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RELIABILITY-BASED INSPECTION OF PRESTRESSED
CONCRETE CONTAINMENT STRUCTURES

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

ABSTRACT

A study was undertaken to develop a reliability-based approach to the planning of inspection
programs for prestressed concrete containment structures. The approach developed in the study
was used to evaluate the in-service inspection provisions of the CSA standard N287.7, and
recommend alternate procedures where appropriate.

The main function of the prestressing system is to ensure the leak integrity of the containment
by maintaining a compressive state of stress under the tensile forces which arise in a hypothesized
loss of coolant accident. Prestressing force losses (due to creep and shrinkage, stress relaxation
or tendon corrosion) can lead to tensile stresses under accident pressure, resulting in loss of
containment leak integrity due to concrete cracking and tensile yielding of the non-prestressed
reinforcement. Therefore, the evaluation of prestressing inspection programs was based on their
effectiveness in maintaining an acceptable reliability level with respect to a limit state
representing yielding of non-prestressed reinforcement. An annual target reliability of 10"4 was
used for this limit state.

As specified in CSA-N287.7, the evaluation of prestressing systems for containment structures
is based on the results of lift-off tests to determine the prestressing force. For unbonded systems
the tests are carried out on a randomly selected sample from each tendon group in the structure.
For bonded systems, the test is carried out on an unbonded test beam that matches the section
geometry and material properties of the containment structure. For bonded systems, flexural tests
are also carried out on bonded test beams to check for concrete cracking.

The elements of a specific inspection plan include the tests to be carried out, the number of
samples required for each test series, and the time interval between tests. A reliability-based
approach was used to assess the value of the information obtained from each test, suggest a
procedure for developing an inspection plan, and evaluate the plans suggested in CSA-N287.7.

It was found that flexural testing is useful in updating the probability of concrete cracking under
accident pressure. However, flexural testing does not quantify prestressing losses and therefore
it does not lead to significant updating of the reliability associated with yielding of the non-
prestressed reinforcement. It was therefore concluded that the role of flexural testing in
evaluating bonded prestressing systems is limited.

For unbonded systems, the analysis indicated that the sample size recommended by the CSA
Standard (4% of the tendon population) is adequate. The CSA recommendation for a five year
inspection interval is conservative unless severe degradation of the prestressing system,
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characterized by a high prestressing loss rate (>3%) and a large coefficient of variation of the
measured prestressing force (>15%), is observed.

A systematic reliability-based inspection procedure was developed to determine the acceptable
level of prestressing force losses and the time to next inspection. The approach allows the
flexibility of using the conservatism built into the design and the results of the latest inspection
to determine these parameters.

It is suggested that future work should be undertaken to validate the findings and procedures
developed in this study using a more accurate description of the probability distribution of the
accident pressure, since this information could not be obtained for this study. Another important
area of future work is to evaluate the role of pressure testing in updating the reliability of
containment structures with respect to leak tightness.

RÉSUMÉ

On a effectué une étude dans le but d'élaborer une méthode de planification des programmes
d'inspection des enceintes de confinement en béton précontraint fondée sur la fiabilité. La
méthode mise au point a servi à évaluer les dispositions relatives à l'inspection en cours
d'exploitation de la norme CSA-N287.7 et à recommander des démarches différentes, le cas
échéant.

Le système de précontrainte a comme fonction principale de garantir l'intégrité structurale et
l'étanchéité des enceintes en maintenant une contrainte de compression qui correspond aux forces
de traction engendrées par une perte accidentelle de caloporteur. Les pertes de la force de
précontrainte (dues au fluage et au retrait, à la relaxation de la contrainte ou à la corrosion des
câbles de précontrainte) peuvent créer des contraintes de traction lorsque s'exercent des pressions
accidentelles, ce qui entraîne une détérioration de l'intégrité structurale et de l'étanchéité des
enceintes de confinement qui se remarque à la fissuration du béton et au flambement des
armatures non précontraintes. C'est pourquoi, on a évalué les programmes d'inspection des
systèmes de précontrainte en fonction de leur capacité à maintenir un niveau de fiabilité
acceptable, compte tenu d'un état-limite de flambement des armatures non précontraintes. On a
fixé à 10"4 la fiabilité cible annuelle pour cet état-limite.

Comme le prescrit la norme CSA-N287.7, l'évaluation des systèmes de précontrainte des
enceintes de confinement s'appuie sur les résultats d'essais de soulèvement destinés à déterminer
la force de précontrainte. Pour les systèmes à câbles non adhérents, on soumet à des essais des
échantillons choisis au hasard dans chaque groupe de câbles de la structure. Pour les systèmes à
câbles adhérents, l'essai est effectué sur une poutre témoin présentant une section identique à la
structure et dont les matériaux ont les mêmes propriétés que ceux de l'enceinte. On effectue aussi
des essais de flexion des poutres témoins à câbles adhérents pour vérifier la fissuration du béton.

Un programme d'inspection spécifique indique les types d'essai à effectuer, le nombre
d'échantillons requis pour chaque série d'essais et la fréquence des essais. Une méthode axée sur
la fiabilité a été utilisée pour évaluer la valeur des renseignements recueillis à chaque essai,
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proposer la marche à suivre pour mettre au point un programme d'inspection et évaluer les
programmes présentés dans la norme CSA-N287.7.

Il a été démontré que l'essai de flexion est utile pour déterminer la possibilité de fissuration du
béton soumis à une pression accidentelle. Cependant, ce type d'essai ne permet pas de quantifier
les pertes de précontrainte ni de déterminer de façon certaine la fiabilité reliée au flambement des
armatures non précontraintes. On a donc conclu que l'essai de flexion joue un rôle limité dans
l'évaluation des systèmes de précontrainte utilisant des câbles adhérents.

Pour les systèmes à câbles non adhérents, l'analyse a indiqué que le nombre des échantillons
recommandés par la norme susmentionnée (4 % du nombre total des câbles de précontrainte) est
approprié. La fréquence des inspections (tous les cinq ans) recommandée pa la CSA est prudente,
à moins d'une dégradation importante de précontrainte, qui se caractérise par la perte élevée de
la force de précontrainte (> 3 %) et un coefficient important de variation de la force de
précontrainte mesurée (> 15 %).

Une méthode d'inspection systématique axée sur la fiabilité a été mise au point pour déterminer
le niveau acceptable de pertes de la force de précontrainte ainsi que le moment opportun pour
effectuer une inspection ultérieure. La méthode permet d'utiliser les tolérances acceptables sur
lesquelles s'appuient la conception et les résultats de la dernière inspection pour déterminer ces
paramètres.

On recommande d'effectuer d'autres travaux afin de valider les conclusions de cette étude et les
méthodes qui ont été mises au point à partir d'une description plus précise de la répartition
probable des pressions accidentelles, renseignement que la présente étude n'a pas pu fournir.
L'évaluation de l'utilité de l'essai de pression pour déterminer la fiabilité actuelle des enceintes
de confinement sous le rapport de l'étanchéité constitue également un domaine à approfondir.

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 authors assume liability with
respect to any damage or loss incurred as a result of the use made of the information contained
in this publication.
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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) under a contract to the Atomic Energy Control Board (AECB). The purpose of the study

was to develop a reliability-based methodology to assess the current inspection programs of

prestressed concrete (P/C) containment structures at CANDU nuclear power plants.

Rules for periodic inspection of concrete containment structures in CANDU nuclear power plants

are specified in CAN/CSA N287.7 Standard. The code requires the evaluation of prestressing

systems, used as principal reinforcement, to determine the effects on the structural integrity of time

dependent shrinkage and creep of concrete, stress relaxation, and corrosion of tendons. As the

CS A guidelines are of a semi-empirical nature, this study was undertaken to review and assess the

current inspection procedures with the purpose of suggesting revisions to Appendices A and B of

CSA N287.7.

The concept of structural reliability, defined as the probability of survival of a structure in relation

to a prescribed limit state, is widely used as a basis for structural design codes. It is therefore

appropriate to perform inspection and repair work in such a way as to ensure that the target

reliability level is met during the service life of structural components. The aim of reliability-based

inspection is to update previous estimates of structural strength parameters, and revise the

calculated reliability in light of the information gained from an inspection.

1.2 Objectives

The main objective of the investigation was to assess the CSA N287.7 inspection procedures for

evaluating prestressing systems at CANDU nuclear containment structures. The following tasks

were carried out to achieve this objective:

• the Canadian and American guidelines for evaluation of prestressing systems were reviewed;

• limit states defining containment integrity, relevant load combinations, probabilistic models for
loads and resistances, and target reliability levels were established;

• procedures were formulated for updating reliability using data collected from lift-off and
flexural tests. The effect of sample size (e.g., the number of inspected unbonded tendons or
test beams) on the updated reliability was analyzed; and
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• recommendations for revising Appendices A and B of CSA N287.7 were prepared.

1.3 Report Overview

The report consists of seven sections and three appendices, which are organized in the following

manner. In Section 2, the role of the prestressing system in containment design is discussed with

emphasis on the impact of prestressing losses. Current CSA N287.7 inspection guidelines are

summarized in Section 3. Major elements of the probabilistic analysis framework employed in this

study are discussed in Section 4. These elements are the limit state functions, loads and resistance

models, load combinations, target reliability levels and computational approach. Methods for using

inspection data in reliability-based evaluation of bonded and unbonded prestressing systems are

presented in Sections 5 and 6, respectively. In these sections, several issues pertinent to inspection

strategies, such as the effect of sample size and the variability associated with time dependent

losses are examined in detail. The main findings and conclusions of the project are summarized in

Section 7.



2.0 ROLE OF THE PRESTRESSING SYSTEM

2.1 Introduction

The main purpose of this section is to discuss the role of the prestressing system in containment

design and highlight the impact of prestressing losses on containment leak integrity. Containment

design philosophy is outlined, and its response to positive internal pressure is briefly discussed.

The information in this section is necessary to define the scope of the work required to achieve the

project objectives.

2.2 Containment Design Philosophy

Structural integrity is defined as the ability of a structure to withstand design loads while satisfying

all its functional requirements. Leak integrity refers to the ability of a component to maintain a

prescribed maximum leakage rate under all service conditions (ASME 1986). There are three basic

functional requirements for a containment structure (CANATOM 1982): 1) to house the reactor

and auxiliary systems and protect the same from environmental loads; 2) to provide radiation

protection under operating and accident conditions; and 3) to provide containment of radioactive

steam or gases in the event of a loss of coolant accident (LOCA).

The containment design philosophy outlined in ASME (1986) states that a containment structure

shall be designed for service conditions stipulated in the design specification by maintaining

stresses, strains and deformations below limits that ensure an essentially elastic response during the

normal service life of the containment.

The provision of a low-strain elastic response for the containment structure has been historically

justified on the grounds that: 1) linear elastic behaviour is completely predictable under design

loads (Kulka and Wahl 1968); and 2) that tensile yielding of the reinforcement would result in the

formation of permanent through-the-wall concrete cracks affecting adversely the leak integrity of

the containment (MacGregor et al. 1980). Maintaining elastic response is also desirable to

minimize the potential for damage to containment liner membranes. These considerations have led

to the general acceptance of a design approach based on first yield, in which the containment is

considered safe if the strains resulting from various factored loads remain below the yield strain.

