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Abstract: As nuclear power plant age, degradation of structure, systems and components can 

be expected to occur. The understanding of the effect of the age related degradation is 

important to ensure safe operation of the nuclear power plant. The pressure tubes in CANDU 

reactors are critical components and its failure has consequences of concern. These cold 

worked Zr-2.5% Nb pressure tubes may degrade due to ageing mechanisms like creep and 

delayed hydride cracking. It is important to periodically monitor the serviceability these tubes 

over the service life. This paper discusses the estimation of the allowable conditional failure 

probability of the pressure tubes for meeting the risk informed regulation criteria of the US-

NRC regulatory guide RG. 1.174. 
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1.     Introduction 

 

Ever since the completion of Reactor Safety Study [1] in the early seventies the Probabilistic 

Risk Assessment has made a long journey from risk quantification to the risk regulation. 

These days Probabilistic Safety Assessment (PSAs) are performed world wide in most of the 

countries with nuclear power plants and are getting matured. PSA provides a comprehensive, 

structured approach to identifying accident scenarios and deriving numerical estimates of risks. 

In addition to the traditional deterministic analysis, it is a powerful tool for identification of 

significant accident sequences and associated plant vulnerabilities dealing with design and 

operation of the plant.  

     Historically, PSAs have primarily been performed by regulatory bodies that have used 

them to gain generic risk insights e.g., NUREG 1150 [2], or by licensees, who have used them 

for a variety of purposes including compliance with regulatory requests to support a safety 

case, identification and understanding key plant vulnerabilities, and analysis of the impact of 

proposed design or operational changes. 
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In the past, the regulatory bodies in most countries have used a deterministic approach as 

the basis for making decisions on safety issues and organizing the activities that they carry 

out. This was done by applying high level criteria such as the need to provide defence in depth 

and adequate safety margins.  These were developed into lower level requirements, which 

were aimed at ensuring that the risk to workers and members of the public was adequately 

controlled. The need to meet these deterministic requirements is the basis for most of the 

regulations, safety standards, guidance, etc. that are currently being used by regulatory bodies. 

It is also recognized that the way in which nuclear safety regulation has developed, is 

different in different countries. Some of them have developed a highly prescriptive approach 

based on deterministic requirements that have been set by the regulatory body. Others have 

adopted a more goal setting, performance based approach where the plant operator and the 

regulatory body have much more freedom to determine the approach that can be taken to meet 

the goals.  

It should be noted that for many years, risk considerations have been used, implicitly or 

explicitly, in making safety decisions and determining regulatory requirements. However, the 

increased maturity of PSA gives a more rigorous way of providing much of the detailed risk 

information for use in the safety decision-making and regulatory processes. Adopting the 

integrated decision making process provides an efficient way of ensuring that safety decisions 

are taken on a sound basis.  

In modern approach the risk information is being used as part of an integrated process in 

making decisions about safety issues at nuclear plants — sometimes referred to risk informed 

decision making, and how risk information is being used by a regulatory body as an input 

into the activities that it carries out — sometimes referred to as risk informed regulation.  

The risk informed approach aims to integrate in a systematic manner quantitative and 

qualitative, deterministic and probabilistic safety considerations to obtain a balanced decision. 

In particular, there is explicit consideration of both the likelihood of events and their potential 

consequences together with such factors as good engineering practice and sound managerial 

arrangements. The basic components of risk, likelihood and consequence, are based on sound 

knowledge or data from experience, or derived from a formal, structured analysis such as a 

PSA.  

The pressure tubes in CANDU reactors [3] are critical components and its failure has 

consequences of concern. These tubes are used in the CANDU reactor core to contain the fuel 

bundles and the heavy water (D2O) coolant and are made of cold-worked Zr-2.5Nb material. 

The pressure tubes operate at an internal pressure of about 10 MPa and temperatures ranging 

from about 250°C at the inlet to about 310°C at the outlet. Over the expected 30 year lifetime 

of these tubes they will be subjected to a total fluence of approximately 3x 10
26

 n m
-2

. In 

addition, these tubes gradually pick up deuterium as a result of a slow corrosion process. 

