la charge et à la résistance.

L'impact de l'exigence actuelle d'essai de résistance sur la fiabilité des structures de confinement
des centrales CANDU existantes a été examiné en considérant un mode de défaillance qui fait
intervenir la fissuration traversante du béton. En se basant sur l'exigence de disponibilité du
confinement en tant que système de sûreté spécial, on a choisi une probabilité de défaillance cible
de 10'3 par accident.

Les systèmes de précontrainte des enceintes de confinement des centrales CANDU existantes ont
été conçus de façon tellement prudente que la probabilité de fissuration traversante avant l'essai
de résistance est inférieure à 10'9 par accident, ce qui est beaucoup plus bas que la valeur cible.
Pour cette raison, l'essai de résistance joue un rôle sans importance dans la mise à jour de leur
fiabilité. Par conséquent, la valeur de l'essai de résistance dans ce cas doit être évaluée du point
de vue de la capacité à assurer l'exactitude de conception et la qualité de construction. Dans le
cas d'une enceinte de confinement en béton armé (p. ex. Pickering-A), l'essai de résistance est
essentiel pour démontrer que l'enceinte de confinement satisfait à l'exigence de fiabilité cible.

L'essai de résistance est efficace pour la mise à jour de la fiabilité des nouveaux éléments de
confinement précontraints conçus conformément à la norme CSA N287.3. Un essai de résistance
concluant avec un coefficient de charge de 1,15 réduirait d'un ordre de grandeur la probabilité
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de fissuration traversante. Ce résultat est basé sur un modèle probabiliste actuellement acceptable
pour une pression d'accident avec un coefficient de variation (CV) de 0,2 et un rapport de la
valeur moyenne à la valeur de calcul (r) de 0,8. Il a été démontré que le coefficient de charge
d'essai est passablement sensible aux paramètres (notamment CV et r) de la distribution de
pression d'accident. En supposant que la pression de calcul est basée sur une probabilité de
dépassement de 10 %, on a conclu que la valeur actuelle, 1,15, du coefficient de charge d'essai
est adéquate pour les valeurs de CV inférieures à 0,32.

Si les paramètres de distribution de pression sont changés par rapport à la valeur présente, les
résultats d'étalonnage du présent rapport seront utiles pour la sélection d'un coefficient de charge
d'essai compatible avec l'exigence de fiabilité cible.

DISCLAIMER

The Atomic Energy Control Board is not responsible for the accuracy of the statements made or
opinions expressed in this publication and neither the Board nor the author assumes liability with
respect to any damage or loss incurred as a result of the use made of the information contained
in this publication.

NEXTPAGE(S)
left BLANK



TABLE OF CONTENTS

ABSTRACT iii

LIST OF FIGURES ix

LIST OF TABLES x

1.0 INTRODUCTION 1

1.1 General 1
1.2 Objectives 1
1.3 Requirements for Proof Testing of CANDU Concrete Containments 2
1.4 Proof Testing of Concrete Structures 2
1.5 Purpose of Proof Testing of Containments 3
1.6 Report Organization 3

2.0 PROBABILISTIC MODEL FOR PROOF TESTING 5

2.1 Introduction 5
2.2 Review of Basic Terminology 5
2.3 Reliability Updating Procedure 6

2.3.1 Analytical Model 6
2.3.2 Example 7

2.4 Factors Affecting the Efficiency of Proof Testing 8
2.4.1 Magnitude of the Proof Test Load 8
2.4.2 Variability of the Resistance and Load 8
2.4.3 Central Safety Factor 9

2.5 Calibration of the Proof-Load Factor 10
2.6 Summary 10

3.0 PROBABILISTIC ANALYSIS OF CONTAINMENT STRUCTURES 12

3.1 Introduction 12
3.2 Main Structural Action of Concern in this Study 12

3.2.1 Structural Model for Perimeter Wall 13
3.3 Limit States and Load Combinations 13
3.4 Probabilistic Load Model 14
3.5 Probabilistic Resistance Model 14

3.5.1 Overall Tensile Resistance 14
3.5.2 Tensile Strength of Concrete 14
3.5.3 Prestressing Force 15

3.6 Target Reliability Requirements 15

vn



3.7 Summary 16

4.0 EFFECT OF PROOF TESTING ON RELIABILITY
OF EXISTING CONTAINMENTS 17

4.1 Introduction 17
4.2 Review of Design of Existing CANDU Containment Structures 17
4.3 Effect of Proof Testing on Reliability 18

4.3.1 Prestressed Concrete Elements 18
4.3.2 RC Elements 18

4.4 Discussion on Proof Testing Requirements 19
4.4.1 Prestressed Concrete Elements 19
4.4.2 RC Elements 19

4.5 Summary 20

5.0 PROOF-TESTING STRATEGIES FOR NEW CONTAINMENTS 21

5.1 Introduction 21
5.2 Calculation of Prestress for New Containment Elements 21

5.2.1 Accident Pressure Criterion 21
5.2.2 Proof-Test Criterion 22
5.2.3 Example 22
5.2.4 Remarks 23

5.3 Calibration of the Proof-Load Factor 23
5.3.1 Prestressed Containment 23
5.3.2 Reinforced Concrete Containment 24

5.4 Summary 24

6.0 CONCLUDING REMARKS 26

6.1 Conclusions 26

6.2 Suggestions for Future Work 27

7.0 REFERENCES 28

FIGURES

TABLES

vm



LIST OF FIGURES

Figure 2.1 Illustration of the use of load and resistance factors in risk-based deterministic
design

Figure 2.2a Load and resistance distributions before proof testing for example of Section 2.3.2

Figure 2.2b Effect of proof testing on the resistance distributions for example of Section 2.3.2

Figure 2.2c Load and resistance distributions after proof testing for example of Section 2.3.2

Figure 2.3 Effect of the proof-load factor on the probability of failure

Figure 2.4 Load and resistance distributions for example of Section 2.4.2

Figure 2.5 Effect of the standard deviation ratio on the probability of failure (LF = load
factor)

Figure 2.6 Effect of the central safety factor on the probability of failure (LF = load factor)

Figure 2.7 Explanation for the effect of the central safety factor on the proof-test efficiency

Figure 2.8 Calibrated proof-load factor versus the central safety factor

Figure 3.1 Accident pressure distribution (average pressure = 99 kPa,
design pressure = 124 kPa, proof test pressure = 143 kPa)

Figure 5.1 Calibrated proof-load factor versus COV of the accident pressure (10%
probability of the accident pressure exceeding the design pressure)

IX



LIST OF TABLES

Table 1.1 Code specifications for proof testing of concrete structures

Table 3.1 Probabilistic models for load and resistance variables

Design details of perimeter wall of existing CANDU containments

Probabilistic models for perimeter wall structures of existing CANDU
containments (All units in MPa)

Probability of through-wall cracking before and after the proof test

Updated values of the probability of through-wall cracking (proof-load factor = 1)

Proof-load factors calibrated to meet the specified target probability of through-
wall cracking (Structure type: RC perimeter wall of Pickering-A)

Design values of prestress calculated using CSA N287.3 specifications for
CANDU containments (Perimeter wall of CANDU6 type containment)

Probability of through-wall cracking of perimeter wall of a new CANDU6 type
containment

Table

Table

Table

Table

Table

Table

Table

4.1

4.2

4.3

4.4

4.5

5.1

5.2

Table 5.3 Proof-load factors calibrated to meet the specified target probability of through-
wall cracking under accident pressure (Prestressed concrete element)



1.0 INTRODUCTION

1.1 General

This report is the result of a study carried out by the Centre For Engineering Research Inc.
(C-FER) for the Atomic Energy Control Board (AECB). The study was undertaken to develop a
reliability-based methodology for establishing pressure proof testing strategies for concrete
containment structures.

Proof testing is a commonly used non-destructive approach for proving the adequacy of critical
components (Margetson and Cooper 1988, Yang 1976). It involves the application of a
predetermined load to an existing structure with the purpose of confirming that it has adequate
strength under expected service conditions.

Prior to commissioning of a CANDU reactor, a proof pressure test is required to demonstrate the
structural integrity of the containment envelope (AECB R-7, 1991). The proof test involves
pressurization of the containment to a specified pressure, which is usually 15% higher than the
design pressure (CSA N287.6). The test pressure specified by AECB R-7 was selected on an
empirical basis without a rigorous consideration of the uncertainties associated with the accident
pressure and the containment resistance. The goal of this study was to develop a reliability-based
approach for defining proof testing requirements for CANDU concrete containment structures,
taking into account the impact of relevant uncertainties.