This approach is also adopted by the Canadian standard CSA N287.3, which limits the maximum



strain in the reinforcement to the yield strain (Clause 7.2).

In essence, the resistance of the containment is defined as the load required to reach the upper limit

of elastic behaviour of the structural materials. The containment prestressing is therefore designed

to ensure compliance with the maximum allowable stresses in the concrete and reinforcing steel.

Stress limits specified in the ASME code and reported in Table 2.1 are similar to those

recommended by ACI (ACI 1970) for the design of circular prestressed concrete structures. A

particular point to highlight is that membrane tension and, by implication, cracking are not allowed

at the inside face of the containment to ensure the leak integrity. The membrane compressive stress

is limited to small values, such as 30% of the concrete compressive strength, in order to limit creep

deformations. The stress limits specified in the CSA code are reported in Table 2.2. Note that the

thickness of concrete sections is also dictated by the radiation absorption capacity necessary to

protect personnel and equipment around the containment building (CANATOM 1982).

2.3 Main Structural Action of Concern In This Study

In this study, structural behaviour of containment elements (namely, cylindrical wall, dome, and

ring beam) under a positive internal pressure generated by a LOCA is of main interest, because the

main function of the prestressing force is to maintain leak integrity under this load case.

The primary internal forces in the containment shell under a positive internal pressure are the

membrane hoop and meridianal 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.129). All bending moments and shear forces are essentially secondary

effects resulting from enforced deformation compatibility. These secondary effects are pronounced

only at structural discontinuities such as the cylinder/base slab and the cylinder/dome junctions

(Walser 1984).

In the design of containment elements, a clear distinction is made between primary

(e.g., membrane tension or compression) and secondary (e.g., flexural) stresses (Kulka and Wahl

1968). Membrane stresses are considered more significant than secondary stresses. For example,

membrane tension is not permitted at all under design loads as it may cause serious through-wall

concrete cracking and reinforcement yielding (Kulka and Wahl 1968). Secondary stresses, on the

other hand, are not considered critical because of their localized and self-limiting nature. Local

yielding, minor concrete cracking and small deformations can relieve these stresses without causing
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any major failures. For example, flexural-tension effects may result in shallow surface cracks

especially when the depth of the tensile stress zone over a cross-section is limited. In addition,

secondary stresses rapidly diminish at short distances away from discontinuities, which means that

the overall design will not be controlled by such stresses.

Failure modes are classified as primary or secondary modes corresponding to primary and

secondary stress effects, respectively. The most critical primary mode is hoop tension failure of

the perimeter wall, followed by tensile failure of the dome shell away from structural joints (Walser

1984). Failure at discontinuities is considered to be a secondary failure mode. Additional

reinforcement is typically provided at such discontinuities to ensure that secondary failures do not

compromise the containment integrity. Secondary failure is therefore not expected to precede

primary failure under membrane forces.

2.4 Function of the Prestressing System

Prestressed concrete construction is commonly used for nuclear containment structures because it

provides an effective solution to the requirements of containment design (Halligan 1976). The

main objective of using a prestressing system is to negate the primary (membrane) tensile stresses

developed in the containment shell under positive accident pressure (Huterer etal. 1985). The

prestressing system thus plays a major role in maintaining a high level of leak integrity. In

addition, the prestressing force maintains a compressive stress state in the concrete resulting in

superior crack control and corrosion protection for both the prestressing tendons and mild steel

reinforcement. The prestressing system also provides redundancy against catastrophic collapse due

to local failure by virtue of the redundancy associated with the biaxial arrangement of tendons in the

perimeter wall.

Loss of prestressing force over time makes the containment more vulnerable to cracking under

positive internal pressure. Therefore, detensioning of prestressing tendons due to relaxation

losses, creep and shrinkage effects, and corrosion, has been recognized as a major factor affecting

leak integrity (Ellingwood and Mori 1992). In-Service Inspection (ISI) procedures (e.g., CSA

N287.7-Appendices A and B, and U.S. NUREG 1.35 and 1.90) have been developed to monitor

prestressing losses over time.



2.5 Summary

A containment structure is designed primarily as an elastic, leak tight pressure vessel intended to

contain and isolate the reactor and its coolant system from the environment in the event of a LOCA.

The main containment elements, namely, the cylindrical wall, dome and ring beam, behave as

tension elements. The function of the prestressing system is to negate the tensile membrane

stresses developed as a result of accident pressure. Therefore, the major impact of prestressing

losses is reduced leak integrity, which is the focal point of this study.



3.0 REVIEW OF CSA N287.7 INSPECTION GUIDELINES

3.1 Introduction

The two most probable degradation mechanisms for prestressing systems are:

1. Material deformations that are higher than those assumed in design, for example, creep and
shrinkage of concrete or relaxation of tendons. The resulting prestressing losses may be large
enough to reduce the prestressing force below its design value, thus allowing cracking of the
concrete.

2. Corrosion of tendons due to an ineffective corrosion protection medium. Corrosion and
subsequent breakage of tendons will result in prestressing losses, affecting adversely the leak
integrity as well as the ultimate strength of the member.

Procedures for periodic inspection of concrete containment structures in CANDU nuclear power

plants are given in the Canadian Standard CSA N287.7. In appendices A and B of the Standard,

guidelines are provided for the inspection of bonded and unbonded prestressing systems,

respectively. These appendices are included in Appendices A and B of this report.

In this section, the major provisions of the CSA Standard are reviewed, and the relevance of

reliability-based inspection is stressed.

3.2 Inspection of Bonded Prestressing Systems

The main elements of the inspection program for bonded prestressing systems are as follows: 1) a

series of flexural tests of test beams; 2) a series of lift-off tests on test beams with unbonded

tendons; and 3) a destructive test to examine the condition of the tendon and corrosion protection

medium.

3.2.1 Flexural Testing of Test Beams

Flexural testing of a set of at least 12 bonded test beams is required by the CSA standard. Test

beams must be identical to the containment structure with regard to materials, the amount of

reinforcement and the level of prestressing. Test beams are required to be loaded to 95% of the

design cracking moment, using a two-point loading configuration as shown in Figure 3.1. The test

results are acceptable if no cracking of the concrete takes place under the test load.



The cracking resistance of a prestressed concrete section depends on the modulus of rupture

(flexural tensile strength) and the prestressing force. The cracking of a test beam would therefore

imply inadequate rupture strength, excessive loss of prestressing, or a combination of both factors;

a successful flexural test would indicate the opposite.

3.2.2 Lift-Off Tests

It is specified in CSA N287.7 that a lift-off test (or any other equivalent test) shall be performed on

a set of at least four unbonded test beams to determine the prestressing force. The measured

prestressing force is considered acceptable if it is higher than the value predicted in design, taking

into account long term prestressing losses. Lift-off tests are useful for measuring prestressing

losses due to material deformations. However, the detection of tendon corrosion is not possible

since tendons are permanently greased.

3.2.3 Tendon Examination

Visual examination of a tendon removed from a bonded test beam is recommended to confirm the

effectiveness of the corrosion prevention medium. To remove the tendon, one test beam is

destructed by chipping the concrete cover. Any sign of tendon corrosion is considered

unacceptable.

3.2.4 Inspection Frequency

A maximum inspection interval of five years is recommended by CSA N287.7 for performing the

tendon examination, flexural tests and lift-off tests.

3.3 Inspection of Unbonded Prestressing Systems

The inspection program for unbonded prestressing systems involves the measurement of tendon

forces for randomly selected samples drawn from the population of each tendon group

(e.g., vertical, hoop and dome tendons). The tendon wires or strands from each of the selected

tendon groups are examined for signs of corrosion.

The relevant issues addressed in this study are the tendon sample selection criteria, acceptance

criteria for measured tendon forces, and inspection frequency. These issues are sequentially
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discussed in the following sub-sections. It should be highlighted that most CSA provisions are

similar to those recommended by the U.S. Nuclear Regulatory Guide 1.35 (1990).

3.3.1 Sample Size

The recommended sample size is 4% of the population of each tendon group with a minimum of

four tendons and a maximum of ten tendons. If the results of previous inspections show

satisfactory performance, the sample size can be reduced to 2% of the population of each tendon

group with a minimum of three tendons and a maximum of five tendons.

The statistical basis for the recommended sample size is discussed in Section 6.1.

3.3.2 Acceptance Criterion

The measured tendon force is considered acceptable if it is larger than the predicted value taking

into account time dependent losses due to creep, shrinkage and relaxation. Unlike the U.S.

Guidelines 1.35 (1990), the CSA code does not specify additional sampling requirements in the

event that the acceptance criterion is not satisfied (see Section B5.2 (a) and (b) in Appendix B).

The acceptance criterion is restrictive as it does not acknowledge the variability in tendon forces and

time dependent losses, and it ignores any strength reserve above the design requirements. The

conservative nature of design should not be ignored because a minor variation in tendon forces may

not have any measurable impact oh the containment integrity. This aspect will be dealt with in

Section 6 of this report.

3.3.3 Inspection of Tendon Strands, Corrosion Prevention Medium & Anchor Regions

For each tendon group, a minimum of one tendon from the selected tendons shall be de-tensioned,

and one wire or strand shall be removed for detecting signs of corrosion, or other abnormal

physical damage. The corrosion prevention medium at the selected tendons shall be inspected. A

minimum of one sample (the worst one by visual inspection) from each tendon group shall be

collected for further laboratory analysis. Inspection of anchor regions at the selected tendons shall

cover the exposed concrete surface and anchorage hardware, items such as anchorhead, bearing

plates, wedges and split shims.



These visual inspections provide qualitative indications about deterioration of the prestressing

system. This information cannot be directly used in the reliability assessment.

3.3.4 Inspection Frequency

A five year inspection interval is widely accepted in the nuclear industry. The inspection interval

can be increased up to 10 years provided that the level of degradation is insignificant.

3.4 Summary

To evaluate a bonded prestressing system, flexural testing of a set of at least 12 bonded test beams,

and lift-off tests on a set of at least four unbonded test beams are performed. Flexural testing is an

indirect method of evaluation, and its results (i.e., cracking or no cracking) do not quantify

prestressing losses. Lift-off tests are more useful for measuring prestressing losses due to material

deformations. For detecting tendon corrosion, visual examination of the tendon after destructing a

test beam is prescribed. A probabilistic approach would enable one to interpret the results of

flexural tests from the reliability viewpoint. This aspect will be discussed in detail in Section 5 of

the report.

The inspection program for unbonded prestressing systems involves the measurement of tendon

forces for randomly selected samples drawn from the population of each tendon group

(e.g., vertical, hoop, and dome tendons). The recommended sample size is 4% of the population

of each tendon group with a minimum of four tendons and a maximum of ten tendons. If the

results of previous inspections show satisfactory performance, the sample size can be reduced

to 2% of the population of each tendon group with a minimum of three tendons and a maximum of

five tendons. The tendon wires or strands from each of the selected tendon groups are examined to

detect signs of corrosion. A five year inspection interval is recommended following the proof

pressure test. The inspection interval can be increased to up to 10 years if the level of degradation

is insignificant.