When the combined hydrogen and deuterium concentration in the tubes exceeds the hydrogen-

deuterium threshold concentration, the tubes are susceptible to a crack initiation and 

propagation process [4] called delayed hydride cracking (DHC). If undetected, such a cracking 

mechanism could lead to unstable rupture of the pressure tube leading to consequences of 

concern. Thus ageing of pressure tubes need to be monitored and the expected life of pressure 

tubes need to be estimated from time to time.  
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      It is quite evident that with ageing in progress the risk profile of the plant changes from a 

current time to the time in future. Thus it is imperative to know how significant the risk 

increment is. Regulatory criteria exists US-NRC- RG-1.174 and CAN/CSA-N285.8-05 [5, 6] 

to operate the plant up to a certain level of degradation in the system over a period of time. 

     In this paper a quantitative definition of risk significance and allowable conditional failure 

probability of the pressure tube are estimated with respect to time for meeting the US-NRC 

RG.1.174 [5] requirements. The probabilistic Risk assessment model of the Darlington Safety 

Evaluation report [7] is used to obtain the required parameters for the methodology.- 

2.    Risk Acceptance and Safety Goals 

The utilization of risk information largely depends on the risk measures and the applicable 

acceptable risk criteria. The risk measure governs the presentation and interpretation of results 

from a risk assessment. On the other hand the risk criteria refer to any quantitative decision 

making criterion used when results of risk assessment are applied to support decision making. 

Various types of criteria can be used, such as: absolute criteria, relative criteria, differential 

criteria and trade-off criteria [8].   

      Risk is acceptable if it is tolerated by a person or society. Whether a risk is "acceptable" or 

not, will depend upon the advantages that the person or group perceives to be obtainable in 

return for taking the risk. 

A possible framework for the definition of probabilistic criteria was given by INSAG [9]. This 

defines a “threshold of tolerability” above which the level of risk would be intolerable and a 

“design target” below which the risk would be broadly acceptable. Between these two levels 

there is a region where the risk would only be acceptable if all reasonable achievable measures 

have been taken to reduce it (Figure 1).  

      While the F-N curve represents a high level safety goal, the CDF and LERF criteria used 

for interpreting PSA results can be regarded as surrogate safety goals of the high level safety 

goals. By using surrogate safety goals, which are easier to address, the role and importance of 

individual safety barriers can be assessed. 

     Safety objectives are the objectives to be achieved, e.g., for safe operation of nuclear power 

plants [9]). In the implementation of safety objectives, quantitative targets called (quantitative) 

safety goals or numerical safety objectives need to be defined.  

     The terminology of safety goals varies between different references and countries (Table 1). 

For instance, EUR, the European utility requirements document for new light water reactors 

use the concepts “safety targets” and “probabilistic design targets” [11]. EUR defines 

“targets” as values established by the utilities (e.g. related to the frequency of release of 

radioactivity), which are more demanding than current regulatory limits, but which are 

considered reasonably achievable by modern, well designed plants. On the other hand, the UK 

NII translates the risk acceptance criteria (limit of tolerability) into a Basic Safety Limit (BSL), 

which has the function of the upper bound of the ALARP region. The lower bound of the 

ALARP region is called Basic Safety Objective (BSO).    
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Figure 1:  Societal risk curve with ALARP region as defined by VROM [10]. 

Table 1: Safety Goals in different countries 

Country Quantitative Goals 

IAEA 
[IAEA_INSAG- 

12] 

 

Core damage 

f < 10-4 per year 

LERF 

f < 10-5 per year 

UK 
[HMI_SAP_1992] 

 

Core damage 

BSL 10-4 per year 

BSO 10-5 per year 

Large release 

> 104 TBq I131, 

> 200 TBq Cs-137 

BSL 10-5 per year 

BSO 10-7 per year 

USA 
[USNRC SECY-01-0009] 

Core damage      f < 10-4 per year 

LERF                 f < 10-5 per year 

EUR 
[EUR_2002] 

Core damage 

f < 10-5 per year  Criteria for limiting impact 

f < 10-6 per year 

LERF     Significantly lower frequency 

Russia 

OPB-88/97 

Severe beyond DBA  < 10 -5 per year 

Limited Release       < 10 -7 per year 

Finland Core Damage          f  < 10 -5 per year 

Large Release > 100 TBq, Cs – 37 

f < 10 -7 per year 
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     Once a safety goal has been defined, the focus is more on using the safety goal as part of a 

decision criterion. The safety goal constitutes a reference level and the key issue in the 

analysis is the relative deviation from the absolute level, or the degree of change relative to the 

results for other plant configurations or designs. Thus, there is a need for an accepted 

procedure for carrying out the quantitative risk assessment, for applying the goal to the 

relevant risk measure, and for acting on the outcome of the application.  

