
30th Annual Conference of the Canadian Nuclear Society 2009 May 31 - June 3 
33rd CNS/CNA Student Conference TELUS Convention Centre, Calgary, Alberta 

A Risk-Informed Approach to the Assessment of DHC Initiation in Pressure Tubes 

A.K. Sahool and M.D. Pandey2
1 Graduate student, University of Waterloo, Ontario, Canada 

2 Professor, University of Waterloo, Ontario, Canada 

Abstract 

The delayed hydride cracking (DHC) of pressure tubes is a serious form of degradation in the 
reactor core. Flaws in pressure tubes generated by fretting or any other mechanism are 
potential stress raisers that could become sites of DHC initiation under right circumstances. 
CSA standard N285.8 recommends deterministic and probabilistic procedures for the 
assessment of potential for DHC initiation from planar flaws. The deterministic method is 
simple, but it lacks a risk-informed basis for the assessment. A full probabilistic method based 
on simulations is tedious to implement. This paper presents an innovative, semi-probabilistic 
method that bridges the gap between a simple deterministic analysis and complex simulations. 
In the proposed method, the deterministic assessment criterion of CSA N285.8 standard is 
calibrated to specified target probabilities of DHC initiation using the concept of partial 
factors. The main advantage of the proposed approach is that it provides a practical, risk-
informed basis for DHC initiation assessment while retaining the simplicity of the 
deterministic method. 

1. Introduction 

A CANDU reactor core consists of 380-480 fuel channels. Each fuel channel consists of a 
pressure tube (PT) made of Zr-2.5%Nb alloy, enclosed in a calandria tube (CT) along with 
annulus spacers and end fittings. The growth of crack-like defects in a PT through delayed 
hydride cracking (DHC) is a serious degradation mechanism [1, 2] with potential to 
compromise the structural integrity of PT. Therefore, assessment of flaw type defects is given 
high priority in the fitness for service assessment of PTs. 

If part-through-wall flaws are suspected in the reactor core, the DHC initiation assessment is 
required to access the likelihood of crack initiation and growth. The assessment is important 
especially when the hydrogen equivalent concentration in the PT is expected to exceed a 
threshold level that makes the Zr-alloy susceptible to DHC [1, 2]. From fracture mechanics 
point of view, the DHC initiation is avoided so long as the applied stress intensity factor (ICI) 
remains less than a critical value (K/H) that reflects resistance of the material to DHC 
initiation. 

Planar flaws, such as fretting flaws, can be detected through the inspection of a small number 
of PTs. Since the dimensions of detected flaws are known from inspection, the DHC 
initiation assessment for these flaws can be done with high precision or certainty. A key 
concern is about the prospect of DHC initiation due to un-detected flaw population in PTs 
that are not inspected. To provide assurance against DHC initiation in this situation, both 
deterministic and probabilistic methods have been specified in the CSA standard N285.8 [3]. 
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The deterministic method of CSA N285.8 is based on comparing the upper bound applied 
stress intensity factor (KyB ) with the lower bound of DHC initiation toughness (KM ). To 

compute the upper bound value of ICI, upper bounds of flaw dimensions (a and c) are 
proposed, which correspond to 97.5% percentiles of a and c obtained from their respective 
probability distributions [3, Clause C.3.2.2.2]. The protection against DHC is demonstrated 
when it is shown that KYB < KT,B, in a bounding PT. A formal probabilistic method for DHC 

assessment is able to account for uncertainties associated with flaw dimensions and material 
properties. Here, the basic idea is to demonstrate that the probability of DHC initiation from a 
part-through-wall flaw is sufficiently low. This method requires probability distributions of 
all random variables, and it typically employs a simulation-based method for computing the 
probability of DHC initiation. 

Although the deterministic method is based on sound engineering experience, it lacks a 
quantitative risk-informed basis. On the other hand, the simulation-based probabilistic 
method is tedious to implement due to its information-intensive and computationally 
demanding nature. The objective of this paper is to present an innovative, semi-probabilistic 
approach that bridges the gap between a simple deterministic analysis and complex 
probabilistic simulations. The proposed method is a probabilistic conversion of the 
deterministic DHC initiation assessment method by incorporating partial factors that are 
calibrated to an acceptable probability of DHC initiation. This approach is similar to the load 
and resistance factor design (LRFD) used for civil engineering structures [4, 5]. 

The paper is organized as follows. Section 2 summaries the deterministic DHC initiation 
assessment for planar flaws, as described in the CSA standard N285.8 [3]. The concepts of 
reliability-based calibration and partial factors are discussed in Section 3. Probabilistic 
formulation of DHC initiation assessment and calibration of partial factors are presented 
Section 4. Conclusions of this study are presented in Section 5. 

2. Deterministic DHC initiation assessment 

2.1 Method 

The goal of the deterministic DHC initiation assessment approach is to demonstrate that in the 
event of the presence of a part-through-wall flaw and sufficient hydride concentration, DHC 
initiation from a part-through-wall flaw is avoided. 