The prestressing force is estimated from a small sample which would introduce sampling

uncertainty in the estimate. The acceptance criterion related to a measured tendon force ignores the

variability associated with tendon forces and the effect of time dependent losses. These issues will

be discussed in detail in Section 6 of the report.
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4.0 PROBABILISTIC METHODOLOGY

4.1 Introduction

Estimation of the probability of failure of a containment structure under different loading conditions

can be based on probabilistic techniques developed in reliability theory (Madsen et ah 1986). The

purpose of this section is to define elements of the probabilistic methodology that were employed in

this study. The major elements of the probabilistic analysis are the limit state functions used, the

relevant load combinations, the probabilistic models for loads and resistance, the computational

approach, and the target reliability levels.

4.2 Limit States

In analyzing the response of a containment structure to gradually increasing internal pressure, three

stages of progressive failure prior to collapse have been noted, namely, concrete cracking,

reinforcement yielding, and yielding of prestressing tendons (Walser 1984). These three stages of

containment deformation correspond to a set of limit states that need to be considered.

Although concrete cracking can result in leakage of radioactive materials, the cracks would close

after suppression of the internal pressure as long as no permanent steel deformation takes place.

Reinforcement yielding under membrane tension is more serious as it would cause permanent

cracks. Tendon yielding is likely to render the containment non-functional as it would be

accompanied by large radial deformation, excessive cracking and a large amount of leakage.

Reinforcement yielding is not permitted by containment design codes such as CSA N287.3 and

ASME (1986). Therefore, yielding of the reinforcement under primary stresses (membrane

tension) was chosen as a limit state (LS), which is referred to in this report as the elastic limit state.

The elastic limit state was classified as a serviceability type limit state (Nessim and Hong 1994).

However, it is more important than the typical serviceability limit states for other structures because

of its relevance to safety and the fundamental function of the containment.

Prestressing losses do not affect the ultimate strength of the containment, and therefore ultimate

limit states were not considered in this project.
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4.3 Load Combinations

Loads and load combinations that are most likely to affect the leak integrity, represented by the

elastic limit state, are the only ones that are relevant to the present study. These load combinations

belong to the abnormal/environmental category since CSA N287.3 (Clause 7.2) specifies that the

elastic limit state should be checked under this category only. A total of six combinations in this

category are presented in Table 4.1.

To study the effect of degradation of prestressing systems, load combinations dominated by tensile

forces (e.g., accident pressure) are more important. Minor load effects, such as live loads (L),

were ignored in the analysis. Localized load effects (e.g., pipe reaction loads (Ro, Ra, /?),

shrinkage & creep effects (Tsc), and operational temperature (To)) were not included in the load

combinations. This is justified on the ground that these loads contribute significantly to secondary

effects, but not to the primary stress field which is of main interest for this study (see Section 2.3).

High temperatures that occur under accident conditions are of relatively short duration. As concrete

is slow to absorb heat, forces resulting from temperature variations during an accident are likely to

have a small influence on the concrete structure. Moreover, the accident temperature condition

produces compression at the inner surface, which is beneficial to design (CANATOM 1982).

Therefore, accident temperature load effects (Ta) were ignored in the analysis.

Thus, the following two load combinations were selected from the set of six presented in

Table 4.1:

1. Abnormal D + Tp + Pa [4.1]

2. Abnormal/Environmental D + Tp + Pr + Qej [4.2]

where D is the dead load, Tp is the prestressing force, Pa is the accident pressure, Pr is the reduced

accident pressure, and Qed is the design basis earthquake.

4.4 Probabilistic Models for Loads and Resistance

Loads and resistance are modelled as random variables, each characterized by a distribution type,

ratio of the mean to nominal value (r), and coefficient of variation (c.o.v. = v). Probabilistic

models for loads selected by Nessim and Hong (1994) were adopted (Table 4.2). Resistance
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models for concrete components (Table 4.3) were taken from Ellingwood and Mori (1992).

4.5 Computation of the Probability of Failure

The probability of failure associated with a given design case can be estimated as the probability

that the maximum total load exceeds the resistance during the design life of the structure. This can

be written as:

Pf=p(R-T<0) [4.3]

where R and T are random variables representing the actual resistance and maximum total lifetime

load.

For load combinations that include variable loads, represented by discrete processes (see Nessim

and Hong 1994, Section 3.2), the probability of failure is calculated as:

where pj is the total probability of failure during the design life, pjo is the probability of failure

during the design life due to permanent loads, A,- is the frequency of occurrence of the discrete

process during the design life, and pfi is the conditional probability of failure given an occurrence

of the process. All reliability computations were carried out using a computer program

(Gallowitzer et al. 1988) based on the First Order Reliability Method (Madsen et al. 1986).

4.6 Target Reliability Levels

The target reliability level can be met by ensuring that the probability of failure remains below a

maximum allowable value, which is usually selected on the basis of the concept of total risk. In a

previous study, Nessim and Hong (1994) reviewed allowable failure probabilities for nuclear,

offshore and other structures, and selected annual probabilities of failure (Pj) in the range of 106 to

1O5 for ultimate limit states, and 104 to 1O3 for serviceability related limit state. The target Pf for

the elastic limit state was chosen as 1O4 per year (Nessim and Hong 1994). In case of cracking of

a containment element, which is a less serious limit state, the target Pf was chosen as 103 per year.
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4.7 Summary

The yielding of non-prestressed reinforcement was defined as a limit of the elastic behaviour of a

containment, beyond which its leak integrity would be seriously compromised. This limit state,

referred to as the elastic limit state, is most relevant to the subject of prestressing losses, and was

the only one used in this work. Loads and load combinations relevant to the elastic limit state were

identified. Two load combinations involving accident pressure and design basis earthquake, which

belong to the abnormal/environmental category (CSA N287.3), were selected. Minor and

localized load effects were ignored in the analysis.

Probabilistic models for loads and resistance were taken from the literature. The principle of

reliability computation under permanent and variable discrete loads was briefly discussed. The

target probabilities of failure associated with the elastic and cracking limit states were chosen as

104 per year and 103 per year, respectively.
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5.0 EVALUATION OF BONDED P/C ELEMENTS

5.1 Introduction

Evaluation of bonded prestressing systems in containment structures is based on a series of flexural

and lift-off tests performed on a set of test beams. Construction of the test beams is identical to the

containment structure with regard to materials, the amount of reinforcement and the level of

prestressing.

In a flexural test, a test beam is loaded to 95% of the design cracking moment using a two-point

loading configuration as shown in Figure 3.1. The test result is acceptable if no cracking of the

concrete takes place under the test load. Flexural testing of test beams is an indirect method of

evaluation as its results (i.e., cracking or no cracking) do not quantify prestressing losses and their

impact on the leak integrity.

In this section, a method is described for quantifying changes in the calculated reliability of

containment elements using the results of flexural testing. The method was applied to study the

effect of the test load magnitude on updating reliability. As lift-off tests are performed on

unbonded test beams, the issues related to lift-off tests will be discussed in Section 6 entitled,

"Evaluation of Unbonded Prestressing Systems".

5.2 Reliability Updating Methodology

A practical method for reliability updating based on the results of first order reliability analysis (Jiao

and Moan 1990) is presented in this section. Consider the calculated reliability of an element with

respect to a given limit state function, g(X), which depends on a set of basic random variables X.

Results of the reliability analysis include the probability of failure, Pf= P[g(X) < 0]; reliability

index, PM = -®~l(.Pf)\ and sensitivity factors, a M (Madsen et al. 1986). Note that O is the

cumulative distribution function of the standard normal distribution. Let the information provided

by inspection data be described by an event function, e(Y), similar to the limit state function, g(X).

Here, the vector of random variables, Y, may contain some or all of the basic variables, X. Let the

reliability index and sensitivity factors associated with the event function be fir and a T ,

respectively.
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The updated probability of failure, Pjy, conditioned on an event, e(Y)<0, can be obtained using the

following law of conditional probability:

P^X^0ne^°] [5.1]0]

P[e(Y)<0]

An approximation of the updated reliability index, fiu = -Q>A{Pju), was proposed by Terada and

Takahashi (1988) as

2 [5.2]

where

C = = ~ 3 7 D = C ( C • PT)' P = °&ar [ 5 3 1

and 0 denotes the probability density function of the standard normal distribution. The correlation

coefficient, p (-1< p < 1), indicates the degree of dependence between the limit state and event

functions. A value of p close to ± 1 indicates that dependence is strong, whereas a value of p

close to 0 indicates weak dependence. Here, p is an important factor that controls the departure of

Pju from the original value, Pf.

5.3 Example Application

The reliability of the perimeter wall (hoop direction) of a vacuum building structure was analyzed.

The method described in the previous section was applied to update the probability of failure

associated with the elastic limit state. Since the flexural test is concerned with concrete cracking,

the probability of cracking was also calculated.

Design details of a perimeter wall section are presented in Table 5.1, which are similar to those of

the Bruce-B vacuum building (Ontario Hydro 1983). The magnitude of the nominal hoop

prestressing force was chosen to equilibrate the nominal tensile force generated by the unfactored

accident pressure. Note that the accident pressure used in this calculation was similar to that used

in the design of the perimeter wall of the Bruce-B vacuum building (Ontario Hydro 1983, pp.73).

Probabilistic characteristics of material properties of concrete and steel (Table 5.2) were taken from

Mirza and MacGregor (1982). Probabilistic Load models are presented in Table 5.3.
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5.3.1 Reliability Assessment of the Perimeter Wall Section

For reliability analysis, the perimeter wall was idealized as a prestressed tension member, and its

cracking and yield resistance were calculated using linear elastic models (Collins and Mitchell

1987). The following two load combinations: 1)7),+ Pa; and 2) Tp + Pr+ Qd were considered.

These are the same load combinations given in Equations [4.1] and [4.2], with the dead load

ignored because it has no effect in the hoop direction.

Under the first load combination, failure probabilities with no prestressing losses are as follows:

elastic LS = 4.3xlO16/year, membrane cracking LS = 1.6xlO"8/year. These values are very small

compared to the target values of lOVyear for the elastic LS and 10 Vyear for the cracking LS. A

gradual increase in the probability of failure (Py) due to prestressing losses is displayed in Figures

5.1 and 5.2. Small prestressing losses (<20%) do not increase the probability of reinforcement

yielding and cracking to a level that would pose a threat to the leak integrity. The amount of

reinforcing steel (0.313% of gross cross-sectional area) and the prestressing force control the

resistance under elastic and cracking limit states. Note that the amount of reinforcing steel in the

section might be governed by a load combination other than the accident pressure (Ontario Hydro

1983).

The calculation of failure probabilities was repeated for the seismic load combination,

(Tp + Pr + Qej). Results are plotted in Figures 5.3 and 5.4 for elastic and cracking limit states,

respectively. In this case, uncertainty associated with the earthquake force (c.o.v.=12) completely

dominates the calculation to an extent that prestressing losses have almost no impact on the

reliability. The seismic load combination is therefore not useful in studying the effect of

prestressing losses.