3.0 Pressure Tubes in CANDU 

Thin wall zirconium pressure tubes are one of the major distinguishing features of pressurized 

heavy water reactors operating in Argentina, Canada, India, Pakistan, the Republic of Korea 

and Romania. Each reactor has a few hundred zirconium alloy pressure tubes that support and 

locate the nuclear fuel in the reactor. The reactor primary coolant passes through these tubes 

and extracts heat from the fuel. Therefore, pressure tubes are required to operate in a severe 

environment (high temperature, pressure and neutron flux) with a high level of reliability 

throughout a 30 year design life. Since the initial Canada deuterium-uranium (CANDU) fuel 

channel was designed and installed in the Nuclear Power Demonstration (NPD) prototype 

reactor that started to operate in Canada in 1962, over 10 000 pressure tubes have operated in 

various CANDU reactors [3]. 

 

 

3.1 Design 

The core of a CANDU reactor (Fig.2) is a cylindrical tank (calandria) containing D2O 

moderator at 70 
0
C. It is penetrated by 380 (675 MW units) or 480 (875 MW units) horizontal 

fuel channels, each 6m long [3]. The cold-worked Zr-2.5%wt% Nb pressure tubes contains the 

natural UO2 fuel and heat transport fluid D2O operating at temperatures from 250 
0
C at the 

inlet to 313 
0
C at the outlet. The older reactors used zircaloy-2 pressure tubes. The pressure 

tube and the annealed zircaloy-2 calandria tube are separated by spacers and the annular gap is 

filled with the flowing CO2 to insulate the pressure tube from the cold moderator. The 

Figure 2: Simplified Schematic of CANDU reactor core 
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pressure tube has a wall thickness of about 4mm and an inside diameter of 103mm and the 

calandria tube has a wall thickness of 1.4 mm and an inside diameter of 129 mm. The pressure 

tubes are rolled to the steel end-fittings at each end of the channel. The end fittings have 

mechanical closures to enable on-power refuelling and are connected to the heat transport 

system (HTS) by carbon steel feeders. 

     The annulus gas system has been developed to detect the presence of moisture if a leak 

develops in the primary pressure boundary inside the reactor core. The ability to detect 

moisture at an early stage of the formation of a sub-critical, through wall crack in the pressure 

tube is an important component in assuring leak-before-break of the tubes. 

     The materials of all channel components must exhibit acceptable corrosion resistance and 

change in properties during their design life. The material specifications of the fuel channel 

components are given in CSA (Canadian Standard Association) Standard N285.6 [12]. The 

fuel channel components are manufactured to the CSA-Z299 Quality Assurance Standards. 

The design, analysis, and testing of fuel channel primary coolant pressure boundary 

components is performed to the requirements of CSA Standard N285.2 for Class 1 

components [13]. This standard applies the intent of Section El of the ASME Code to the 

unique features of pressure tube reactors with on-power refuelling, by providing rules that are 

supplementary to ASME in areas like the design, materials and joining techniques for fuel 

channels.  The pressure boundary integrity of the pressure tube is designed to be maintained 

during all level A, B, C and D service conditions. The fuel channels are designed to meet the 

seismic requirements of the CSA CAN3-N289 series of standards.  

3.2 Degradation Mechanisms  

Pressure tubes are exposed to temperatures up to 313°C, internal pressure up to 11 MPa, 

neutron fluxes up to 3.7 x 10
13

 n/cm2/s and fluences up to 3 x 10
22 

n/cm2 (in 30 years of 

operation at 80% capacity). These conditions cause changes in dimensions and material 

properties through irradiation damage and micro structural evolution. In newer CANDU 

reactors the pressure tubes are designed with adequate margins to accommodate the following 

degradation and ageing mechanisms during its service life: dimensional changes due to 

irradiation creep and growth, material property changes, deuterium ingress due to corrosion 

and in-service damage and wear. In older CANDU reactors these mechanisms were not fully 

under-stood, and have required monitoring and in some cases replacement.  