The concept of structural reliability, defined as the probability of survival of a structure in relation
to a prescribed failure mode, is widely used as a basis for structural design. Recent structural
codes, including the CANDU containment design code (CSA N287.3), utilize the limit states
design approach in conjunction with structural reliability theory. It is therefore appropriate to
harmonize proof testing requirements with the limit states design approach to ensure that target
reliability levels are met during the service life of the structure.

1.2 Objectives

The objectives of this study were:

• to develop a reliability-based approach for defining pressure proof testing requirements for
concrete containment structures;

• to assess AECB requirements for proof testing of CANDU concrete containment structures;
and

• to develop strategies for proof testing of CANDU containment structures.



1.3 Requirements for Proof Testing of CANDU Concrete Containments

Prior to first criticality of any reactor, the AECB (1991) requires positive pressure proof testing to
demonstrate the structural integrity of all parts of the containment envelope. The minimum required
proof test pressure is 1.15 times the positive design pressure. If the design specifications include a
negative design pressure, a negative pressure proof test is also required at a pressure not greater
than the negative design pressure. Results of the proof test are considered acceptable if:
1) measured and predicted values of stresses and strains under the test load are in close agreement;
and 2) there are no visible signs of distress during the test (Clause 5.5, CSA N287.6).

Proof load requirements specified by British and American Standards (Cochrane 1975 and U.S.
Nuclear Regulatory Commission 1975) are the same as proof testing requirements for CANDU
containments.

1.4 Proof Testing of Concrete Structures

Proof testing has been used for evaluating the strength and safe load rating of concrete structures
under the following circumstances (CSA A23.3, Veneziano et al. 1978):

• the quality of materials and workmanship is in doubt;

• innovative design concepts or construction procedures have been introduced;

• structural strength is not known;

• a change of function is implemented resulting in more severe loading conditions than those
used in the design; or

• major deterioration of the structure due to aging or unusual loading has occurred.

CSA A23.3 (Clause 20.3) specifies that the proof load for testing flexural concrete members shall
be equal to the total factored load, 1.25 D + 1.5 L, where D is the design dead load, and L is the
design live load. When an entire flexural system is tested, the proof load is reduced to 90% of the
total factored load (i.e., 1.13 D + 1.35 L). The standard specifies that deflection readings must be
taken 24 hours after applying the test load, and 24 hours after removal of the test load. The
American design standard (ACI 318-77) specifies a similar proof testing procedure with a slightly
different magnitude of the test load, 1.19 D + 1.45 L.

The result of the proof test is generally acceptable if the structure does not show any visible
evidence of failure, such as cracking, spalling or excessive deflection. In addition, the tested
structure must satisfy the deflection recovery requirements specified by the design code. For
example, CSA A23.3 specifies that the deflection recovery within 24 hours after removal of the test
load must be at least 60% of the maximum deflection for nonprestressed concrete, or 80% for
prestressed concrete. A summary of the proof test requirements specified in Canadian and
American design standards is presented in Table 1.1.



Ontario Highway Bridge Design Code (1983) recommends proof testing as an effective method for
evaluating structural performance of existing bridges. However, the magnitude of the test load and
the test acceptance criteria are not explicitly defined.

1.5 Purpose of Proof Testing of Containments

Conventionally, proof testing of containment structures is intended to 1) demonstrate to the
Licensing Authority that the containment is suitable for operation at its positive design pressure; 2)
eliminate the possibility of gross construction errors; and 3) verify the design assumptions and
material models used in structural analysis (FIP 1978, Hill etal. 1975).

The design of a concrete containment involves several simplifying assumptions regarding the
structural response and material properties. A close agreement between the measured and predicted
response under the test pressure provides a reasonable assurance of the accuracy of structural
analysis and material models. Moreover, a successful proof test assures that containment response
to design loads other than internal pressure is adequately analyzed (Hill et al. 1975).

From the reliability viewpoint, the purpose of proof testing is to reduce the overall uncertainty
associated with design data, analysis models and construction quality. The reduction in uncertainty
intuitively implies an improvement in reliability. The benefit of proof testing can therefore be
quantified in terms of the corresponding gain in estimated reliability after the proof test. In this
respect, proof testing can serve the following two purposes:

• The proof testing requirement can be integrated with the limit state design procedure.
Containment structures can be designed somewhat less conservatively so that the structural
reliability is close to the target value. Proof testing requirement can then be imposed to ensure
that the reliability of structures surviving the proof load would be greater than the specified
target. This unified approach ideally requires the calibration of the proof-load factor as a
function of the load and resistance factors associated with the design and of the target reliability
level.

• Proof testing can be used to eliminate gross construction errors that might have occurred. For
this purpose, a detailed account of types of construction errors, their rate of occurrence, and
their impact on the resistance needs to be prepared. This information is rarely available in the
literature, although a probabilistic model can be developed to analyze this problem.

The present study is concerned with harmonizing proof testing requirements with the containment
limit states design code (CSA N287.3), which is already in effect. The value of proof testing in
verifying the construction quality is discussed subjectively for the aforementioned reasons.

1.6 Report Organization

This report consists of seven sections which are organized in the following manner. In Section 2,
a probabilistic approach to analyze the effect of proof testing on structural reliability is presented.



Section 3 contains the background information required to estimate the reliability of containment
structures under internal over-pressure, caused by a Loss-of-Coolant Accident. In Section 4, the
effect of proof testing on the estimated reliability of existing CANDU containments is discussed for
Bruce-B Vacuum Building (VB), Darlington VB, Gentilly-2, Point Lepreau, and Pickering-A.
Proof testing strategies for new containment structures are discussed in Section 5. The main
findings and conclusions of the project are summarized in Section 6. Finally, Section 7 contains a
list of references.



2.0 PROBABILISTIC MODEL FOR PROOF TESTING

2.1 Introduction

In reliability analysis, structural resistance and load effects are modelled as random variables. The
probability of failure is defined as the probability of the resistance being less than the load effect.
At design stage, the probability of failure is calculated using prior estimates of the resistance and
load distributions. The prior estimates, generic in nature, are usually based on historical data,
mathematical models, and past experience.

Proof testing provides information about the resistance of a specific structure. This information
can be used to revise the prior estimate of resistance distribution. Using the revised distribution of
the resistance, an updated estimate of the probability of failure can be calculated. This section
presents a probabilistic model which utilizes the outcome of a proof test to update the probability of
failure.

In this section, the basic terminology associated with probabilistic structural analysis is reviewed.
The reliability updating procedure is then discussed and illustrated by examples. Factors affecting
the efficiency of proof testing in reliability updating are highlighted. A reliability-based approach is
presented to establish the proof load requirement consistent with a specific target probability of
failure.

2.2 Review of Basic Terminology

Let R denote the resistance of a structural element and L denote the applied load effect. R and L are
modelled as random variables to account for the associated variabilities. The probability of failure,
Pr is defined as the probability of R being less than L, which can be evaluated as

Pf=]FR(x)fL(x)dx [2.1]

where FR(x) is the probability distribution of the resistance, and fL(x) is the probability density
function of the applied load effect (Madsen etal. 1986). Reliability is defined as the probability of
survival, (1 - Pf). The probability of failure is determined by the amount of overlap between
probability density functions of R and L, as shown in Figure 2.1. The main design objective is to
determine R, given L, such that the probability of failure is sufficiently small.

If R and L are normally distributed random variables, Equation [2.1] can be simplified to

^ = O ( - p ) [2.2]



where <I> is the standard normal distribution function, and j3 is referred to as the reliability index
(Madsen et al. 1986). The reliability index can be expressed by the following function of the load
and resistance statistics:

mR-mL

la\+o\
[2.3]

where m and a are used to denote the average and the standard deviation, respectively, and
subscripts R and L correspond to resistance and load variables. The probability of failure
decreases with increasing values of p.

The ratio of average resistance to average load effect is referred to as the central safety factor,
X = mR/mv The ratio of the standard deviation to the average value (o/m) is known as coefficient
of variation (COV). Equation [2.3] can be rewritten in terms of these parameters as

[2.4]

where k = cr/(JL is referred to as standard deviation ratio and VL denotes the COV of the load effect
(i.e., VL = <JL/mL). Equation [2.4] suggests that the reliability index increases with increasing
values of the central safety factor for fixed values of k and VL .