5.3.2 Reliability Assessment of the Test Beam

The two-point loading configuration used in flexural testing is shown in Figure 3.1. The test beam

dimensions, reinforcement and prestressing force are identical to those of the perimeter wall

(Table 5.1). The nominal cracking moment (Mcr), a function of the modulus of rupture and the

prestressing force, is 617 kN-m. In the calculation, linear uncracked elastic response was assumed

(Collins and Mitchell 1987). The test load (Q), corresponding to 0.95 Mcr, is 260 kN. There are

two possible outcomes of the flexural test, namely, no sign of cracking (survival), or visible signs

of cracking (failure). Flexural cracking could be a result of inadequate concrete rupture strength
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and/or reduction in prestressing force due to losses. Variation of the probability of flexural

cracking due to prestressing losses is plotted in Figure 5.5 for 2=260 kN. The failure

probabilities are high due to the large variability associated with the rupture modulus of the concrete

(c.o.v.=21%). The c.o.v. of the prestressing force (3.33%) is comparatively small.

5.3.3 Updated Probability of Failure

As a general rule, the degree of reliability updating is proportional to the degree of correlation

between the elastic limit state and flexural cracking of the test beam (event function). The

correlation coefficient between flexural cracking and the elastic limit state is expected to be very

small due to the fact that flexural cracking is primarily governed by uncertainty in the concrete

rupture modulus, whereas reinforcement yielding is influenced by the yield strength of steel and the

accident pressure. As a consequence, the results of flexural testing are not useful in updating Pf for

the elastic LS. This is also demonstrated by the results presented in Table 5.4 for three test load

levels. In all these cases, the change in Pf is practically zero. The correlation coefficient between

the elastic and cracking LS is approximately 0.01.

Since flexural testing is more concerned with cracking of test beams, attention was focused on

updating the reliability of the perimeter wall with respect to the cracking limit state (i.e., the applied

load effect exceeding the cracking resistance). As seen from Table 5.5, a significant decrease in Pf

is noted when no cracking occurs under the test load.

The effect of the test load magnitude on the updated fycan be seen from Figure 5.6. In this figure,

the test load effect is presented as the total applied moment due to test load and self weight, divided

by the cracking moment. In the computations, the tensile strength and modulus of rupture of the

concrete were assumed to be fully correlated. Prestressing losses were neglected in this example.

The probabilities of failure reported in Figure 5.6 are conditional on the occurrence of an accident.

The usefulness of the flexure test is evident from the significant updating of Pf especially if its

results indicate no cracking at higher loads (MlMcr > 0.9), or cracking of a test beam at lower

loads (MlMcr < 0.7). Flexural cracking of a test beam at higher loads (MIMcr > 0.9) does not

imply serious structural deterioration, on the contrary it leads to small improvement in the

calculated reliability.

Bayes theorem provides an explanation for the effect of test load magnitude on the updated Pf.

According to this theorem, an unlikely event, for example, cracking at a fairly small load or no
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cracking at a load close to the cracking load, has a pronounced influence on reliability updating.

On the contrary, more likely events, such as cracking at a load higher than the cracking load or no

cracking at a small load, do not provide appreciable information so that the updating becomes

insignificant.

The reliability updating was repeated for the second load combination, (Tp + Pr+ Qe(j).

Numerical results are shown in Figure 5.7 for the cracking limit state. Since the reliability

associated with the cracking LS under the second load combination is largely unaffected by

prestressing losses (Figure 5.4), its updating using Eqn. [5.2] leads to only marginal changes. In

this case, flexural testing is not useful in reliability updating because of the high uncertainty

associated with earthquake load effects.

5.3.4 Tendon Examination after Destructing a Test Beam

Visual examination of a tendon removed from a bonded test beam (CSA N287.7, Clause A8) is

useful in detecting signs of corrosion. Presently, information collected during the visual inspection

(i.e., corrosion or no corrosion) is.of a qualitative nature. Therefore, visual tendon examination is

not directly useful in updating the containment reliability. To make tendon examination more

useful, the state of tendon corrosion should be defined in terms of physical parameters (e.g., the

amount and rate of metal loss). These parameters should then be quantified during the inspection,

and used with a suitable model to update the reliability. Non-destructive evaluation of the

containment elements (e.g., perimeter wall, dome, and ring beam) is expected to provide more

comprehensive information regarding the extent of tendon corrosion than tendon examination after

the destruction of a test beam.

5.4 Summary

Flexural testing of test beams is the main method of evaluating bonded prestressing systems (Chu

and Vecchio 1983). Flexural testing is an indirect method of evaluation as its results (i.e., cracking

or no cracking) do not quantify prestressing losses and their impact on the leak integrity. A

procedure was described for updating the calculated reliability of containment elements using the

results of flexural tests. The procedure was used to update the reliability of a perimeter wall (hoop

direction) of a containment building.
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The flexural test is useful in updating the probability of cracking under accident pressure only (load

combination 4.1). No cracking of a test beam at a higher load (M/M c r > 0.9) improves the

calculated reliability of the perimeter wall. On the other hand, test beam cracking at a lower load

(M/Mcr < 0.7) decreases the calculated reliability.

The flexural test is not useful for updating the reliability associated with the elastic limit state

because it is not correlated significantly with flexural cracking of the test beam. The reliability

associated with elastic or cracking limit states under a design basis earthquake (load

combination 4.2) cannot be updated using the results of flexural testing, because the high

uncertainty associated with earthquake loading dominates the effect of prestressing losses in the

reliability calculation.

The role of flexural testing in evaluating bonded prestressing systems is limited. The flexural test

does not quantify prestressing losses. In contrast, lift-off tests are an effective way of estimating

prestressing losses, which will be shown in the following section. As far as tendon corrosion is

concerned, visual examination of tendons removed from bonded test beams (CSA N287.7,

Clause A8) is more useful than flexural testing. The only relevant information provided by

flexural testing is about the tensile strength of the concrete. However, this information can be

obtained by testing concrete specimens as recommended by Clause A4 of CSA N287.7. Based on

these arguments, it can be concluded that flexural testing of beams is not an effective method of

evaluating bonded prestressing systems.
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6.0 EVALUATION OF UNBONDED POST-TENSIONING SYSTEMS

6.1 Introduction

Evaluation of an unbonded prestressing system involves the measurement of tendon forces using

the lift-off test in a small randomly selected sample. This is a direct approach for estimating the

prestressing force at the time of inspection. In an inspection, a small sample size (e.g., 4 - 5

tendons) is preferred in order to minimize labour and cost requirements. However, a small sample

size introduces uncertainty in the corresponding estimate of the prestressing force, which is

referred to as sampling uncertainty (Cochran 1977). Clearly, there would not be any significant

uncertainty associated with sample estimates, if a large number of tendon forces were measured

during an inspection.

A method was developed for updating the probability of failure considering sampling uncertainty.

In this method, inspection data can be used to revise the probability distribution of the prestressing

force. A time dependent reliability analysis can then be performed to estimate the optimal time to

the next inspection.

6.2 Statistical Basis for Recommended Sample Size

The recommended sample size is 4% of the population of each tendon group with a minimum of

four tendons and a maximum of ten tendons (CSA N287.7, B4). If the results of previous

inspections show satisfactory performance, the sample size can be reduced to 2% of the population

of each tendon group with a minimum of three tendons and a maximum of five tendons.

The sample size is based on two considerations (Naus 1987): 1) to provide an accurate estimate of

the prestressing force characterized by a narrow 95% confidence interval; and 2) to provide a high

probability of including at least one defective tendon in the sample, if one exists.

Naus (1987) analyzed prestressing force data available from previous in-service inspection records

and concluded that the 4% sample size is sufficient to provide a high degree of confidence about the

average containment prestressing force. This was also confirmed by a confidence interval analysis

of the Darlington vacuum building inspection data (1992). The results reported in Table 6.1 show

narrow confidence intervals and high levels of precision suggesting that the 4% sample size is
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adequate. The measure of precision was defined as one-half the width of the confidence interval

divided by the sample mean and expressed as a percentage (Naus 1987). A small percentage value

would indicate a high level of precision.

The probability of detecting at least one defective tendon (e.g., corroded tendon) in a sample is

calculated using the binomial distribution model (Cochran 1977). Defective tendons are assumed

to be randomly distributed in the population of 100 tendons. The effect of sample size on the

probability of detection is shown in Table 6.2 for several proportions of defective tendons. The

probability of detecting at least one degraded tendon in the recommended sample size (4%) is small

unless a large number of defective tendons (30% to 40%) exist in the structure. This point is

further illustrated in Table 6.3 where sample size requirements for a specified probability of

detection (POD) are presented.

The detection probability may also be calculated based on a simplifying assumption that all

defective tendons are grouped together (Naus 1987). For example, given 10% defective tendons,

the probability of including at least one defective tendon in a sample of 4 tendons would be

approximately 40% (see Table 6.4). In the calculation, the tendon population was assumed to be

composed often groups often tendons each, nine groups containing no defective tendons, and one

group containing all of them. If the sample of 4 tendons is selected such that 4 groups of tendons

are sampled, then the probability of sampling the defective group is 4/10 = 40%. Although this

assumption results in a significant improvement in the probability of detection, its validity remains

debatable.

6.3 Sampling Uncertainty

The purpose of random sampling in the present context is to the estimate the statistical

characteristics (e.g., mean and standard deviation) of a population. Limited sampling introduces

uncertainty in these statistical characteristics, referred to as sampling uncertainty.

Assume that a sample of size n is randomly selected from a normally distributed population of

tendon forces. Note that the assumption of normally distributed tendon forces is consistent with

the probabilistic model assigned to the containment prestressing force in Table 4.2. Let the sample

mean and coefficient of variation (c.o.v.) be m and v, respectively. Sampling uncertainty

associated with m and v is represented by assigning c.o.v. values to their estimates (Stuart and Ord

1987):
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v
c.o.v. of the sample mean, vm = -j= [6.1 ]

c.o.v. of the sample c.o.v., vv = id + 2v2) [6 2]
V in

correlation coefficient between m a n d v , p = z l — [6.3]

Eqns. [6.1] to [6.3] show that sampling uncertainty decreases with the increase in sample size, n.

6.4 Reliability Updating Considering Sampling Uncertainty

A reliability analysis performed at the design stage is based on prior estimates of the uncertainty

associated with the prestressing force. After construction, the probability distribution of the

prestressing force can be revised by estimating its distribution parameters (m and v) from a sample

of measured tendon forces. Because of sampling uncertainty, the estimated distribution parameters

can be treated as random variables. In principle, the updated probability of failure can be computed

(Hong and Nessim 1993) as:

pjv = // Pfu(B)fA(a)da [6.4]
all/t

where A=(m,v) is a vector of random distribution parameters with the joint density function, ^ ( a ) ,

and PJIA(*) is the conditional failure probability (i.e., given a set of (m,v)).

The two point estimate method (Rosenbleuth 1975, Hong and Nessim 1993) was employed to

obtain an approximate solution for Pjy from Eqn. [6.4]. In this method, the joint density function,

Xt(a), is discretized into four segments. The probability density./^a), in each segment is replaced

by a concentration of probability mass (p*) equal to the corresponding area under / \ (a) curve.