     Although the overall performance of the more than 10 000 pressure tubes installed in 

CANDU reactors has been good, some of the pressure tubes in early reactors have leaked and 

two pressure tubes have ruptured, one while at operating conditions, due to delayed hydride 

cracking (DHC) [4]. 

     Generic concern about the material condition of the Zircaloy-2 pressure tubes used during 

the initial construction of the first two commercial CANDU reactors led to the replacement of 

all these tubes in Pickering units 1 and 2 after slightly more than 10 years of operation. After 

15 to 20 years of operation, all of the pressure tubes in Pickering units 3 and 4 have also been 

replaced, because they did not have sufficient allowances for the deformation of their initial 

pressure tubes.  
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3.2 Inspection 

Monitoring of pressure tube performance in operating units at regular intervals is required to 

ensure that these tubes behave as anticipated, i.e., to provide assurance of pressure boundary 

integrity. A variety of special purpose in situ inspection techniques have been developed to 

accomplish this. To assess the ageing characteristics, pressure tubes are subject to periodic 

non-destructive inspection, and material surveillance, which requires a pressure tube to be 

removed every three years from the unit with the highest integrated neutron fluence, for 

evaluation of the fracture properties. 

     The Canadian Standards Association (CSA) Standard N285.4 [14] describes a periodic 

inspection programme (PIP) which requires that a few pressure tubes in each unit be 

periodically inspected for flaws, dimensional changes, and Deuterium ingress. The PIP 

objective is to ensure the detection of any unexpected generic problem in order to keep the 

probability of pressure tube failure at an acceptably low level for the entire design life.  

3.3 Failure Consequences 

The pressure tube in CANDU reactor is part of the primary pressure boundary and its failure 

will lead to loss of coolant accident. However, the pressure tube is surrounded by a calandria 

tube with end-fitting bellows at the two ends. The loss of primary coolant due to pressure tube 

failure will lead to pressurization of the annulus space between the calandria tube and the 

pressure tube. This will lead to end fitting bellow failures which will lead to primary heavy 

water flowing into the fueling machine (FM) vault. In case the end fitting bellows do not 

rupture the over pressurization of the annulus space will lead to calandria tube rupture. This 

will lead to the primary heavy water leaking into the moderator system inside the calandria. 

This will lead to increase in the moderator level inside the calandria leading to calandria over 

pressure relief device rupture and eventual primary heavy water leak into the fuelling machine 

(FM) vault. The depressurization of the primary system will lead to emergency core injection. 

In case the emergency core injection is jeopardized the event will lead to core damage. The 

event sequences leading to core damage in both the cases (PT rupture and PT-CT rupture) are 

discussed [7] in the subsequent paragraphs. 

3.4.1 Event Sequence for Pressure Tube Failure 

The most dominant event sequence for the core damage in the event of a pressure tube failure 

as described in Darlington Probabilistic safety evaluation report [7] is depicted here in Figure 

3. A pressure tube failure occurs (IE-PTF), leading to a loss of coolant into the reactor vault 

via the end fitting bellows. After the stored inventory in the D2O storage tank is exhausted it 

is supplemented to the extent possible by D2O transfer from other units. The D2O recovery at a 

later stage is done by the D2O recovery system, which recovers the lost D2O and pumps it 

back into the HT system. This system fails primarily due to valve failures (E3384-01-FDSS). 

The emergency coolant injection system operates on sensing low primary heat transport 

system pressure, but fails in the long term due to Low Pressure Emergency Core Injection 
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(LPECI) pump damage caused by inadequate Low Pressure Emergency Core Injection 

(LPECI) pump recirculation flow (E3432-0Q-L20X). 

    ECI could fail either due to failure of pumps on demand or during the mission time of one 

month. However, ECI could also fail due to either erroneous closure of the flow path between 

the injection of the water storage tank (IWST) and the suction of the Low Pressure Emergency 

Core Injection (LPECI) pumps, or failure of the Low Pressure Emergency Core Injection 

(LPECI) pump recirculation line to open or to remain open. The later failure mode leads to 

flow through the running LPECI pumps to be less than the minimum required, causing 

eventual pump failure.  

3.4.2 Event Sequence for pressure Tube and Calandria Tube Failure 

This sequence represents a pressure tube failure (IE-PTF) followed by failure of the associated 

calandria tube (CTIM), resulting in a loss of coolant requiring emergency coolant injection. 