The probability distribution of the load provides a basis for specifying the design load value. In
general, a design load is chosen such that the probability of the actual load exceeding the design
value is reasonably small, of the order of 5% to 10%. For example, the design accident pressure
for a containment corresponds to a probability of exceedance of 10% (Cochrane 1975). Similarly,
the design resistance is specified such that the probability of the actual resistance being less than the
design value is reasonably small, of the order of 10% or less.

2.3 Reliability Updating Procedure

2.3.1 Analytical Model

Assume that a structural element having an uncertain resistance R was proof tested at a
deterministic load level Q = q. The probability density function (PDF) of the resistance is denoted
byfR(x). The evidence that the structure has survived a proof load, q, allows for the truncation of
the lower tail offR(x) below the proof load. The updated PDF can then be derived by normalizing
the truncated PDF so that the area under the PDF is unity. Thus, the updated PDF of the
resistance, fRJx), after the proof test can be expressed as (Fujino and Lind 1977)



forx>q, and fRU(x)=O forx<q [2.5]

The corresponding probability distribution function, FRU(x), was derived by Veneziano et al.
(1978)as

[2.6]

After the proof test, the probability of failure can be updated by substituting the modified
distribution FRl/x), into Equation [2.1] leading to

[2.7]

where Pjy is used to denote the updated probability of failure. Mathematically, it can be shown that
Pjy is less than or at the most equal to the probability of failure before proof test (i.e., P^ < Pf).

The probability of failure during the proof test, PJQ, is given as

PfQ = FR(q) [2.8]

The magnitude of proof load, q, should be so chosen that PJQ is reasonably small. Pm less
than 0.05 was suggested by Margetson and Cooper (1988).

The ratio of proof load, Q, to design load, LD, is defined as proof-load factor, aQ. Thus,

aQ = - £ - [2.9]

2.3.2 Example

Consider a case in which the cracking resistance of a reinforced concrete (RC) tension element is
modelled by a normal distribution with mR = 1.37 MPa (200 psi), GR = 0.32 MPa (46 psi), and
COV = 0.23. The tensile stress due to the applied load is also normally distributed with mL = 0.55
MPa (80 psi), aL = 0.11 MPa (16 psi), and COV = 0.2. The design value of the load effect is 0.69
MPa (100 psi), which corresponds to 10% exceedance probability. The resistance and load
distributions are shown in Figure 2.2. This example represents a typical tension element of an RC
containment subject to positive internal pressure, caused by a loss-of-coolant-accident (LOCA).

Using Equations [2.2] and [2.3], the probability of concrete cracking before the proof test was
calculated as 6.9 x 10~\ The corresponding reliability index is 2.46 (see Figure 2.2a). A proof-
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load factor of 1.15 was selected and the element was tested at a stress level, Q = 0.79 MPa
(115 psi). The element survived the proof test without causing the concrete to crack. The updated
distribution of the resistance is shown in Figure 2.2b. The truncation of the lower tail of the
resistance PDF at Q = 0.79 MPa reduces the amount of overlap between fR and/^ resulting in a
reduction in the probability of failure (see Figure 2.2c). Using Equation [2.7], the updated
probability of concrete cracking was calculated as 1.6 x 10"4. In this case, the proof test reduces
the failure probability by one order of magnitude.

2.4 Factors Affecting the Efficiency of Proof Testing

As a general rule, the updated probability of failure after surviving a proof test, Pjy, is less than the
calculated probability of failure before the proof test. The decrease in P^ from the original value,
(JP} - P^), can be regarded as a measure of the efficiency of the proof test. The higher the
difference (Pf - P^), the more efficient is the proof testing. An efficient proof test maximizes the
quantity (Pf - P^) without causing structural damage during the proof test.

The reduction of P^ from the original value depends on the magnitude of the proof load,
variabilities associated with the resistance and the applied load, and the central safety factor. The
impact of these factors is discussed in more detail in the following sections.

2.4.1 Magnitude of the Proof Test Load

To study the effect of the proof-load level on the estimated reduction in the probability of failure,
the example presented in Section 2.3.2 was reanalyzed. This time, the proof-load factor was
varied from 1.0 to 1.5, and the updated probability of failure was computed for each case. The
probability of failure during proof testing was also computed. Numerical results are presented in
Figure 2.3, which shows a monotonic decrease in P^ with increasing values of the proof-load
factor. However, a high proof-load, aQ > 1.3, is also associated with a high probability of failure,
= 10'\ during the proof test. Since proof testing is not intended to damage the structure, the proof-
load factor should be carefully selected to ensure that the failure probability during the proof test
remains sufficiently small.

2.4.2 Variability of the Resistance and Load

Proof testing leads to truncation of the lower tail of the resistance distribution (see Section 2.3).
The truncation of a portion of the lower tail also reduces the variability associated with the
resistance. By contrast, proof testing has no effect on the load distribution. It is therefore expected
that the proof testing would be more effective in cases dominated by resistance variability rather
than cases dominated by load variability.

To explain this further, the example discussed in Section 2.3.2 is utilized. In this example, the
standard deviation of the resistance (a^ = 0.32 MPa) is higher than that of the load (cL = 0.11
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MPa). The probability of failure after a successful proof test (Q=0.19 MPa) was reduced to 1.6 x
10~4 from its original value of 6.9 x 10'3.

Now consider a second case in which the values of aK and aL were exchanged such that oR = 0.11
MPa and cL = 0.32 MPa. The average values, mR and mL, are the same as in example 2.3.2, and
so is the probability of failure before proof test, i.e., Pf = 6.9 x 10'3. The load and resistance
distributions for this example are shown in Figure 2.4. In this case, the updated probability of
failure after the proof test (Q=0.79 MPa) is 6.88 x 10"3, which is almost the same as the original
value. The lack of sensitivity of P^to proof testing is evident from Figure 2.4, which shows that
proof testing has no effect on the resistance distribution. By contrast, proof testing in
example 2.3.2 eliminated a significant portion of the lower tail of the resistance distribution (see
Figure 2.2).

A more detailed parametric study is presented in Figure 2.5 where Pf after proof testing is plotted
against the standard deviation ratio, k = <7j/cTt. Three values of proof-load factors, 1.15, 1.25, and
1.35, were considered. To allow for a consistent comparison, /^before proof test was set to a
fixed value of 6.9 x 10'3. A standard deviation ratio greater than one {i.e., k > 1) implies that the
variability associated with the resistance is higher than the variability associated with the load, such
as in Figure 2.4. The reverse is true when k<\. It is observed from Figure 2.5 that proof testing
is not effective when load variability is higher than resistance variability. For example, in the range
of 0.5 < k < 1, an increase in the proof-load factor from 1.15 to 1.35 results in an insignificant
decrease in the updated probability of failure. On the other hand, for k > 2, proof testing with 1.15
load factor results in one order of magnitude decrease in the updated failure probability

2.4.3 Central Safety Factor

The central safety factor (X = m/m^ has a major influence on the effectiveness of proof testing.
To demonstrate this, the effect of proof testing on the probabilities of failure was studied for
varying values of the central safety factor (1.5 < X < 4.5). The results are plotted in Figure 2.6 for
two values of the proof-load factor, 1.15 and 1.25. The standard deviations were fixed at the same
values as used in the example of Section 2.3.2, i.e., aR = 0.32 MPa, and oL = 0.11 MPa.

Figure 2.6 suggests that the efficiency of proof testing diminishes with increasing values of the
central safety factor, provided that <jR and Oi are fixed. This effect can be explained using
Figure 2.7, where the load and resistance distributions are plotted for X = 2.5 and 4. When the
central safety factor is increased from 2.5 to 4, the amount of overlap between the load and
resistance distributions reduces to almost zero. Moreover, proof testing does not affect the
resistance distribution when the central safety factor is increased from 2.5 to 4.



2.5 Calibration of the Proof-Load Factor

There is a minimum proof load that a structure should survive to demonstrate that it meets a
specified target the probability of failure. The minimum proof load for given distributions of the
load and resistance can be calculated using the procedure described in Section 2.3. In the
calculation, proof load is varied in small increments until the updated P^ is equal to the target Pf.
This iterative calculation procedure is referred to as calibration of the proof-load factor (Fujino and
Lind 1977). For typical values of load and resistance variability, generic plots of the calibrated
proof-load factor versus the central safety factor can be prepared.

An example of the calibration of proof-load factors is presented in Figure 2.8. The calibration was
based on oR = 0.32 MPa and oL = 0.11 MPa, which are the same values as considered in
example 2.3.2. Proof-load factors were calibrated for three values of the target Pp 10'\ 10", and
10s. The central safety factor was varied from 1.5 to 3.0.