Locations of the probability concentrations are calculated by matching the first three moments of A

obtained from the continuous and discretized forms of /A(a). Thus, the updated probability of

failure is expressed as

4

[PW\ [6.5]

where, a^ = (m*. v*) denotes the locations of probability concentrations. Analytical expressions

forpk and a^, Jfc=l,2... 4, are given in Appendix C. The method is known to provide reasonably

accurate solutions in cases involving mildly nonlinear limit state functions.
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6.5 inspection Interval Analysis

The probability of failure of a containment element increases over time due to degradation of the

prestressing system. Time to the next inspection can be determined by the requirement that the

probability of failure should not exceed the allowable value.

A time dependent analysis is required for estimating time to the next inspection. A simple

approximate method was developed for time-dependent reliability based on a more complex

approach presented by Ellingwood and Mori (1992).

The probability of failure, F(t), during a time interval (0, T) can be obtained by integrating the

probability of failure over time in order to account for the effect of prestressing losses and random

occurrence of loads (e.g., accident pressure) within this interval. The load occurrence in time is

described by a discrete Poisson process with a mean occurrence rate of X per year. This approach

leads to the following approximation for F(t):

F(T) = X\Pf(t)dt [6.6]

o

where P/fy, the probability of failure at time t, is calculated using the prestressing force distribution

at time t. A summary of the derivation of Eqn.[6.6] is presented in Appendix D.

The probability of failure during an interval (t, t\,t< t\) given the survival at time t, also known as

the hazard rate h(t), is obtained from

[6.7]
1 - F(t)

From the reliability viewpoint, time to the next inspection is the time when the hazard rate, h(t), is

likely to exceed the target probability of failure.

6.6 Example Application

In this section, reliability of the perimeter wall section (hoop direction) of a vacuum building is

analyzed. Design details (e.g., dimensions, reinforcement, prestressing force and material

properties) of the section, which are similar to those of the Darlington vacuum building (Ontario

Hydro 1986), are presented in Table 6.5. It was assumed that the prestressing system consists of
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100 tendons. Probabilistic characteristics of the resistance and loads are presented in Table 6.6.

The wall section was idealized as a prestressed tension element.

In the present example, accident pressure for a given prestressing force was calculated according to

general containment design philosophy (i.e., zero membrane tension under the factored accident

pressure). Note that the accident pressure was multiplied by a load factor (equal to 1.5) in

accordance with Clause 10.2 of the CSA N287.3. The purpose of this was to obtain a section that

just satisfies the zero tension criterion. In the actual design of the Darlington vacuum building or

any other containment, prestressing force might be more than that required to satisfy the code

requirement.

The effect of prestressing losses on the reliability associated with the elastic limit state was analyzed

under accident pressure (load combination 4.1). As shown in Figure 6.1, a large amount of

prestressing losses (=48%) can be tolerated before violating the target reliability requirement

(Pf = 10*4 per year). This indicates the conservative nature of current design practices from the

reliability viewpoint.

The expected prestressing losses are defined as the difference between the average values of the

original and measured prestressing forces, divided by the original average value.

6.6.1 Discussion of the Effect of Sample Size

The probability of failure increases with increased prestressing losses and c.o.v. of the sample, as

shown in Figure 6.2. The results were obtained using Eqn.[6.5] for several sample c.o.v. values

observed in a fixed sample size, n=4%= 4. From Figure 6.2, the maximum allowable value of

prestressing loss that meets the target Pf, can be obtained for a given sample c.o.v. value. Such

results are summarized in Figure 6.3, which shows plots of the sample size versus the allowable

prestressing losses for a wide range of the sample c.o.v.'s.

Figure 6.3 presents a reliability-based acceptance criterion that can be used to assess the structural

safety using inspection data. For example, 35% prestressing losses estimated from a sample of 4%

can be considered acceptable so long as the sample c.o.v. remains less than 20%. The influence

of the sample size is almost insignificant for c.o.v. values less than 15%, though more

pronounced for c.o.v. > 20%.
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Ellingwood and Mori (1992, pp.46) reported that the c.o.v. of the prestressing force is in the order

of 5% soon after the initial prestressing, and in the order of 10% after all losses. This view was

further reinforced by inspection data (Table 6.7) obtained from the Darlington vacuum building

(Darlington 1992) which had c.o.v. values of less than 4%. Average prestressing losses in all

tendon groups were fairly small (less than 2%). In this range of c.o.v. and prestressing losses, a

sample size of 2% to 4% would be sufficient to verify the reliability level without being

significantly affected by sampling uncertainty. Prestressing losses do not increase indefinitely with

time. In fact, most losses occur within a few years of construction (Ellingwood and Mori 1992).

This analysis was not repeated for the seismic load combination Eqn. [4.2] because the sampling

uncertainty, being very small (v=0.2-0.3) in comparison to that associated with the earthquake load

effect (v=12), will have no measurable influence on the reliability. This has been demonstrated in

Section 5 in connection with reliability updating with test beam information.

It is worth mentioning that a sample size of 2%-4% is adequate to verify the reliability associated

with the concrete cracking limit state. The target /^associated with the cracking limit state, Pf = 10"
3 per year, is higher than that associated with the elastic limit state (Pf = 10 4 per year). Therefore,

meeting the target reliability requirement associated with the elastic limit state ensures that the

reliability requirement for the cracking limit state is also satisfied.

6.6.2 Time to the Next Inspection

The inspection interval analysis technique described in Section 6.4 was used to determine the time

to the next inspection. Consider an example in which the first inspection of the prestressing system

(perimeter wall, previous example) was performed three years after construction. The total

prestressing loss per year can be estimated by subtracting the average value of measured tendon

forces from the original value (at the time of installation), and dividing the result by three. For the

sake of simplicity, the rate of prestressing loss is considered as a deterministic variable. Using

Eqn. [6.7], time dependent probabilities of failure were computed for several values of sample

c.o.v. and annual rate of prestressing loss.

Time to the next inspection (/#) was considered as the time when the predicted annual probability of

failure (h(t) in Eqn. [6.7]) exceeds the target level. Results plotted in Figure 6.4 show that tN is

over 20 years for small prestressing loss rates (< 2% per year) and sample c.o.v. (< 15%). In this

respect, a five year inspection interval recommended by CSA N287.7 appears to be conservative.
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This point is substantiated by Darlington inspection data (Table 6.3) which indicate a maximum

prestressing loss rate of 0.63% per year. An inspection interval of 5 to 10 years would be

necessary only if a large uncertainty in the sample of measured tendon forces (c.o.v. > 15%), and a

high prestressing loss rate (> 3% per year) were observed during an inspection. It is not likely that

such severe degradation will be encountered given the quality control measures applied at the

construction stage. It must be noted that the present findings are strictly applicable to the section

design parameters (e.g., reinforcement ratio) and elastic limit state considered in the example. A

less conservatively designed element, for example, may require more frequent inspections than

indicated by Figure 6.4.

6.7 Summary

Tendon force measurement using the lift-off test is a direct method of evaluating unbonded

prestressing systems. A reliability updating methodology was developed that utilizes sample

estimates of the mean and variance of the prestressing force. In the analysis, the sample mean and

c.o.v. were considered as random variables to account for sampling uncertainty.

The required sample size is dictated by the variability associated with the prestressing force. The

sample size recommended by CSA N287.7 (Clause B4.2), 4% of the tendon population, is

adequate for c.o.v. values (of the prestressing force) of less than 15%. Inspection of the

Darlington vacuum building (Darlington 1992) gives a c.o.v. value of 1% to 2% (Table 6.7),

indicating that the 4% sample size is adequate for that structure.

A reliability-based acceptance criterion was developed based on the average value of measured

tendon forces. The estimated prestressing force can be considered satisfactory, despite losses, so

long as the target reliability requirement is not violated. The acceptance criterion has been

presented in terms of the sample size, c.o.v. and allowable value of the average prestressing

losses. This approach addresses the variability associated with system parameters, as well as the

reserve strength of containment elements. The suggested approach can be used for elements of

existing containment structures.

A reliability-based approach was developed to estimate the time to the next inspection, which

depends on the rate of prestressing losses and uncertainty associated with the prestressing force. It

was found that the five year inspection interval recommended by CSA N287.7 (Clause B3) is

conservative.
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The results reported in this section can be utilized to develop a reliability-based inspection

procedure for evaluating unbonded prestressing systems. Steps involved in such an approach are

presented in Figure 6.5.

A review of Darlington vacuum building design indicates the conservative nature of current design

practices from the reliability viewpoint. A large amount of prestressing losses can be tolerated

before violating the target safety requirement. This implies that frequent inspection and stringent

acceptance criteria may not be necessary.

The findings of this section are also applicable to evaluation of bonded prestressing systems using

the results of lift-off tests performed on unbonded test beams.
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7.0 CONCLUDING REMARKS

7.1 Summary

The main function of the containment prestressing system is to counterbalance membrane tensile

forces, resulting from a loss of coolant accident. Degradation of the prestressing system over time

due to creep & shrinkage deformations, stress relaxation, and corrosion poses a major threat to

containment leak integrity. This may lead to an unacceptable level of risk to human life and health.

In-Service Inspection procedures, for periodic evaluation of bonded and unbonded prestressing

systems, have therefore been recommended by CSA Standard N287.7.

The CSA inspection guidelines are of a semi-empirical nature. They do not consider the variability

associated with loads, resistance, material deformations, and small samples in interpreting

inspection results. Reliability-based inspection is a rational method of maintaining a target

reliability level throughout the service life of the containment.

- A framework for probabilistic analysis of containment elements was developed. Following the

allowable stress limits recommended by the Canadian (CSA N287.3) and U.S. (ASME 1986)

design codes, yielding of non-prestressed reinforcement under primary (membrane) tension was

chosen as the limit state corresponding to maintenance of the leak integrity of containment

elements. This limit state is referred to as the elastic limit state. Relevant load combinations and

probabilistic models for loads and resistance were selected. The target probability of failure was

defined as 1CH per year for the elastic limit state.

Flexural testing of test beams and lift-off tests are the two main inspection methods. Probabilistic

analysis techniques were applied to utilize the inspection data in revising the calculated reliability of

containment elements. A time-dependent reliability analysis was used to estimate the time to next

inspection. Examples similar to existing vacuum building structures (Bruce B and Darlington)

were included to illustrate the developed procedures.

7.2 Assessment of CSA Inspection Guidelines

An assessment of the current CSA inspection guidelines from the reliability viewpoint resulted in

the conclusions given in the following sub-sections.
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7.2.1 Bonded Prestressing Systems

With reference to the elastic limit state, results of flexural testing are not useful. However, the

probability of cracking of containment elements can be significantly updated using these results.

No cracking of a test beam under the specified test load would imply improved reliability. If a test

beam cracks during the test, the decrease in reliability depends on the magnitude of the cracking

load.

It is concluded that the role of flexural testing in evaluating bonded prestressing systems is limited.