The event sequences leading to core damage is identical to the previous case. However, in this 

case the initial event initiation is immediately followed by the event of calandria tube failure. 

The most dominant event sequence leading to core damage as given in Darlington 

Probabilistic safety evaluation report [7] is depicted here Figure 4.  The Emergency Core 

Injection (ECI) failure may occur due to the same mechanism as discussed in the previous 

section. 

 

 

 

I.E  PTF 

1.0 × 10
-2

 

1.0 × 10 
-1

 

7.1 × 10 
-3

 

Core 

Damage 
-6

CTIM LPECI 

Figure 4: Core Damage Event Sequence for PT-CT Rupture  

I.E  PTF 

1.0 × 10
-2

 

1.4 × 10 
-1

 

7.1 × 10 
-3

 

Core 

Damage 
-6

FDSS LPECI 

Figure 3: Core Damage Event Sequence for PT failure 
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4.0   Defining Acceptable Risk the US-NRC Approach 

Current trends in the regulatory environment and industry are to incorporate risk-informed 

decision making in order to make more productive uses of available resources by applying 

them to those activities that can have the greatest improvement on safety of NPPs while 

maintaining costs at reasonable levels. To assist the industry in using information from risk 

assessments, the NRC has issued Regulatory Guide 1.174 [5], entitled “An Approach For 

Using Probabilistic Risk Assessment In Risk-Informed Decisions On Plant-Specific Changes 

To The Licensing Basis.”  

     Regulatory Guide 1.174, Revision 1 (RG 1.174) [5], provides recommendations developed 

by the staff for using risk information in support of licensee-initiated licensing basis (LB) 

changes that require review and approval by the NRC. The document describes an approach 

that is acceptable to the NRC for analyzing proposed changes to the LB of a plant and for 

assessing the impact that such changes may have on the risk associated with the plant.  

     The research described in this report is intended to be used as a guideline for determining 

the potential risk significance of a specific degraded condition. Therefore, RG 1.174 [5] is 

being used to provide a quantitative measure of what can be considered as “significant risk” 

and is not being used to justify a change in the licensing basis at the plant where the 

degradation has occurred.  

     In developing the approach described in RG 1.174 [5], the NRC has decided that only 

small increases in risk would be permitted, and then only when it is reasonably assured, 

among other things, that sufficient defence in depth and sufficient safety margins are 

maintained. This approach is followed because of the inherent uncertainties and the need to 

account for safety issues that may arise related to design, construction, and operation of NPPs.  

     As described above, a quantitative measure of acceptable risk was needed for this study in 

order to develop quantitative acceptance criteria for degraded pressure tubes. The quantitative 

guidelines of acceptable risk contained in RG 1.174 [5] were adapted to develop these criteria. 

The application of RG 1.174 [5] criteria for degraded pressure tubes are discussed in the 

subsequent sections.  

In the USA, acceptance criteria for addressing changes in the design or operation of a plant 

that would lead to a change in the risk (CDF or LERF) are given in RG 1.174 [5]. These are: 

• changes that lead to a reduction in the risk (CDF and LERF) would normally be 

allowed; 

• changes that lead to a small increase in the risk (<1 x 10
-6

 per reactor year for CDF 

and <1 x 10
-7

 per reactor year for LERF) would normally be allowed unless the 

overall risk is high (>1 x 10
-4

 per reactor year for CDF or >1 x 10
-5

 per reactor year 

for LERF) in which case the focus would need to be on finding ways to reduce the 

risk; 

• changes that lead to a moderate increase in the risk (in the range 10
-6

 to 10
-5

 per 

reactor year for CDF or 1 x 10
-7

 to 1 x 10
-6

 per reactor year for LERF) would 

normally be allowed only if it can be shown that the overall risk is small (that is CDF 

< 1 x 10
-4

 per reactor year and LERF <1 x 10
-5

 per reactor year);  
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• Changes that would lead to a large increase in the risk (>1 x 10
-5

 per reactor year for 

CDF or >1x10
-6

 per reactor year for LERF) would not be allowed.  

 5.0     Application of RG 1.174 [5] criteria for Degraded Pressure tubes 

The acceptance guidelines described in RG 1.174 [5] were used to define acceptable risk for 

evaluating degraded pressure tubes in order to determine the level of degradation that should 

be considered to potentially have a significant effect on plant risk. To be conservative and to 

account for the uncertainties, the definition of acceptable risk will be consistent, if the ∆CDF 

due to degradation falls in Region III as described earlier.  