To demonstrate the usefulness of Figure 2.8, consider the example discussed in Section 2.3.2, in
which the central safety factor is 2.5 and Pf- 6.9 x 10"3 (before proof testing ). To meet a target Pf

= 10'4, a proof-load factor of 1.07 corresponding to X = 2.5 can be read directly from Figure 2.8.
Similarly, a proof-load factor of 1.27 is required to meet target P^of 10s.

The above discussion indicates that proof testing is useful when the prior estimate of the probability
of failure is greater than the target Pp because in such cases proof testing with a calibrated test load
can confirm the adequacy of structural resistance with respect to the target Pf. If, however, the
prior estimate of Pf is already less than the target Pf, the value of proof testing would be to provide
assurance regarding the design accuracy and construction quality.

2.6 Summary

The present section describes a reliability-based approach for defining proof test requirements for
engineering structures. Survival under a proof load implies that the structural resistance is
definitely greater than the proof load. A probabilistic model is presented that uses this information
to update the probability of failure of the structure. The updated probability of failure, which is
always less than the original value, decreases with increasing values of the proof load. Therefore,
proof testing at a suitably selected load level can be used to determine whether or not a specific
structure satisfies the target reliability requirement.

The efficiency of proof testing is reflected by the difference between the original and updated
values of Pf Major factors affecting the efficiency of proof testing are 1) the magnitude of the
proof load; 2) variability associated with the load and resistance; and 3) the central safety factor.
Detailed parametric studies were performed to illustrate the effect of these factors on proof-test
efficiency.

The proof-test efficiency increases with increasing values of the proof load. However, the proof
load needs to be selected so as to minimize the potential of damaging the structure during the test.
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Proof-test efficiency is high in cases where the resistance is more variable than the applied load
effect. Proof-test efficiency decreases with increasing values of the central safety factor. This
means that proof testing is of minor significance when the initial design is overly conservative.

There is a minimum proof load that a structure should survive to demonstrate that it meets a given
target Pr The minimum required value of the proof load can be iteratively calculated as a function
of load and resistance statistics, and the target Pr This calculation procedure is referred to as
calibration of the proof-load factor. A detailed example was presented to illustrate the calibration
procedure.
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3.0 PROBABILISTIC ANALYSIS OF CONTAINMENT STRUCTURES

3.1 Introduction

A containment structure is primarily designed as an elastic, leak-tight pressure vessel intended to
contain and isolate the reactor from the environment during operation and in case of an accident.
This section describes the information required to carry out probabilistic analysis aimed at
estimating the probability of failure of a containment structure under positive internal pressure. The
analysis requires a structural model for the containment, limit state functions and load combinations
relevant to accident pressure conditions, probability distributions of load and resistance variables,
and target reliability level. The information contained in this section is necessary to define the
scope of the work required to achieve the project objectives.

3.2 Main Structural Action of Concern in this Study

The structural behaviour of containment elements (namely, cylindrical perimeter wall, dome and
ring beam) under positive internal pressure is main subject of interest in this study, because proof
testing is intended to verify containment behaviour under this type of loading (Hill et al. 1975).

The primary internal forces in the containment shell under a positive internal pressure are the
membrane hoop and meridional tensile forces (Walser 1984). These in-plane membrane forces can
be calculated by satisfying equilibrium conditions for an elastic cylindrical shell under internal
pressure (ASCE 1980, pp. 229). All bending moments and shear forces resulting from
deformation compatibility at structural discontinuities are considered as secondary effects.
Secondary effects are pronounced only at cylinder-base slab and cylinder-dome junctions.

In containment design, membrane stresses are of greater concern than secondary stresses (Kulka
and Wahl 1968). Membrane tension under the design accident pressure is not permitted (ASME
1986) as it may cause serious through-wall concrete cracking and reinforcement yielding.
Secondary stresses, on the other hand, are not considered critical because of their self limiting
nature. Local yielding, minor concrete cracking, and small deformations can relieve these stresses
without causing a major failure. Moreover, secondary stresses rapidly diminish within short
distances from discontinuities, which means that the overall design will not be controlled by such
stresses.

The most critical failure mode of a containment is tensile failure of the perimeter wall in the hoop
direction, followed by tensile failure of the dome shell away from structural joints (Walser 1984).
The present study is mainly concerned with this failure mode.
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3.2.1 Structural Model for Perimeter Wall

The elastic response of containment elements (namely, cylindrical perimeter wall, dome and ring
beam) to primary tensile membrane forces can be adequately modelled by a prestressed or
nonprestressed concrete member subject to axial tension (Murray and Epstein 1976). In this
report, attention is focused on the elastic behaviour of a hoop section of the perimeter wall away
from discontinuities. Other elements, mentioned earlier, were not considered explicitly, because
their analyses would be similar to that of the perimeter wall element.

3.3 Limit States and Load Combinations

In analyzing the response of containment to internal pressure exceeding the design pressure, three
stages of progressive failure prior to collapse have been noted. They are: 1) through-the-wall
concrete cracking; 2) mild-steel reinforcement yielding; and 3) yielding of prestressing tendons
(Murray 1978, Walser 1984).

In the present study, through-the-wall concrete cracking (referred to in the rest of the report as
through-wall cracking) was identified as the limit state most relevant to proof testing for the
following reasons:

• Proof testing is intended to confirm the uncracked, elastic response of the concrete
containment. Therefore, proof test would be most effective in updating the reliability
associated with the through-wall cracking.

• Through-wall cracking is a significant failure mode because of serious consequences associated
with leakage of radioactive materials to the environment.

• Sudden cracking of concrete may release such a large magnitude of energy of the pressurized
medium as to cause yielding of the mild-steel reinforcement (Murray 1978). In some extreme
cases, brittle fracture and rupture of a concrete section is possible.

• A review of CANDU design documents reveals that conservative approaches have been used to
prevent the through-wall cracking.

The abnormal load combination dominated by accident pressure (CSA N287.3) was selected, as it
is most critical to through-wall cracking:

D + P + L [3.1]

where D = dead load effect, P = prestressing force, and L = accident pressure. Minor live loads
and localized load effects {e.g., pipe reactions, shrinkage, and creep) were ignored in the analysis.
In addition, the contribution of the dead load effect, D, to the total load on the hoop section of the
perimeter wall is minimal, and was therefore neglected.
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In the rest of the report, the term probability of failure (Pj) implies the probability of through-wall
cracking under the abnormal load combination, Equation [3.1].

3.4 Probabilistic Load Model

The basis for probabilistic modelling of the accident pressure was discussed by Hwang et al.
(1986) and Nessim and Hong (1993). The accident pressure can be characterized as a normally
distributed random variable with a COV of 0.2. The ratio between the average accident pressure
and the design accident pressure was taken as 0.8, which implies a 10% probability of the accident
pressure exceeding the design pressure. The average pressure, design pressure and proof test
pressure (1.15 time the design pressure) are shown in Figure 3.1 along with the probability
distribution of the accident pressure.

3.5 Probabilistic Resistance Model

3.5.1 Overall Tensile Resistance

The overall tensile resistance (R) of a prestressed concrete element is defined by the following
simple function of the tensile strength of concrete, acl, and the amount of prestress, op (Murray and
Epstein 1976).

R = <Jc,+ cjp [3.2]

3.5.2 Tensile Strength of Concrete

The tensile strength of concrete was studied in detail by Chitnuyanondh et al. (1979) by testing
large prestressed concrete specimens, which represented segments of the wall of a containment
structure. From the test data, the average tensile strength, mct, was estimated as (Chitnuyanondh et
al 1979):

mct = 0 . 3 0 3 ^ [3.3]

where fc is the compressive strength of concrete. The COV of the concrete tensile strength (oj
was estimated as 0.23. The normal distribution can be used to model oa (Mirza et al. 1979). It
should be pointed out that the tensile strength of concrete in wall segments was found to be about
60% of the split cylinder strength. This reduction in strength is mainly attributed to the fact that a
larger volume of concrete is subjected to high tensile stresses in a wall segment than in a split
cylinder. To estimate the in-situ tensile strength, the in-situ compressive strength of concrete (fa)
should be substituted in Equation [3.3]. For CANDU containment structures, the following
expression for/d was developed by Stephens et al. (1994):
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/d = L03/c+5.2 [3.4]

where f'c is the specified compressive strength of concrete.

The design value (or nominal value) of the tensile strength (ft ) is given as (Collins and Mitchell
1987):

^=0.33^/77 [3-5]

The average in-situ tensile strength, calculated from Equations [3.3] and [3.4], is almost the same
as the design value calculated from Equation [3.5]. Therefore, the ratio of mean to design value of
the tensile strength was taken equal to one (i.e., mcl =/,).