The flexural test does not quantify prestressing losses. In fact, lift-off tests are an effective way of

estimating prestressing losses. As far as tendon corrosion is concerned, visual examination of

tendons removed from bonded test beams (CSA N287.7, Clause A8) is more useful than flexural

testing. The only relevant information provided by flexural testing is about the tensile strength of

the concrete. However, this information can be obtained by testing concrete specimens as

recommended by Clause A4 of CSA N287.7.

7.2.2 Unbonded Prestressing Systems

Direct measurement of tendon forces using the lift-off test provides useful information for

reliability updating. The required sample size is dictated by the variability associated with the

prestressing force. The recommended sample size, 4% of the tendon population, is adequate for

c.o.v.s (of the measured prestressing force) of less than 15%, which has been typically observed

in past inspections.

According to the CSA standard (Clause A 10.2), a measured tendon force is considered acceptable

if it is higher than the predicted value inclusive of all time dependent losses up to the time of

inspection. This acceptance criterion is quite restrictive as it does not acknowledge the variability

associated with tendon forces and time dependent losses.

A reliability-based acceptance criterion was developed based on the notion that the estimated

prestressing force is satisfactory, in spite of losses, so long as the target reliability requirement is

not violated. This criterion was presented in terms of the sample size, c.o.v. of the prestressing

force and allowable value of the average prestressing losses.

A reliability-based approach was utilized to estimate the time to next inspection on the basis that an
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inspection should be performed when the annual probability of failure exceeds the target level. An

inspection interval of 5 to 10 years is justified in case of severe degradation of the prestressing

system, as characterized by a high prestressing loss rate (> 3% per year) and a large c.o.v. of the

prestressing force (c.o.v. > 15%). In this respect, the five year inspection interval recommended

by the CSA Standard is conservative. A systematic reliability-based inspection procedure (see

Figure 6.5) was developed based on the results of this project.

7.3 Suggestions for Future Work

The approach developed in this study forms a basis for future inspection and assessment of

existing containment structures. It is suggested that a survey of structural designs of existing

containments be performed to estimate realistically the design forces (e.g., accident pressure,

operating pressure and prestressing force) and resistance parameters. This information, which

could not be obtained for this study, is necessary for preparing a structure-specific inspection

schedule and validating the conclusions in this report.

The significance of pressure testing, used to evaluate leak tightness of a containment structure, is

suggested as a topic for future work in the area of reliability-based assessment of CANDU

containment structures. More specifically, the following points should be investigated:

1) reliability-based assessment of inspection requirements and acceptance criteria regarding the

leak rate observed in a pressure test; 2) definition of an appropriate limit state function relating the

leak rate, crack width and pressure inside the containment; 3) the target reliability level associated

with the pressure test; 4) a procedure for reliability updating based on the results of the pressure

test; 5) effects of the magnitude of the test pressure on the updated reliability; and 6) estimation of

the time to next pressure test.

31



8.0 REFERENCES

American Concrete Institute 1977. Design and Construction of Circular Prestressed Concrete
Structures. ACI Manual of Concrete Practice 1992, Part 4, 344.1 -344.16.

American Concrete Institute 1985. Code Requirements for Nuclear Safety Related Concrete
Structures (ACI 349-85). ACI Manual of Concrete Practice 1992, Part 4, 349.1-349.96.

American Society of Civil Engineers 1980. Structural Analysis and Design of Nuclear Plant
Facilities. ASCE, New York, NY.

American Society of Mechanical Engineers 1986. Code for Concrete Reactor Vessels and
Containments. ASME, New York, NY.

Canadian Standard Association 1992. Design Requirements for Concrete Containment Structures
for CANDU Nuclear Power Plants. CAN/CSA N287.3.

Canadian Standard Association 1994. In-Service Examination and Testing Requirements for
Concrete Containment Structures for CANDU Nuclear Power Plants. CAN/CSA N287.7-
M94 (Draft)

CANATOM 1982. Point Lepreau Generating Station: Reactor Building Containment Structure.
Report DM-5061-21000-01.

Chu S. and Vecchio, F. 1983. Bruce GS "B": Initial Test of Vacuum Building Test Beams.
Report 83-367-K, Ontario Hydro.

Collins, M.P. and Mitchell, D. 1987. Prestressed Concrete Basics. Canadian Prestressed
Concrete Institute, Ottawa, Canada.

Cochran, W.G. 1977. Sampling Techniques. John Wiley & Sons. Inc., New York, NY.

Darlington 1992. Periodic Inspection report for Darlington NGS "A" Vacuum Structure Post-
Tensioning System Surveillance Inspection. IMMD Report N-TR-03640.3-0001

32



Ellingwood, B.R. and Mori, Y. 1992. Conditional Assessment and Reliability-Based Life
Prediction of Concrete Structures in Nuclear Plants. Oak Ridge National Laboratory,
ORNL/NRC/LTR-92/4.

Gollwitzer, S., Abdo, T. and Rackwitz, R. 1988. First Order Reliability Method Manual
(FORM). RCP GmbH, Munich, Germany.

Halligan, D.W. 1976. Prestressed Concrete Nuclear Plant Containment Structures. PCI Journal,
Vol. 21, No. 5, 158-175.

Hong, H.P. and Nessim, M.N. 1993. The Characterization and Analysis of Load and Load Effect
Uncertainties for Fixed Offshore Structures and their Code Implications. C-FER Report
92-43, Edmonton, Alberta.

Huterer, J., Ha, E.C., Brown, D.G. and Cheng, P.C. 1985. Darlington GS Vacuum Building -
Containment Shell. Nuclear Engineering and Design, Vol. 85, 131-140.

Jiao, G. and Moan, T. 1990. Methods of Reliability Updating Through Additional Events.
Journal of Structural Safety, Vol. 9, 139-153.

Kulka, F. and Wahl, H.W. 1968. American Practices in the Design of Prestressed Concrete
Containments. Journal of the Prestressed Concrete Institute, Vol. 13, No. 3, 40-61.

MacGregor, J.G., Murray, D.W. and Simmonds, S.H. 1980. Behavior of Prestressed Concrete
Containment Structures: A Summary of Findings. Structural Engineering Report 88,
University of Alberta, Edmonton.

Madsen, H. O., Krenk, S. and Lind, N. C. 1986. Method of Structural Safety. Prentice-Hall
Inc., Englewood Cliffs, New Jersey.

Mirza, S.A. and MacGregor, J.G. 1982. Probabilistic study of strength of reinforced concrete
members. Canadian Journal of Civil Eng., Vol. 9, 431-448.

Naus, D.J. 1987. Regulatory Analysis of Regulatory Guide 1.35 - In service Inspection of
Ungrouted Tendons in Prestressed Concrete Containments. Oak Ridge national
Laboratory, ORNL/TM 10163.

33



Nessim, M.N. and Hong, H.P. 1994. Load Factors Used in the Design of CANDU Concrete
Containment Structures. AECB Research Report 2.247.1.

Ontario Hydro 1983. Bruce G.S. "B" Vacuum Building Perimeter Wall S.I. 25147-1.

Ontario Hydro 1986. Darlington G.S. "A" Design Manual: Vacuum Structure. SCI 26100.

Rosenbleuth, E. 1975. Point estimates for probability moments. Proc. U.S. National Academy of
Science, Vol. 72, 3812-3814.

Terada, S. and Takahashi, T. 1988. Failure Conditioned Reliability Index. Journal of Structural
Engineering, ASCE, Vol. 114, No. 4, 942-952.

U.S. Nuclear Regulatory Commission 1977. "Inservice Inspection of Prestressed Concrete
Containment Structures with Grouted Tendons". Regulatory Guide 1.90.

U.S. Nuclear Regulatory Commission 1990. "Inservice Inspection of Ungrouted Tendons in
Prestressed Concrete Containments". Regulatory Guide 1.35.

U.S. Nuclear Regulatory Commission 1990. "Determining Prestressing Forces for Inspection of
Prestressed Concrete Containments". Regulatory Guide 1.35.1

Walser, A. 1984. Capability of a prestressed concrete containment for internal pressure load.
Nuclear Engineering and Design, Vol. 82, 25-35.

34



Stress

Concrete -
Compression

Concrete -
Tension

Reinforcement -
Compression

Average Stress
Primary

Stress

0-3 fcut

0

0.5 fy

Primary+Secondary

Stress

0.4 Tcue

0.25/r^"

0.67 fy

Primary

Stress

0.45 fcul

05 V^a

0.5 fy

Point Stress
Primary+Secondary

Stress

0 6 fcus

0 . 6 2 ^ 1

0.67 fy

fcut = compressive strength of concrete at time of test (MPa)

fy - tensile yield strength of reinforcing steel (MPa)

Table 2.1 Working stress limits for normal, abnormal
and environmental load categories (ASME 1986)



Stress

Concrete -
Compression

Concrete -
Tension

Reinforcement -
Compression

Primary Stress

0.75 f'c

0 .33 / r ;

0.5 £ to 0.65 £

Primary* Secondary

Stress

0.85 f'c

-

f'c = compressive strength of concrete at time of test (MPa)

Table 2.2 Ultimate stress limits for abnormal/environmental load category (CSA N287.3)



Load
Combination

Abnormal

Environmental

Abnormal/

Environmental

D

1.00

1.00

1.00

1.00

1.00

1.00

L

1.00

1.00

1.00

1.00

1.00

1.00

TP

1.00

1.00

1.00

1.00

1.00

1.00

Tsc

1.00

1.00

1.00

1.00

1.00

1.00

Pa

1.50

Pr

1.00

Pv

1.00

Pvo

1.00

1.00

1.00

To

1.00

1.00

1.00

1.00

1.00

Ta

1.00

Qed

1.00

1.00

1.00

Qt

1.00

Ro

1.00

1.00

1.00

1.00

1.00

1.00

Ft

1.00

X

1.00

D = dead loads

L = live loads

Tp= prestress force

7SC = shrinkage and creep effects

Pa = accident pressure

Pr= reduced accident pressure
pv= negative pressure
pvo = operating negative pressure

7*o = operating temperature effects

Ta = accident temperature effects

Qed = design basis earthquake

Qf = tornado load effects

^ o = pipe reactions in normal operation

Ra = pipe reactions
R = pipe rupture effects in an accident

X = explosion

Table 4.1 Load combinations and load factors - Abnormal/Environmental category (from Table 6.1, CSA N287.3)



Type

Permanent

Variable-
in-time

Name

Dead

Prestressing force

Accident pressure

Reduced accident
pressure

Earthquaket

Symbol

D

T
P

Pa

Pr

Distribution
Type

Normal

Normal

Normal

Normal

Lognormal

r

1.0

0.9

0.80

0.80

-

V

0.07

0.033

0.20

0.20

12

X
( /year)

4x10"3

same as
earthq.

0.32

Notes: t Q^corresponds to the load with a return period of 1000 years.
r= mean to nominal ratio, v= coefficient of variation, X= load occurrence rate

Table 4.2 Probabilistic load models



Limit State

Short column,
tension

Short column,
compression

Beam, flexure

Slab, flexure

Distribution
Type

Lognormal

Lognormal

Lognormal

Lognormal

Mean to Nominal Ratio

1.12

1.13

1.11

1.12

c.o.v.