     The Core Damage Frequency (CDF) as estimated and reported for most of the old CANDU 

reactors are in the range of 10
-4

 to 10
-5

 per year. From Figure 5, the upper bound and lower 

bound values of the baseline CDF are 1 x 10
-3

 per year and 1 x 10
-6

 per year respectively for 

Region-III. Similarly the upper bound and lower bound values of the baseline CDF are 1 x10
-4

 

and 1 x 10
-6

 respectively for Region-II. Since the estimated Core Damage frequency of most 

of the old CANDU reactors are in the range of 10
-4

 to 10
-5

 per year, we consider both Region-

III and Region-II for our analysis and name them as case-I and case-II for convenience. The 

upper boundary of Region III has a ∆CDF of 10
-6

 per year and the conservatively for Risk 

informed decision making, the acceptable ∆CDF selected for case-I is considered as 1 x 10
-6

 

per year. Similarly the upper boundary of Region II has a ∆CDF of 10
-5

 per year and the 

conservatively for Risk informed decision making, the acceptable ∆CDF selected for case-II is 

considered as 1 x 10
-5

 per year. 

     The acceptance guidelines of RG 1.174 [5] also specify that these guidelines are intended 

for comparison with a full-scope (including internal events, external events, full power, and 

shutdown) assessment of the change in risk metric. The PSA model considered for this case 

over here consider full-power level-1 probabilistic risk assessment (PRA) models for internal 

events. The evaluation of level-1 PRAs of internal events during full power operation is 

considered acceptable because RG 1.174 [5] states that it is recognized that many PRAs are 

not full scope and PRA information of less than full scope may be acceptable. 

      It is acknowledged that RG 1.174 [5] indicates that in addition to the acceptance guideline 

for CDF (Figure 5), the acceptance guideline for Large Early Release Frequency (LERF) 

(Figure 6) should also be used. This however was not possible for this study because only 

level 1 PRA models were available for performing the risk assessments. In addition, RG 1.174 

[5] is really intended to be used by licensees to evaluate proposed changes to a plant’s 

licensing basis. The results presented in this report are intended to be used as a guideline for 

determining the potential risk significance of a specific degraded condition. RG 1.174 [5] in 

the context of this study is being used to provide a quantitative measure of what can be 

considered as significant risk and is not being used to justify a change in the licensing basis at 

the plant where the degradation has occurred. 
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5.1       Conditional Probability of Failure of a Pressure tube 

Pressure tubes are subjected to degradation mechanism(s), they will degrade as a function of 

time. During a periodic inspection a pressure tube could be declared as failed if it does not 

meet the code/regulatory criteria. Alternatively the pressure tube could be certified fit for 

service if it meets the required specified criteria. In the former case it is known that the 

Figure 6: Acceptance Guidelines for Large Early Release Frequency (LERF) [5] 

 

 

 

 

Figure 5: Acceptance Guidelines for Core Damage Frequency (CDF) [5] 

5.53 ×10-4 
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pressure tube has not failed at the time of inspection and it is of interest to estimate the 

(conditional) probability that the pressure tube will fail by M years after the time of 

inspection,. Starting with the general expression from probability theory for the conditional 

probability of two events A and B [15]:  

                                                     

)(

)()/(
)/(

BP

APABP
BAP =

                                  (1) 

where, P(A / B) is the probability of A given B has already occurred.  

We can define, 

A = pressure tube failed by time t 

B = pressure tube not failed by time t0 

t0 is the time of inspection (after the start of life of the pressure tube).  

The time t is any time after the time of inspection, so t > t0.  