There is some evidence that suggests that the tensile strength of reinforced concrete is less than that
given by Equation [3.3]. Chitnuyanondh et al. (1979) reported that the average tensile strength of
concrete in non-prestressed wall segments is expected to be approximately one-half of that given by
Equation [3.3] for prestressed segments. However, this observation was based on two test results
only, which could not be used to develop an expression similar to Equation [3.3]. Nevertheless,
the fact that the tensile strength of large RC elements is less than the nominal value should be duly
considered in a structure specific evaluation. In this study, Equation [3.3] was used for both
prestressed and non-prestressed concrete elements as no suitable expression was found in the
literature.

3.5.3 Prestressing Force

Prestressing force can be modelled as a normally distributed random variable (Hwang et al. 1986).
Proof testing takes place within few years after construction, at that time the variability associated
with prestressing force is fairly small (COV = 0.04). Prestressing losses at the time of proof
testing were assumed to be about 2% of the nominal prestressing force. Prestressing losses and
variability are known to increase with time. In design calculations, 12% to 15% allowance is
typically made for prestressing losses.

Probabilistic models for load and resistance variables are summarized in Table 3.1.

3.6 Target Reliability Requirements

One of the fundamental reactor safety principles, discussed in an AECB paper by Atchison et al.
(1978), is to protect the public in the event of a serious failure in the process systems that might
otherwise lead to unacceptable radiological consequences. To achieve this objective, special safety
systems, independent of the process systems, are provided in CANDU reactors. The containment
structure is one element of these special safety systems (in addition to the protective shut down
systems and the emergency core cooling system).
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Special safety systems play no part in the routine operation of the plant, and are relied upon to
minimize the hazardous consequences of process system failures. A quantitative limit on the
unavailability of special safety systems was specified as 10'3 (Atchison et al. 1978). It should be
noted that the unavailability implies unreliability (loss of use) of a special safety system under
accident conditions. As the annual rate of occurrence of a LOCA is about 10"3 (Hwang et al.
1986), the unavailability of a special safety system during a LOCA should be of the order of 10"3 x
10"3 = 10"6 per year (Atchison et al. 1978).

Assuming that through-wall cracking implies unavailability of the containment, the target
probability of failure for this limit state was chosen as 10"3 per accident. It will be shown in
Section 4 of this report that the probability of through-wall cracking for existing CANDU
containments is less than 10"9 per accident, which is much smaller than the selected target value.

3.7 Summary

The present section describes the information required for reliability analysis of containment
response to internal over-pressure. Under this loading, most parts of the containment {e.g.,
perimeter wall, dome, and ring beam) are subject to membrane tensile forces. Therefore,
containment elements can be modelled as prestressed or nonprestressed concrete members subject
to axial tension. To be consistent with the proof testing requirement, attention is focused on elastic
response of concrete members.

Through-the-wall concrete cracking is the most relevant limit state to proof testing of concrete
containments. The relevant load combination is the abnormal load combination dominated by
accident pressure (CSA N287.3). Probabilistic models for accident pressure, tensile strength of
concrete, and prestressing force were described. The target probability of through-wall cracking
was chosen as 10"3 per accident.
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4.0 EFFECT OF PROOF TESTING ON RELIABILITY OF EXISTING CONTAINMENTS

4.1 Introduction

The existing CANDU containments have been successfully proof tested during the commissioning
process. It is of interest to examine the impact of the current proof testing requirement on the
reliability of existing containment structures in order to gain insight for developing proof testing
strategies for new containments.

The CANDU containments evaluated in this section are Bruce-B Vacuum Building (VB),
Darlington VB, Gentilly-2, Point Lepreau, and Pickering-A. Designs of perimeter walls of these
containments are summarized. Probabilities of through-wall cracking, before and after proof
testing, were computed for perimeter wall structures. On the basis of calculated results, the impact
of the proof testing requirement was discussed for prestressed and nonprestressed containments.

4.2 Review of Design of Existing CANDU Containment Structures

Structural designs of perimeter walls of the containments were reviewed for Bruce-B, Darlington,
Point Lepreau, Gentilly-2, and Pickering-A. All the containments, except Pickering-A, are made
of prestressed concrete. Pickering-A containment is made of reinforced concrete (RC). The
relevant design documents were provided by the AECB. Particular attention was focused on
information required to analyze through-wall cracking of a representative hoop section of the
perimeter wall, as discussed in Section 3.2.1. Design details including containment geometry,
material properties, and design pressure are summarized in Table 4.1. Note that the prestress
values reported in Table 4.1 include an estimate of the losses that had occurred at the time of proof
testing, typically 2%.

Statistics of the tensile resistance of the perimeter wall were computed using the data reported in
Table 4.1 and the probabilistic models discussed in Section 3.5. The results are reported in
Table 4.2. Note that the tensile hoop stress, oL, due to the design accident pressure, L, was
calculated using the following formula (Ontario Hydro 1983):

oL = Ld/2t [4.1]

where L = design pressure, d = diameter of the containment and t = thickness of the perimeter wall.
The average of the overall resistance was calculated using Equation [3.2].

The central safety factor varies from 2.69 (for Pickering-A) to 6.57 (for Darlington VB). The COV
of the resistance of prestressed concrete elements varies from 0.05 to 0.11. The COV of the
resistance is smaller than the COV of accident pressure load effect, which is 0.2. The reason is that
prestressing force variability (COV = 0.04) is fairly small due to the superior quality of
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construction. However, in case of an RC element of Pickering-A, the resistance to cracking mainly
comes from the tensile strength of concrete, which is more uncertain (COV = 0.23) than the
accident pressure.

Using the information summarized in Table 4.2 and the reliability analysis method presented in
Section 2, probabilities of through-wall cracking {Pj) were computed. Numerical results are
presented in Table 4.3 under the column "Before Proof Test". In case of prestressed elements, Pj
varies from 10'9 to 1014 per accident. The Darlington VB element is an extremely conservative case
with P,= 10'41 per accident. These failure probabilities are much smaller than the target value
of 10 per accident. However, in case of a Pickering-A RC element, Pf = 4.6 x 10"3 which
exceeds the target value.

4.3 Effect of Proof Testing on Reliability

Probabilities of through-wall cracking after the proof test were updated using the procedure
described in Section 2.3. Numerical results are presented in Table 4.3 along with the values of Pf

before proof testing. The significance of these results is discussed in the following sections.

4.3.1 Prestressed Concrete Elements

The proof-load factor for all prestressed concrete containments is 1.15. For a prestressed element,
Pf before proof testing is quite small, and its updated value after the proof test remains almost
unchanged (Table 4.3). These results were expected because of high values of the central safety
factor (2.7 < X < 6.5). Section 2.4.3 may be referred to for a detailed explanation.

Although the survival of proof testing has no impact on the updated Pp it demonstrates that the
containment structure is free from gross construction errors. The proof test provides a reasonable
assurance of satisfactory containment performance under operational and postulated accident
conditions.

4.3.2 RC Elements

Proof testing is an effective method for updating the reliability of an RC containment element
(Pickering-A). As evident from Table 4.3, Pf after proof testing reduces to 2.1 x 10'4 from the
original value of 4.6 x 10'3. In essence, the survival of proof testing reduces the uncertainty
associated with the distribution of tensile strength, which in turn decreases the probability of
through-wall cracking.
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4.4 Discussion on Proof Testing Requirements

4.4.1 Prestressed Concrete Elements

From the point of view of updating reliability, proof testing of existing prestressed containments is
of minor significance, because failure probabilities prior to proof testing are much smaller than the
target Pf (Table 4.3). It means that the proof-load factor can be decreased from the present value of
1.15 without affecting the updated reliability. To verify this, probabilities of through-wall cracking
were also updated using a proof-load factor equal to one (Table 4.4). Updated Pf values obtained
with a proof-load factor of 1.0 are almost identical to those obtained with a load factor of 1.15
(compare Tables 4.3 and 4.4). It can therefore be concluded that the updated reliability is
insensitive to proof-load factors between 1.0 and 1.15.

In essence, a successful proof test is a confirmation of the elastic response of containment
elements. It is also a contractual demonstration of adequacy of the construction, and may be
regarded as a public demonstration of the containment ability to withstand accident pressure. It has
been argued that these objectives can also be met by proof testing with a load factor less than 1.15
(Forgie and Holland 1983).