0.13

0.14

0.13

0.14

Table 4.3 Probabilistic descriptions of the resistance of concrete members



No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Variable

In-situ Concrete Strength

Concrete Rupture Modulus

Concrete Tensile Strength

Concrete Elastic Modulus

Steel Yield Strength

Steel Elastic Modulus

Section Depth

Section Width

Tension Steel Area

Compression Steel Area

Effective Depth : Tension

Effective Depth: Compression

Prestressing Force

Test Beam Span

Nominal Value

27.6 MPa

3.15 MPa

1.73 MPa

27.6 GPa

414 MPa

200 GPa

1143 mm (45 in)

533 mm (21 in)

1908 mm2 (0.313%)

1908 mm2

1065 mm

78 mm

1020 kN

6m

Table 5.1 Geometric parameters and material properties of the perimeter wall
(and test beam section)



No.

1

2

3

4

5

Variable

In-situ Concrete Strength

Concrete Rupture Strength

Concrete Tensile Strength

Steel Yield Strength

Steel Elastic Modulus

Distribution

Normal

Normal

Normal

Normal

Normal

Mean

33.6 MPa

3.48 MPa

1.91 MPa

467.8 MPa

200 GPa

c.o.v.

0.14

0.21

0.15

0.11

0.033

Table 5.2 Probabilistic characteristics of resistance variables



No.

1

2

3

4

Load

Prestressing Force

Accident Pressure

Reduced Accident
Pressure (=0.4/^)

Design Basis
Earthquake (=0.55/^)

Distribution

Normal

Normal

Normal

Lognormal

Nominal

Value

1020 kN

1020 kN

408 kN

224.4 kN

Mean to

Nominal Ratio

0.9

0.8

0.8

return period =
1000 years

c.o.v.

0.033

0.20

0.2

12

Occurrence

Rate (/year)

permanent

4x10-3

0.32

0.32

Table 5.3 Probabilistic characteristics of loads acting on the perimeter wall



Flexural

Applied Load

(kN)

260

275

306

Test Loading

Ratio of Applied
Moment

to Cracking
Moment

0.95

1.0

1.1

Elastic

Limit State

Original Pf

0.108 x10"12

0.108 x 1 0 1 2

0.108 x 1 0 1 2

Flexural Test Results

'No Cracking'

Updated Pf

0.102 X10"12

0.101 x 1 0 1 2

0.097 x10 ' 1 3

'Cracking'

Updated Pf

0.118 x10'12

0.116X10'12

0.112 x10'12

Table 5.4 Reliability updating based on flexural test results (elastic limit state)



Flexural

Applied Load

(kN)

260

275

306

Test Loading

Ratio of Applied
Moment

to Cracking
Moment

0.95

1.0

1.1

Cracking

Limit State

Original Pf

0.408 X 10'5

0.408X105

0.408 x10-5

Flexural Test Results

'No Cracking'

Updated Pf

0.496X109

0.247 x 10"10

0.235 x 10 1 3

'Cracking'

Updated Pj

0.398 x 10"6

0.304 x10"6

0.386 x 10"6

Table 5.5 Reliability updating based on flexural test results (cracking limit state)



Tendon

Group

Horizontal

Vertical

Dome

Tendon

Force

(kN)

7086

6951

6994

6585

7068

7130

7072

6974

6957

4400

4319

4737

4546

Average

Force

(kN)

6904

7040

4501

Standard

Deviation

(kN)

220

73

184

Confidence

Upper

Limit

(kN)

7247

7129

4787

nterval - 95%

Lower

Limit

(kN)

6561

6951

4214

Precision

(%)

4.96 %

1.26%

6.36 %

Note: The measure of precision was defined as one-half the width of the confidence interval
divided by the sample mean and expressed as a percentage (Naus 1987).

Table 6.1 95% Confidence interval on the average prestressing force
(Darlington vacuum building inspection data 1992)



Defective
Tendons (%)

5

10

20

Sample Size
(%)

2

4

8

2

4

8

2

4

8

Probability of
Detection

0.10

0.19

0.35

0.19

0.35

0.58

0.36

0.60

0.84

Table 6.2 Probability of detecting at least one defective tendon in a sample



Probability of
Detection

0.90

0.80

0.50

Defective Tendons
(%)

5
10

20

44

5

10

20

33

5

10

20

Sample Size
(%)
37

20

10

4

27

15

7

4

13

7

3

Table 6.3 Sample size requirements for a specified probability of detection



Defective
Tendon

(%)

5

10

20

Sample Size (%)

2

4

8

2

4

8

2

4

8

Probability of Detection

0.1

0.2

0.4

0.2

0.4

0.8

0.4

0.8

1.0

Note: In the calculation, the tendon population was assumed to be
composed of ten groups of ten tendons each, nine groups containing no
defective tendons, and one group containing all of them.

Table 6.4 Probability of detecting at least one defective tendon group
(all defective tendons are grouped together)



No.

1

2

3

4

5

6

7

8

9

10

11

12

13

Variable

Specified Concrete Strength

Concrete Rupture Modulus

Concrete Tensile Strength

Concrete Elastic Modulus

Steel Yield Strength

Steel Elastic Modulus

Section Depth

Section Width

Tension Steel Area

Compression Steel Area

Effective Depth: Tension

Effective Depth: Compression

Prestressing Force

Nominal Value

35MPa

3.15 MPa

1.73 MPa

27.6 GPa

400 MPa

200 GPa

1200 mm

1000 mm

3500 mm2{0.29%)

3500 mm2

1095 mm

105 mm

10300 kN

Table 6.5 Geometric parameters and material properties of the perimeter wall



No.

1

2

3

Variable

Resistance

Resistance

(tension member)

Loads

Prestressing Force

Accident Pressure

Distribution

Lognormal

Normal

Normal

Nominal

Value

2800 kN

10300 kN

6867 kN

Mean to Nominal
Ratio

1.12

0.9

0.8

c.o.v.

0.13

0.033

0.20

Table 6.6 Probabilistic characteristics of resistance and load variables



N o .

1

2

3

4

5

Average

Standard Deviation

Sample c.o.v. (%)

Average Prestressing Losses
(%)

Horizontal Tendons

Installation

7215

7117

7072

6743

7037

205

2.91

Inspection

7086

6951

6994

6585

6904

220

3.19

1.9

Vertical Tendons

Installation

7299

7086

6926

6970

7019

7060

146

2.07

Inspection

7068

7130

7072

6974

6957

7040

73

1.03

0.3

Note: Inspection was performed three years after construction.

Table 6.7 Inspection data from Darlington vacuum building: tendon forces (kN)
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Figure 3.1 Flexural test of a bonded prestressed concrete beam
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Figure 5.1 Annual Pf of perimeter wall for the elastic limit state under accident pressure
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Figure 5.2 Annual Py-of perimeter wall for the cracking limit state under accident pressure
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Figure 5.3 Annual Pjof perimeter wall for the elastic limit state under the seismic load combination
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Select a sample of tendons using
guidelines of theCSA N287.7, Clause B4

Perform lift-off tests on the
selected tendons
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Use Figure 6.3 to determine allowable
prestressing losses

Is allowable value of the prestressing
loss greater than measured value ?
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Prestressing system is satisfactory

No

Reportable condition
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Estimate time to the next inspection
using Figure 6.4

Figure 6.5 A reliability-based inspection procedure



APPENDIX A CSA N287.7 GUIDELINES FOR USING TEST BEAMS FOR
EVALUATING BONDED PRESTRESSING SYSTEMS

Note: This Appendix is not a mandatory part of this Standard.

A1.0 Scope

Al.l This appendix provides guidelines that shall be observed in developing detailed
specifications and procedures for evaluating bonded prestressing systems.

A 1.2 This program is intended to detect deterioration in the materials and to confirm that the
time-dependant prestressing losses used in the design of the containment structure are
within expected values. It is not intended to simulate the structural behaviour of the
containment structure under loads.

A 1.3 The evaluation is accomplished by:

(a) a destructive test to confirm the effectiveness of the corrosion prevention medium
by examining the condition of the tendon;

(b) a series of flexural tests to confirm that potential material degradation and time-
dependant prestressing losses do not result in prestressing forces that are below the
design value; and

(c) a series of lift-off tests to confirm that the time-dependant prestressing losses due
to shrinkage and creep of the concrete, and due to the relaxation of the tendon are
within expected values.

A2.0 Number of Test Beams

A2.1 Each set of test beams shall consist of a minimum of 18 beams distributed as follows:

(a) 12 bonded test beams for destructive examinations and flexural tests;

(b) 2 additional bonded test beams; and

(c) 4 unbonded test beams for lift-off tests.

The number of bonded test beams shall be consistent with the test frequency and the
design life of the plant including possible plant life extension.

A2.2 More than one set of test beams shall be required if the material and corrosive prevention
features in different parts of the containment structure are significantly different.

A3.0 Design Parameters

A3.1 The material specifications used in the construction of the test beams shall be identical to
the containment structure such as:

(a) the tendon;
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(b) the anchorage assembly and its protection;

(c) the grout; and

(d) the concrete.

A3.2 The design of the test beams shall approximate the corrosive prevention features of the
containment structure such as:

(a) the minimum concrete cover to the tendon;

(b) the level of prestressing in the tendon and concrete; and

(c) the percentage of non-prestressed reinforcement in the direction of the tendon.

The test beams required for the lift-off tests shall have the unbonded tendons permanently
protected with a suitable material and the anchorages provided with removable protective
materials, or covers, or both.

A3.3 The recommended minimum length of the test beams is 6 m. Sufficient reinforcement
normal to the tendon profile shall be provided to avoid failure of the beam during the
flexural tests.

A4.0 Material Properties

The properties of the materials used in the construction of the test beams shall be
measured from test specimens, namely:

(a) the yielding and ultimate strengths of the tendon;

(b) the yielding strength of the non-prestressed reinforcement; and

(c) the compressive and tensile strengths of the concrete.

These material properties shall be used to investigate deterioration in the performance of
the test beams (see Clauses A8.3, A9.3 and A10.3).

Note: Considerations should be given to the use of shrinkage and creep tests of the
concrete; these tests provide useful information that can be used in predicting time-
dependant prestressing losses.

A5.0 Construction

The materials shall be obtained from the same shipment used in the construction of the
containment structure. The placing of the concrete and the stressing of the tendon of the
test beams shall be done at the same time as in the containment structure. Sufficient
concrete test specimens shall be fabricated to establish its properties (see Clause A4.0).
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A6.0 Storage

The test beams shall be stored on the station site and in an area expressly identified for
the intended purpose. The location shall be sufficiently convenient to minimize the
handling for testing and to best duplicate the atmospheric and environmental conditions
that the containment structure will experience during its service life.

A7.0 Test Frequency

The tendon examination, flexural tests, and lift-off tests shall be performed at maximum
intervals of 5 years after the test beams are stressed.

A8.0 Tendon Examination

A8.1 One bonded test beam shall be destructed by chipping the concrete cover; the tendon shall
be taken out and examined, and its condition evaluated. The selected beam shall be the
one that has exhibited the greatest deterioration in appearance, for example, surface
cracking of the concrete.

A8.2 The evaluation of the tendon of the destructed test beam shall be considered acceptable
if no deterioration is present.