To simplify the discussion that follows, the time of inspection, t0, is set to zero. Accordingly, t 

> 0; Then, if F(t) is the cumulative failure distribution of the time-to-failure of the pressure 

tube,  

                                            P(A)=P(pressure tube failed by time t)=F(t)                                (2) 

P(B)=P(pressure tube not failed by time=0)=1-F(0)                                                               (3) 

To derive, P(B/A)=P(pressure tube not failed by time =0 / pressure tube failed by time t), it is 

noted that  

P(pressure tube failed by time = 0 /pressure tube failed by time t) = F(0)/F(t)                  (4) 

and P(pressure tube not failed by time = 0 / pressure tube failed by time t) 

                                                = 1-[F(0)/F(t)]                                 (5) 

Hence, P(B/A)=P(pressure tube not failed by time = 0/pressure tube failed by time t) 

         = 1-[F(0)/F(t)]                                       (6) 

Substituting (2, 3, 4) in (1), we obtain, 

                                                   
)0(1

)0()(
)(

F

FtF
tCP

−

−
=

                                               (7) 

where, CP(t) is the conditional probability that the pressure tube failed by time t, given it has 

not failed at time = 0. For a pressure tube that has operated N years after the time of 

inspection, the conditional probability that the pressure tube failed by the end of the Nth year, 

given it has not failed at the time of inspection (t=0) is then given by: 

                                                 
)0(1

)0()(
)(

F

FNF
NCP

−

−
=

                                              (8) 

5.2      Quantitative risk acceptance criteria for degraded pressure tube 

As discussed earlier, the objective of the risk evaluation is to assess whether continued 

operation of the plant with the degraded pressure tube since its inspection leads to 

unacceptable risk. The increase in projected risk is assessed from the time of inspection 

because it is known that the pressure tube has not failed at this time. Accordingly, the risk is 

evaluated N years after this time.  
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     In this study, the measure of risk due to the pressure tube degradation is the increase in the 

core damage probability (∆CDP) over these N years. First, an acceptable ∆CDP over N years 

of operation after the time of an inspection is defined and expressed as in [15]: 

                                                    ∆CDPAcceptable = ∆CDFAcceptable x N                                 (9) 

where ∆CDPAcceptable is the acceptable increase in the core damage probability over N years 

from the time of inspection, and ∆CDFAcceptable is an acceptable increase in core damage 

frequency. According to the guidelines in RG 1.174 [5] and as discussed in the previous 

section an acceptable ∆CDF is 1 x 10
-6

/year (for case-1) or 1 x 10
-5

/year (for case-II) as the 

case may be. For brevity we discuss here Case-1 only, Thus from (9): 

                                                    ∆CDPAcceptable = (1 x 10
-6

/year) x N                               (10) 

where N is in units of years. 

Accordingly, from a plant risk point of view, a pressure tube that is degrading could be 

allowed to continue operating after the time of an inspection as long as ∆CDP < ∆CDPAcceptable. 

Thus,for this case we can define:                    

                                                      ∆CDP < (1 x 10
-6

/year) x N                                (11) 

Equation (11) and the condition that the maximum baseline CDF of a plant in the range of 1 x 

10
-4

 to1x10
-5

 per year or less, discussed in the previous sections, are the quantitative risk 

acceptance criteria. These criteria are used in this study to assess the acceptability of the 

degradation of the pressure tubes over N years of operation after the time of an inspection. 

Calculating the ∆CDP to be used in (11) depends on the type of system being evaluated. The 

degrading pressure tube is normally operating and its failure causes an Initiating Event. In this 

paper, a statement such as plant risk falls below the risk acceptance criteria means that the 

∆CDP associated with a degrading pressure tube is less than 1 x 10
-6

/year×N, shown by (11). 

Since the system is normally operating, the pressure tubes are subjected to internal pressure. 

The failure of the system causes an initiating event. If the tubes are inspected at time t = 0 and 

has not failed at this time, but is considered to be subjected to degradation mechanisms, then it 

can be expected to continue degrading over the following years. The increase in core damage 

probability (∆CDP) over N years of operation after the time of the inspection due to the 

degradation of the pressure tube can be expressed as: 

                                                       ∆CDP = CP(N) x CCDP                                (12) 

where CP(N) = conditional probability of failure of the pressure tube between the time of an 

inspection (t = 0) and the end of year N, given that the system has not failed at the time of the 

inspection.  

CCDP is the conditional CDP given the failure of the system has occurred, this is the 

probability that core damage will occur given the failure of the pressure tube. Equation (12) 

can be solved for different values of N, the number of years in future from the time of 

inspection, to obtain the ∆CDP over this time interval. 