The leakage rate test, performed at the design pressure (CSA N287.6 1994), can be regarded as a
proof test with a load factor of one. Based on previous discussion, the leakage rate test can
arguably be an acceptable demonstration of structural integrity of the containment. It should
however be stressed that these comments are valid within the scope of the structural model and
limit states considered in this study. As the impact of proof testing has not been quantified in terms
of reducing the probability of gross construction errors, there is no analytical reasoning to justify
the selection of a load factor less than 1.15

4.4.2 RC Elements

From the point of view of updating reliability, proof testing of an RC containment has a greater
significance than that of a prestressed containment. The benefit of proof testing in terms of
improved reliability is evident from Table 4.3. Pf after the proof test is 2.1 x 10"4, which is
reduced considerably from the original value of 4.6 x 10"3. The proof-load factor required to meet
a target Pfof 10"3 per accident was calculated as 0.94, which is smaller than the value, 1.25, used
for proof testing of Pickering-A containment.

Calibration of the proof-load factor is sensitive to values of the parameters (namely, COV and mean
to nominal ratio) associated with the distribution of accident pressure. For example, if the COV of
load is assumed to be 0.3, instead of 0.2 used in the above calculation, the calibrated value of
proof-load factor would be 1.18 for target Pf of 10'3 per accident. Proof-load factors were
calibrated for a range of COV values, 0.2 to 0.4, and mean to design ratios, 0.8 to 1.0. This
sensitivity analysis was focused on the pressure distribution because of significant uncertainty
associated with it. The calibrated proof-load factors are presented in Table 4.5 for two values of
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target/^, 10"3and 10"4 per accident. The resistance distribution parameters were fixed (Table 4.2)
during the calibration.

A common trend seen from Table 4.5 is that the proof-load factor increases with increasing values
of the COV of the accident pressure. Depending on the values of the distribution parameters, the
calibrated proof-load factor can vary from 0.94 to 2.0 for target Pf of 10"3 per accident. Table 4.5
is useful in selecting a minimum required proof-load factor for given values of the COV and the
mean to design ratio of the accident pressure.

4.5 Summary

In this section, design details of perimeter walls of existing CANDU containments were reviewed.
Probabilities of through-wall cracking, before and after the proof testing, were calculated using the
analysis procedure presented in Section 2.

Prestressing systems of existing CANDU containments were designed conservatively. For all
prestressed structures considered here, the probability of through-wall cracking before proof
testing is less than 10'9 per accident, whereas the target value is 10'3 per accident. Because of this,
proof testing has an insignificant role in updating containment reliability. In this respect, the benefit
of a proof-load factor of 1.15 over 1.0 is not discernible. Nevertheless, the proof test
demonstrates that the containment structure is free from gross construction errors, and confirms its
elastic response under operational and accident conditions.

Proof testing is an effective method of updating the reliability of RC containment elements (e.g.,
Pickering-A containment). A successful proof test with a load factor of 1.25 reduces the
probability of failure by more than one order of magnitude. For example, Pf after proof testing
reduces to 2.1 x 10"4 from the original value of 4.6 x 10'3. The proof-load factor was calibrated for
several values of the mean to design ratio and COV of the accident-pressure. Depending on the
values of the pressure distribution parameters, the calibrated proof-load factor can vary from 0.94
to 2.0 for target Pf of 10"3 per accident.
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5.0 PROOF-TESTING STRATEGIES FOR NEW CONTAINMENTS

5.1 Introduction

It has been shown in Section 4 that the probability of through-wall cracking for an existing
prestressed containment element (i.e., perimeter wall) is much smaller (Pf < 10'9) than the target
value of 10"3 per accident. Conservative designs of the prestressing system are mainly responsible
for this.

Conventional design of a prestressing system is based on a criterion that requires to maintain zero
tension in concrete under the proof test pressure (Iordanescu and Toossi 1981). In contrast with
the conventional approach, the CANDU containment design code, CSA N287.3, permits tensile
stresses in concrete under proof testing and accident pressure. In Clause 12.2.1 of CSA N287.3,
tensile stresses below the nominal value of concrete tensile strength are permitted for rigid liners.
In the case of flexible liners, tensile stresses are limited by a maximum crack width criterion
(Clause 12.2.2).

The purpose of this section is to examine the effect of proof testing on the reliability of new
containment elements for which prestressing systems will be designed according to CSA N287.3.
In this section, procedures are described for calculating the amount of prestress required to satisfy
the provisions of CSA N287.3. The proof-load factor is calibrated for a wide range of values of
the parameters associated with the accident pressure distribution.

Reinforced concrete containments are not considered here, as new CANDU containments would
involve mostly prestressed concrete construction.

5.2 Calculation of Prestress for New Containment Elements

In this section, two design criteria are considered to determine the magnitude of prestressing for
containment elements. The two criteria are: 1) the accident pressure load combination (abnormal
load); and 2) the proof-test load combination (service load).

5.2.1 Accident Pressure Criterion

This criterion is based on the maximum allowable tensile stress resulting under the design accident
pressure (CSA N287.3, Clause 12.2.1). According to this criterion, tensile stresses in concrete
under the design pressure must not exceed the nominal tensile strength of concrete.

From the accident pressure load combination (Equation [3.1]) the required magnitude of
prestressing can be determined as:
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f,+opa=aL [5.1]

where/, = nominal tensile strength of concrete, Opa = average prestress including all losses,
L = design pressure, and a = load factor. The load factor, a, is specified as 1.5 in Clause 10.2
of CSA N287.3. Substituting for/, from Equation [3.5] into Equation [5.1], the amount of
prestressing can be calculated as:

apa= 1.5 L-0.33 7 7 7 [5.2]

Considering 11% prestressing losses, the prestress (op at the time of proof testing is given by:

<x,= 1.11 apa [5.3]

5.2.2 Proof-Test Criterion

This criterion is based on limiting the value of tensile stresses in concrete to 0.17 Jf c under the

proof test pressure (Clause 12.2.1). The load factor of 1.15 is specified in Clause 10.2. Similar to
the accident pressure criterion, the required magnitude of prestress can be determined as:

<jpa= 1.15 L- 0.17 ^ 7 7 [5.4]

5.2.3 Example

To demonstrate the prestress calculation procedures, a containment structure (internal diameter 41.5
m, wall thickness 1.07 m, and design pressure of 124 kPa) similar to Point Lepreau containment
(CANDU6 reactor) was considered. Design details for this containment can be found in Table 4.1.

For the two design criteria (namely, accident pressure and proof test) discussed earlier, the required
magnitude of prestress was calculated using Equations [5.1] to [5.4]. Numerical results are
presented in Table 5.1. Probabilities of through-wall cracking (before and after the proof test) are
presented in Table 5.2.

From the accident pressure criterion, Equation [5.2], the required amount of prestressing was
estimated to be 1.87 MPa. The probability of through-wall cracking is 7.9 x 10'4 per accident.
Based on a successful proof test (load factor = 1.15), Pf was updated to 2.5 x 104 per accident.
Proof testing with a proof-load factor equal to one would lead to an updated probability of failure
of 5.9 x 10"4 per accident. The probability of through-wall cracking during the proof test (proof-
load factor 1.15) was calculated as 0.01.

A similar analysis using the proof test criterion (Equation [5.4]) lead to ap = 1.97 MPa, P{ before
proof testing = 4.5 x 10"4, /Rafter proof testing (load factor = 1.15)= 1.7 x 10'4, and Pf during the
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proof test (load factor = 1.15) = 6.4 x 10"3. The prestress values calculated from the two criteria
are fairly close, and so are the probabilities of through-wall cracking.

It is noted that both of the aforementioned criteria result in less conservative designs than the
designs corresponding to existing structures. Proof testing with a load factor of 1.15 is effective as
it results in a reasonable decrease in Pf.

5.2.4 Remarks

In the example presented in Section 5.2.3, the proof test criterion, Equation [5.4], governs the
calculation of the required amount of prestress. From the reliability viewpoint, the concept of
designing containment to resist the proof test pressure is redundant, because the idea behind proof
testing is to overload the structure beyond the design value to demonstrate its adequacy. It appears
that designing for the proof test pressure is intended to avoid damaging the containment during the
test. However, this can be accomplished by choosing a proof-load factor that would result in
sufficiently small probability of through-wall cracking during proof testing, such as Pf< 0.01.

The accident pressure criterion, Equation [5.2], is a basic requirement that must be satisfied by all
containment elements. Therefore, design of prestressing systems should be based on this criterion.
Proof-load factors should be selected to satisfy the target reliability requirement, and at the same
time, to ensure an acceptable probability of damaging the containment during the proof test.