A8.3 In the event the requirement of Clause A8.2 is not met, the cause of deterioration shall
be investigated; further testing and examination of other test beams may be required. The
integrity test and examination requirements of the containment structure may need to be
revised based on the cause of deterioration.

A9.0 Flexural Tests

A9.1 All bonded test beams shall be loaded to 95% of the design cracking moment. The design
cracking moment shall be computed based on the factored material resistances that include
long-term prestressing losses due to shrinkage and creep of the concrete, and due to the
relaxation of the tendon. The loading set-up shall be a two-point-load configuration at
one-third of the beam length. The testing procedures shall be identical for all beams and
for all subsequent tests.

A9.2 The flexural tests shall be considered acceptable if the test beams do not show sign of
concrete cracking.

A9.3 In the event the requirement of Clause A9.2 is not met, the cause of concrete cracking
shall be investigated; the test beam may be destructed and examined to determine the
cause. If cracking is due to tendon deterioration and loss of prestressing forces, the
integrity test and examination requirements of the containment structure shall be reviewed.

A10.0 Lift-off Tests

A 10.1 A lift-off test or other equivalent test shall be performed on all unbonded test beams to
determine the prestressing force.

A10.2 The lift-off tests shall be considered acceptable, provided:

(a) the prestressing forces are above the design value; the design value shall be
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computed based on the factored material resistances that include long-term
prestressing losses due to shrinkage and creep of the concrete, and due to the
relaxation of the tendon; and

(b) there is no unusual trend indicating that the prestressing force may fall below the
design value at any time within the service life of the containment structure.

A 10.3 In the event the requirements of Clause A 10.2 are not met, the conditions of the test
beams and the validity of the test results shall be evaluated. In the event the prestressing
forces are below the design value, the design of the containment structure shall be
reviewed.
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APPENDIX B CSA N287.7 GUIDELINES FOR EVALUATING UNBONDED
POST-TENSIONING SYSTEMS

Note: This Appendix is not a mandatory part of this Standard.

B1.0 Scope

Bl.l This appendix provides guidelines that shall be observed in developing detailed
specifications and procedures for evaluating unbonded post-tensioning systems.

B1.2 This program is intended to detect deterioration in the materials and to confirm that the
time-dependant prestressing losses used in the design of the containment structure are
within expected values.

B1.3 The inspection, examination, and test (use "inspection" for the remaining part of this
appendix) of randomly selected tendons shall include, but not be limited to, the following:

(a) the measurements of tendon forces to confirm that the time-dependent prestressing
losses due to shrinkage and creep of the concrete, and due to the relaxation of the
tendon are within expected values; and

(b) the inspection of tendon wires or strands, tendon corrosion prevention medium, and
anchor regions to detect deterioration in the materials.

B2.0 General

B2.1 The Engineer shall prepare a plan for the inspection of the unbonded post-tensioning
system prior to commissioning the containment structure. The plan shall include, but not
be limited to, the following:

(a) inspection schedule;

(b) tendon selection criteria;

(c) predicted tendon forces and acceptance criteria for the service life of the containment
structure;

(d) visual inspection requirements for the tendon wires, strands, and anchor regions;

(e) sampling and testing requirements of the tendon corrosion prevention medium; and

(f) references to the construction records of the concrete and the post-tensioning system,
particularly the dates of tendon stressing, initial seating forces, the minimum design
post-tensioning forces, the initial qualification test reports of all hardware and
corrosion prevention medium, locations of broken wires or strands, and all non-
conformance reports during construction.

B2.2 The Engineer shall ensure that additional tendon wires or strands, and other related
hardware are incorporated in the original design to satisfy the requirements of this
appendix.
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B3.0 Inspection Frequency

B3.1 The first inspection of the unbonded post-tensioning system shall be completed in
accordance with the plan within 5 years following the proof pressure test, and at 5 year
intervals thereafter.

B3.2 The interval between some of the inspections may be increased from every 5 years to a
longer period agreed by the regulatory authority provided that there is no deterioration in
the performance of the containment structure; the interval between two inspections shall
not exceed 10 years. The interval between some of the inspections may be decreased
from every 5 years to a shorter period if deterioration of the unbonded post-tensioning
system is detected, or if an unusual trend of the leakage rate of the containment structure
is observed.

B4.0 Tendon Selection Criteria

B4.1 The tendons shall be divided into groups according:

(a) to their locations, for example, vertical, horizontal, wall, dome, and foundation; and

(b) by materials, for example, where different material properties result in significant
differences in time-dependent prestressing losses.

B4.2 For each inspection, 4% of the population of each tendon group shall be selected
randomly; the sample size shall have a minimum of 4 tendons and need not exceed 10
tendons.

B4.3 If the results of previous inspections show satisfactory performance, 2% of the population
of each tendon group shall be selected for subsequent inspection; the sample size shall
have a minimum of 3 tendons and need not exceed 5 tendons.

B4.4 Tendons that had been inspected and found acceptable during previous inspections shall
be excluded from the tendon group population during subsequent inspection.

B4.5 Tendons that were subjected to restoration work shall be inspected in the next inspection
program as additional requirements.

B5.0 Tendon Force Measurements

B5.1 The tendon forces for the selected tendons shall be measured by proven methods and
equipment used in the post-tensioning construction industry. If the lift-off method is
selected, the procedure shall be repeated at least twice and the average of the two readings
shall be used for calculating the tendon force.

B5.2 The tendon forces are acceptable, provided:

(a) the measured forces are within the time-dependent predictions as estimated by the
Engineer; the time-dependent tendon forces shall be computed based on the in-situ
material properties that include prestressing losses due to shrinkage and creep of the
concrete, and due to the relaxation of the tendon; and

(b) there is no unusual trend indicating that the predicted force may fall below the
minimum design post-tensioning force at any time within the service life of the
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containment structure; the minimum design post-tensioning force shall be computed
based on the factored material properties that include long-term prestressing losses
due to shrinkage and creep of the concrete, due to the relaxation of the tendon, and
due to allowance for breakage.

B5.3 In the event the requirements of Clauses B5.2 are not met, the cause of the non-
conformance shall be investigated; the integrity test and examination requirements of the
containment structures shall be revised based on the cause of the deterioration. If an
unusual trend in predicted forces is detected, tendon force measurements at shorter
intervals shall be done to monitor the trend, if deemed necessary by the Engineer. If the
measured force is below the minimum design post-tensioning force, the tendon shall be
de-tensioned and restored to the requirements of the original specifications; additional
tendons in the same tendon group shall be selected for inspection to determine if the
deficiency is generic in nature.

B6.0 Inspection of Tendon Wires or Strands

B6.1 For each tendon group, a minimum of one tendon from the selected tendons shall be de-
tensioned, and one wire or strand shall be removed for inspection of signs of corrosion,
or other abnormal physical damages.

B6.2 If judged by the Engineer that there has been a change in cross-sectional area of the wire
or strand due to corrosion, the removed wire or strand shall be tested to determine its
ultimate tensile strength and elongation. The tendon wire or strand is acceptable if the
test results are not less than the minimum specified values; otherwise, additional
inspections shall be done, if deemed necessary by the Engineer, to determine if the
deficiency is generic in nature.

B6.3 The de-tensioned tendons shall be restored to the requirements of the original
specifications. Any non-conformance during the restoration process shall be recorded for
review and approval by the Engineer.

B7.0 Inspection of the Tendon Corrosion Prevention Medium

B7.1 The corrosion prevention medium at the selected tendons shall be inspected. A minimum
of one sample (the worst one by visual inspection) in each tendon group shall be taken
in a sealed container to a qualified laboratory for analysis.

B7.2 The inspection of the corrosion prevention medium is acceptable if the laboratory test
results are found to be within the original specifications described in CSA/CAN N287.2.
If degradation or contamination of the corrosion prevention medium is detected, additional
inspections and laboratory tests shall be done, if deemed necessary by the Engineer, to
determine if the problem is generic in nature. Any non-conformance during the inspection
or restoration process shall be recorded for review and approval by the Engineer.

B8.0 Inspection of Tendon Anchor Regions

B8.1 The anchor regions at the selected tendons shall be inspected; the inspection shall cover
the exposed concrete surface and anchorage hardware, items such as anchorhead, bearing
plates, wedges, split shims, etc.
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B8.2 The inspection of the anchor regions is acceptable if abnormalities are not detected, for
example, sign of corrosion, broken strands, detached buttonhead, cracking in anchorhead,
bearing plate, and shims. If abnormalities are detected, additional inspections shall be
done, if deemed necessary by the Engineer, to determine if the problem is generic in
nature. Any non-conformance during the inspection or restoration process shall be
recorded for review and approval by the Engineer.
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APPENDIX C POINT ESTIMATE METHOD

In this Appendix, expressions for probability concentrations and locations of the random

distribution parameters, required to be substituted in Eqn. [6.5], are reported (Hong and

Nessim 1993). These formulas are only valid for a normally distributed population of tendon

forces.

The probability concentrations are given as

(l±£l <lz£) [en
P l P 4 , n p 2 ft

where p is the correlation coefficient given by

[C.2]
n nmnn

Note that m and v are the sample mean and c.o.v., respectively. Also, v,n and vv denote c.o.v.s

of the mean and c.o.v., respectively. Locations of the probability concentrations are given as

ai = (mi, vj), a2 = (my, v2), a3 = (m2, v ;), and a4 = (m2, v2) [C.3]

where

mj = /?i(l+vOT), m2 = m(\-vm), vj = v(l+vv), and v2 = v(l-vv), [C.4]



APPENDIX D TIME-DEPENDENT RELIABILITY ANALYSIS

In this Appendix, a simple approximate method is developed for time dependent reliability based on

a more complex approach presented by Ellingwood and Mori (1992).

Assume that the resistance of an element, r(t), at any time, /, is given by a deterministic degradation

function, g(t), as

r(t) = rg(t) [D.I]

where r is the original resistance. The occurrence in time of the load event is described by a

discrete Poisson process with a mean occurrence rate of A per year. Let the distribution function of

the load intensity be Fs(x). The probability of failure during a time interval (0, T) is expressed as

(Ellingwood and Mori 1992):

F(T) = 7 - Jexp dr [D.2]

For a small value of the occurrence rate, {e.g., X ~ 10*3 per year) the above expression can be

simplified to

F(T) = XT - X~\\ j F 5 ( r •*(/)) dt) fR(r) dr [D.3]
o l o J

To simplify the solution of Eqn. [D.3], the order of integration can be changed assuming that the

resistance is an independent identically distributed random variable. This implies that the resistance

is independent at each occurrence of a load pulse, which is contrary to reality. Nevertheless, the

approach was shown to be simple and reasonably accurate (Pearce and Wen 1984), and has been

adopted here. Thus,

F(T) = XT - X]\ "\Fs{r • g(t)) fR(r) dr\ dt [DA]
o l o J

The integral expression inside brackets represents the probability of survival at a point in time.

Eqn. [D.4] can be further simplified to
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F(T) = X\Pf{t)dt [D.5]
o

where Pj(t), the probability of failure at time f, is calculated using the resistance distribution fn(r)

with mean mRg{t) and load distribution
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