From the plant PRA estimation in the previous section, we have the CCDP for a pressure tube 

failure as an initiating event is 1.704x10
-3

. The contribution to ∆CDP over N years of 

operation after the time of inspection can be obtained by substituting this value for CCDP in 

(12), which leads to: 

                                                ∆CDP = (1.704x10
-3

) x CP(N)                                (13) 
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     For a limiting case considering that the plant has an in-service inspection period of 3 years 

(as prevalent in most of the CANDU reactors) [3], we can formulate 

                                                      ∆CDP = 1 x 10
-6

/year×N = ∆CDPAcceptable  (14) 

Substituting N=3 we obtain, 

                                                                   ∆CDP = 3x10
-6

        (15) 

Now substituting the above values for ∆CDP in (13), we get  

                                                                  CP (3) =1.76 x10 
-3

    (16) 

Thus we can conclude that if the conditional probability of failure of the pressure tube 

between the time of an inspection (t = 0) and the end of year N=3, given that the system has 

not failed at the time of the inspection is less than 1.76 x 10
-3

 (for Case-I) the risk informed 

decision making as per US-NRC RG-1.174 [5] will be acceptable for extending the operating 

license. The above procedure can be repeated to evaluate the CP (N=3) for Case-II. 

5.3 Discussion 

The calculations using above methodology were carried out considering the in-service 

inspection interval period for the range of 1-5 years. The results of conditional core damage 

probability for the pressure tubes are depicted in Table-2. The failure frequency can be 

estimated by dividing the conditional failure probability by the number of years ‘N’ i.e., 5.87 

x 10
-04 

or 5.87 x 10
-03 

per year as the case may be. The summary of allowable failure 

frequencies (Hall-ig 
(i)

), as given in CAN/CSA-N285.8-05 [6], applicable to pressure tubes for 

various numbers of known in-service degradation mechanisms is depicted in Table 3. 

     The consideration of the pressure tube failure frequency of 3.3x10
-2

 per year for the 

degraded core as given in CAN standard can contribute to a ∆CDF = 3.91 x10
-5

, which is 

≈7.06% of the total CDF for the plant (base PSA). As per Darlington Probabilistic Safety 

Evaluation report the CDF= 5.532x10
-4 

[7]. However, as per US-NRC-RG.1.174 [5] 

requirement the ∆CDFAllowable = 1.0 x 10
-6

 and 1.0 x 10
-5

 respectively for Region-III and 

Region-II. The US-NRC requirements and the results evaluated in Table 2 seems to be more 

restrictive. 

Table 2: Allowable Conditional Failure Probability of Pressure Tubes 

Inspection 

intervals in years 

CP(N) Region-III 

(Case-I) 

CP(N) Region-II 

Case-II 

1 5.87 x 10
-04

 5.87 x 10
-03

 

2 1.17 x 10
-03

 1.17 x 10
-02

 

3 1.76 x 10
-03

 1.76 x 10
-02

 

4 2.35 x 10
-03

 2.35 x 10
-02

 

5 2.93 x 10
-03

 2.93 x 10
-02
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Table 3: Allowable failure frequencies of Pressure Tubes (CAN/CSA-N285.8-05) [6] 

 Number of known in-service pressure tube degradation 

mechanisms, g 

Core Type g=0 g=1 g=2 g=3 g=4 g=5 

I 1.0 x 10
-2

 5.0 x 10
-3

 2.5 x 10
-3

 1.67 x 10
-3

 1.25 x 10
-3

 1.0 x 10
-3

 

II 3.3 x 10
-2

 1.65 x 10
-2

 8.25 x 10
-3

 5.5 x 10
-3

 4.13 x 10
-3

 3.3 x 10
-3

 

III X X/2 X/4 X/6 X/8 X/10 
i. Hall-ig is the allowable pressure tube failure frequency per mechanism per reactor year. 

ii. Type-I -> Design basis core 

iii. Type-II -> Updated assessment that demonstrates acceptability of an initiating event failure 

frequency that is equal to the total allowable value of 0.033 events per reactor year. 

iv. Type-III Degraded Updated assessment that demonstrates acceptability of an initiating event failure 

frequency that is equal to the total allowable value of X events per reactor year. 

6.   Conclusion 

The pressure tubes in CANDU reactors are critical components and its failure has 

consequences of concern. The paper has adapted the risk informed regulation as per US-NRC-

RG 1.174 [5] and has estimated the allowable conditional failure probability of pressure tubes 

in CANDU reactors. The results are compared with the existing CAN standard requirements. 

It is found that the CAN standard requirements are based on a different criterion which allows 

a higher change in the core damage frequencies. 
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