5.3 Calibration of the Proof-Load Factor

5.3.1 Prestressed Containment

The perimeter wall of a CANDU6 type containment structure, such as the Point Lepreau
containment, was considered as a design case for calibrating the proof-load factor. The design
pressure, containment geometry and material properties of the Point Lepreau containment, given in
Table 4.1, were used in the computation. The prestressing force was determined from the accident
pressure criterion discussed in Section 5.2.1. The overall tensile resistance of the prestressed
element was modelled by a normal distribution with an average of 3.79 MPa and a COV of 0.12.

The accident pressure was modelled by a normal distribution. The distribution parameters were
varied from the base values (i.e., COV = 0.2 and mean to design ratio, r = 0.8) to demonstrate
their effect on the proof-load factor. The distribution parameters were varied in the following
range: r - 0.8 to 1.0, and COV - 0.2 to 0.4. Three values of target Pf were considered. Although
the target probability of through-wall cracking is 10"3 per accident, two other values, 102 and 10"4

per accident, were considered in the calibration for illustrative purposes. Results of the calibration
are presented in Table 5.3. The proof-load factor cannot be calibrated for cases where Pf before
proof testing was less than the target value, such as the base case with COV = 0.2, and r = 0.8.
Such cases are indicated by N/A in Table 5.3. For target Py= 10'3 per accident, a wide variation
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between 1.20 to 2.19 is seen in calibrated values of the proof-load factor. This emphasizes the
need for a precise probabilistic model of accident pressure for establishing the proof load
requirement.

The design pressure can be specified on the basis of a fixed probability of the accident pressure
exceeding the design value (Section 3.4). Using this concept, the calibration results can be
presented in a concise form, because the mean to design ratio is no longer an independent
calibration parameter. To illustrate this, calibration was performed assuming a 10% probability of
the accident pressure exceeding the design value. By varying the COV values from 0.2 to 0.4, the
proof-load factor was calibrated for a target Pf = 10'3 per accident. Results are presented in
Figure 5.1. It is interesting to note that the calibrated proof-load factor now varies in a narrow
range from 1.0 to 1.28. The current value, 1.15, of the proof-load factor would be adequate for
COV less than 0.32.

5.3.2 Reinforced Concrete Containment

Calibration of the proof-load factor for new RC containment was not considered here, as new
CANDU containments would involve mostly prestressed concrete construction. However, proof-
load factors were calibrated in Section 4.4.2 (Table 4.5) for an existing RC containment (namely,
Pickering-A). It was illustrated in Section 4.4.2 that proof testing is an effective method of
updating the reliability of RC containment elements. The proof-load factor required to meet a target
P/of 10"3 per accident was calculated as 0.94, which is smaller than the value, 1.25, used for proof
testing of the Pickering-A containment. Therefore, the proof-load factor of 1.15, as recommended
by CSA N287.6, is adequate to meet the target reliability requirement.

5.4 Summary

Design of new containment structures is governed by specifications of CSA N287.3. There are
two main criteria specified in CSA N287.3 for calculating the design value of prestress. The first
criterion, based on accident conditions, requires that tensile stresses in concrete under design
pressure should not exceed the nominal tensile strength of concrete. The second criterion is based
on proof testing. According to this criterion, tensile stresses in concrete under the test pressure
should not exceed one-half of the nominal tensile strength of concrete (i.e., M^JJ' c )• Example
calculations were presented to illustrate these two criteria. It is noted that prestressing systems
designed on the basis of CSA N287.3 would not be grossly conservative, though they ensure an
adequate level of safety.

The notion of designing a containment to resist the proof test pressure is redundant, because the
idea behind proof testing is to overload the structure beyond the design value to demonstrate its
adequacy. It appears that the proof test design criterion of CSA N287.3 is intended to avoid
damaging the containment during the proof test. However, this can be accomplished by choosing a
proof-load factor for which the probability of through-wall cracking during the test is sufficiently
small.
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Prestressing systems can be designed adequately on the basis of the accident pressure criterion.
This criterion results in a probability of through-wall cracking of 7.9 x 10'4 per accident, which is
slightly less than the target value of 10"3 per accident. The proof test with a load factor of 1.15
updates f^to 2.5 x 10'4 per accident. Thus, the proof test leads to a reasonable reduction in the
prior probability of through-wall cracking.

It was demonstrated that the proof-load factor is sensitive to values of the parameters (namely,
COV and mean to design ratio, r) of the accident pressure distribution. The proof-load factor was
therefore calibrated for a wide range of pressure distribution parameters (COV - 0.2 to 0.4, and
r - 0.8 to 1.0). Assuming that the design pressure is based on a probability of exceedance
of 10%, it was concluded that the current value, 1.15, of the proof-load factor for a prestressed
containment is adequate for COV values less than 0.32.

For RC containment elements, similar in design to Pickering-A, the proof-load factor of 1.15 is
adequate to meet the target Pj of 10'3 per accident. This conclusion is valid for the current
parameters of the accident pressure distribution {i.e., COV = 0.2, r = 0.8).

An AECB project is underway to develop an accurate probabilistic model for accident pressure. If
distribution parameters were changed from the current values (COV = 0.2, r - 0.8), the calibration
results presented in Tables 5.3 and 4.5 will be useful in selecting an appropriate value of the proof-
load factor.
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6.0 CONCLUDING REMARKS

6.1 Conclusions

Prior to commissioning of a CANDU nuclear reactor, a proof pressure test is required to
demonstrate structural integrity of the containment envelope. The containment is considered
acceptable if it behaves in a linear elastic manner without cracking under the proof test pressure,
which is 1.15 times the design pressure.

A reliability-based approach was developed to determine the proof load requirement consistent with
the given target reliability for CANDU concrete containment structures. The effect of proof testing
on containment reliability was studied considering several examples of existing and newly designed
containment elements. Conclusions regarding the proof test requirements for CANDU
containments are discussed in the following sections.

• Prestressing systems of existing CANDU containments were designed based on overly
conservative criteria. The probability of through-wall cracking before proof testing was found
to be less than 10'9 per accident for all existing perimeter wall structures analyzed in this study.
Because of this, proof testing has an insignificant role in updating containment reliability.
Updated probabilities of failure obtained with a proof-load factor of 1.0 are almost identical to
those obtained with a load factor of 1.15. In this respect, the benefit of a proof-load factor
of 1.15 over 1.0 is not discernible. Nevertheless, the proof test demonstrates that the
containment structure is free from gross construction errors, and confirms its elastic response
under operational and postulated accident conditions.

• Proof testing is an effective method of updating the reliability of reinforced concrete (RC)
containment elements (e.g., Pickering-A containment). A successful proof test with a load
factor of 1.25 was found to reduce the probability of through-wall cracking (PJ) by one order of
magnitude. For an RC perimeter wall in the hoop direction, Pf after proof testing reduces
to 2.1 x 10'4 from the original value of 4.6 x 10"3 per accident. In fact, the proof-load factor of
1.15 is adequate to meet the target of P^of 10'3 per accident. Proof-load factors were calibrated
for a wide range of accident pressure distributions. For a target Pf of 10'3 per accident, the
calibrated proof-load factor was found to vary from 0.94 to 2.0, depending on the parameters
of the pressure distribution. This emphasizes the need for a precise probabilistic model of
accident pressure for establishing accurate proof load requirements.

• The notion of designing a containment to resist the proof test pressure is redundant, because the
idea behind proof testing is to overload the structure beyond the design value to demonstrate its
adequacy. It appears that the proof test design criterion of CSA N287.3 is intended to avoid
damaging the containment during the proof test. However, this can be accomplished by
choosing a proof-load factor that would result in a sufficiently small probability of through-wall
cracking during testing.

• Prestressing systems can be adequately designed on the basis of the accident pressure criterion
which results in a probability of through-wall cracking that is reasonably close to the target
value of 10'3 per accident. Proof testing is effective in updating the reliability of a prestressed
containment element designed on the basis of the accident pressure criterion. A successful
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proof test with a load factor of 1.15 could reduce the probability of through-wall cracking by
one order of magnitude. For a representative prestressed perimeter wall (Section 5.2.3), P.
after the proof test was reduced to 2.5 x 10"4 per accident from the original estimate of
7.9 x 10'4 per accident. The probability of damaging the containment during the proof test
was estimated as 0.01 per test, which is a reasonably small value.

• The proof-load requirement is sensitive to values of the parameters (namely, COV and mean to
design ratio, r) of the accident pressure distribution. The proof-load factor was therefore
calibrated for a wide range of pressure distribution parameters (COV - 0.2 to 0.4, and r - 0.8
to 1.0). For a target PjOi 10'3 per accident, the calibrated proof-load factor was found to vary
from 1.2 to 2.2. Assuming that the design pressure is based on a probability of exceedance
of 10% , it was concluded that the current proof-load factor of 1.15 is adequate for COV
values less than 0.32.

These conclusions are valid within the scope of the present analysis, defined in Section 3 of this
report.

An AECB project is underway to develop an accurate probabilistic model for accident pressure. If
distribution parameters were changed from the current values (COV = 0.2, r = 0.8), the calibration
results presented in Table 5.3 will be useful in selecting a proof-load factor consistent with the
target reliability requirement.

6.2 Suggestions for Future Work

The leakage rate test specified by AECB Regulatory Document R-7 (1991) is intended to assess the
leak tightness of the containment envelope. This test provides valuable information regarding the
leak rate and the extent of concrete cracking under design pressure. The methodology presented in
this report can be applied to utilize this information for updating the estimated leak integrity of the
containment elements. It is therefore proposed that a future investigation should be carried to
address the following topics:

• assessment of the AECB requirements for the leakage rate test;

• selection of a suitable model to characterize leakage across concrete barriers; and

• development of a reliability-based approach for defining the leakage rate testing requirements
for CANDU containment structures.
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Code

CSA A23.3

ACI 318-77

Test Object

Entire flexural system

A flexural member

A flexural member

Proof Load

1.13 D+ 1.35 L

1.25 D+ 1.5 L

1.19 D+ 1.45 L

Deflection Recovery

(% of maximum deflection under
test load)

Nonprestressed

60% first test

75% on retest

Prestressed

80%

same as above

Nonprestressed

75% first test

80% on retest

Prestressed

80%, no retesting required

Table 1.1 Cede specifications for proof testing of concrete structures



Variable

Load

Accident Pressure

Resistance

Tensile strength of concrete

Prestress

Distribution Type

Normal

Normal

Normal

Ratio of Mean to Design Value

0.8

1.0

1.0

COV

0.2

0.23

0.04

Table 3.1 Probabilistic models for load and resistance variables



Item

Reference

Design pressure, kPa (psi) gauge

Internal diameter of containment, m, (ft)

Thickness of the perimeter wall, m (ft)

Specified concrete strength, MPa (psi)

Grade of reinforcing steel, MPa (ksi)

Amount of non-prestressed reinforcement, %
on each face

Prestress in the perimeter wall, MPa (psi)

Liner

Bruce-B VB

Chan&
Mishalkowsky
(1982)

48.3 (7)

48.9 (160.5)

1.143 (3.75)

27.6 (4000)

414 (60)

0.31

1.67 (243)

Unlined

Existing

Darlington
VB

Brown
(1986)

96 (13.9)

48 (157.5)

1.2 (3.9)

35 (5076)

414 (60)

0.30

7.60 (1123)

Unlined

Containment Structures

Point
Lepreau

lordanescu &
Toossi (1981)

124(18)

41.5 (136.2)

1.07 (3.5)

34.5 (5000)

414 (60)

-

4.42 (642)

Epoxy

Gentilly-2

Murray &
Epstein
(1976)

124 (18)

41.5 (136)

1.07(3.5)

34.5 (5000)

414 (60)

0.15

3.65 (530)

Epoxy

Pickering-A

Kenthol
(1970)

41.4 (6)

42.7 (140)

1.22 (4)

20.7 (3000)

276 (40)

0.33

0.0

Vinyl

Table 4.1 Design details of perimeter wall of existing CANDU containments



Containment

Bruce-B VB

Darlington VB

Point Lepreau

Gentilly-2

Pickering-A

Probabilistic Models

Average Values of Resistance
Variables

Concrete
Tensile
Strength!1)

1.76

1.95

1.93

1.93

1.56

Prestress*2'

1.85

8.42

4.90

3.93

0.00

Overall Resistance

Average

rnR

3.61

10.37

6.83

5.86

1.56

COV

0.11

0.05

0.07

0.08

0.23

Load Effect

Average*3)

mL

0.83

1.58

1.93

1.93

0.58

Central Safety
Factor

4.34

6.57

3.55

3.03

2.69

Standard
Deviation
Ratio

2.49

1.78

1.26

1.22

3.09

(1) COV of the concrete tensile strength = 0.23 for all cases

(2) COV of the prestress = 0.04 for all cases

(3) COV of the load effect = 0.20 for all cases

Table 4.2 Probabilistic models for perimeter wall structures of existing CANDU containments (All units in MPa)



1

2

3

4

1

Existing CANDU

Containments

Prestressed Concrete

Bruce-B VB

Darlington VB

Point Lepreau

Gentilly-2

Reinforced Concrete

Pickering-A

Probability of Through-Wall Cracking

Before Proof Test

2.5 x

1.1 x

1.0 x

6.1 x

4.6 x

10-1°

10-42

10"15

10-3

Proof-Load

1.15

1.15

1.15

1.15

1.25

Factor After Proof Test

1.0 x10"10

1.1 x10"42

1.0x10-15

6.0x10-11

2.1 x TO"5

Table 4.3 Probability of through-wall cracking before and after the proof test

1

2

3

4

Existing Prestressed

Containments

Bruce-B VB

Darlington VB

Point Lepreau

Gentilly-2

Probability of Through-Wall Cracking

Before Proof Test

2.5 x10"1 0

1.1 x 10 4 2

1.0 x 10"15

6.1 x10 ' 1 1

Proof-Load Factor

1.0

1.0

1.0

1.0

After Proof Test

1.9 x10"10

1.1 x 1 0 4 2

1.0 x10"15

5.2 x10"11

Table 4.4 Updated values of the probability of through-wall cracking (proof-load factor = 1)



Target Pf

per accident

10"3

Calibrated Proof-Load Factors

Parameters of Probabilistic Model for Accident Pressure

Mean to

Design Ratio

0.8

0.9

1.0

0.20

0.94

1.15

1.34

(

0.25

1.05

1.28

1.50

DOV Values

0.30

1.18

1.43

1.66

0.35

1.32

1.58

1.83

0.40

1.46

1.74

2.00

10"4 0.8

0.9

1.0

1.15

1.35

1.54

1.30

1.51

1.73

1.45

1.69

1.92

1.60

1.86

2.12

1.76

2.04

2.31

Table 4.5 Proof-load factors calibrated to meet the specified target probability of
through-wall cracking (Structure type: RC perimeter wall of Pickering-A)



Item

Design accident pressure effect, MPa

Maximum allowable tensile stress in concrete, MPa

Average tensile strength of concrete, MPa

Calculated amount of prestress, MPa

Central safety factor

Standard deviation ratio

Accident Pressure

Criterion

2.40

1.94

1.93

1.87

1.97

1.16

Proof Test

Criterion

2.40

0.99

1.93

1.97

2.02

1.16

Table 5.1 Design values of prestress calculated using CSA N287.3 specifications for
CANDU containments (Perimeter wall of CANDU6 type containment)

Criterion for Designing

Prestress

Accident pressure, Eqn. [5.2]

Proof test, Eqn. [5.4]

Probability of Through Wall Cracking

Before Proof Test

7.9 x10"4

4.5 x10"4

After Proof Test

Proof Load
Factor = 1.15

2.5 x 10 4

1.7 x 10"4

Proof Load
Factor = 1.0

5.9 x 104

3.7 x 10"4

Table 5.2 Probability of through-wall cracking of perimeter wall of a new
CANDU6 type containment



Target Pf

per accident

10-2

Calibrated Proof-Load Factors

Parameters of the Probabilistic Model for Accident Pressure

Mean to

Design Ratio

0.8

0.9

1.0

0.20

N/A

N/A

1.25

<

0.25

N/A

1.0

1.44

3OV Values

0.30

N/A

1.34

1.59

0.35

1.05

1.50

1.73

0.40

1.35

1.64

1.86

10-3 0.8

0.9

1.0

N/A

1.30

1.52

1.20

1.48

1.70

1.40

1.65

1.87

1.56

1.81

2.03

1.71

1.96

2.19

10"4 0.8

0.9

1.0

1.24

1.47

1.67

1.43

1.66

1.87

1.61

1.85

2.07

1.78

2.02

2.26

1.94

2.20

2.46

Table 5.3 Proof-load factors calibrated to meet the specified target probability of
through-wall cracking under accident pressure (Prestressed concrete element)