The deterministic criterion for DHC initiation from a planar flaw is given as 

K UB K
I III (1) 

The stress intensity factor (KJ) for an axial part-through-wall planar flaw located far away 
from the rolled joint is given in Clause A.5.2.2.2 of CSA N285.8 [3] as 

+ 1) F piV 7Ta (2) 
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UB LB
I IHK K>  (1) 

The stress intensity factor (KI) for an axial part-through-wall planar flaw located far away 
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where p = internal pressure in the PT in MPa, ri = internal PT radius, w = PT wall thickness, 
Q = flaw shape parameter given by Q= 1+1.464(a / c)1.65 , a = flaw depth, c = half flaw 
length, Fp = geometry correction factor under the pressure loading. Depending on the range of 
a/c and a/w, different equations are given in Clause A.5.2.2.4 of CSA N285.8 [3] for 
computing Fp. 

To compute the upper bound value of ICI using Eq. 2, upper bounds of flaw dimensions (a and 
c) are required, which correspond to 97.5% percentiles of a and c obtained from their 
respective probability distributions [3, Clause C.3.2.2.2]. The lower bound value of KIH is 
given in Section D.6.2 of CSA N285.8 [3] as 

Kfr: = 4.5 MPam (3) 

The deterministic approach is further illustrated through an example in the following subsection. 

2.2 Illustration 

Consider the following dimensions of the PT: /./ = 52.73 mm and w = 3.8 mm. The operating 
pressure at full power is taken as p = 8.9 MPa. The empirical distributions of planar flaw 
dimensions (a and 2c) are shown in Fig. 1, which were obtained from a sample of debris 
fretting flaws in a reactor core. The flaw dimensions can be fitted reasonably well with log-
normal distribution. The DHC initiation toughness (Km) can be modelled as a normally 
distributed random variable. The distribution parameters are provided in Table 1. 

Table 1 Probability distribution of flaw dimensions and KIH

Variable Distribution Mean Standard dev. COV 

a (mm) Lognormal [la = 0.1743 o-a = 0.0761 (5, = 0.4364 

c (mm) Lognormal Pc = 1.1669 a, = 0.4067 Se = 0.3485 

KIH (MPaVut) Normal /-11-cril = 6.62 o-K, = 0.911 (5K,„ = 0.1376 

The 97.5% percentiles or upper bound values of flaw dimensions are computed as auB = 
0.3621 mm and cuB = 1.6968 mm. Using these values, we compute, auB/cuB = 0.2134 and 
auB/w = 0.0953. The expression for geometry factor for the range of [0 < a/c < 1.0] and 
a/w ^ () is given as [3, Clause A.5.2.2.4.3] 

Fp =  
2wro  

( 1.13 — 0.07 \/a/c) ro2 — ri
(4) 

where ro (= r + w) is the PT outer radius. By substituting appropriate parameters in Eq. 4 and 

Eq. 2, we compute F1, = 1.1358, which then lead to the upper bound stress intensity factor as 

KIB =0.5398xp (5) 
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At full power operating condition (p = 8.9 MPa), the upper bound K1 (= 4.80 MPaN/m) is 
slightly greater than the lower bound KIR (4.5 MPaN/m) as shown in Fig. 2. Hence, the 
deterministic DHC initiation criterion is not satisfied. 
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Figure 2 Illustration of deterministic DHC initiation assessment 

2.3 Remarks 

Although the deterministic assessment is attractive due to its simplicity, its interpretation in 
the context of modem risk-informed regulatory framework is ambiguous. The deterministic 
assessment has basically binary outcomes, 'acceptable' (Safe) or 'not acceptable' (Fail), with 
no reference to associated conservatism or safety level. In reality, the associated variables a 
and c are distributed quantities or random variables. Because of this, estimates of K1 is 
necessarily a distributed quantities. The deterministic assessment criterion compares the 
lowers bound KIH with upper bound K1 which is computed using heuristically assigned 
percentiles to a and c. Therefore, this comparison does not provide any risk insight. In other 
words, even if the deterministic condition is satisfied i.e. K > KiuB , the implied reliability 

level is unknown, because the current deterministic criterion is not formally calibrated to a 
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specific reliability level. The method proposed in this paper, based on the concept of 
reliability-based calibration, overcomes this limitation. 

3. Concept of reliability-based calibration 

As an alternative to a fully probabilistic approach for quantifying reliability, a deterministic 
equation can be developed for design or assessment of structural components. In this 
equation, all random variables are replaced by their specific percentile values that are 
determined for a specified reliability level. This can be explained further by considering a 
simple stress (S) strength (R) reliability problem, in which the failure condition is defined by 
the limit state function: G(R, S) = R — S. The failure event is: G(R, S) < 0. Consider a 
standard case in which R and S are independent, normally distributed random variables with 
means lip and /Ls, standard deviations au and 0-‘). The coefficient of variations (COVs) of R 
and S given by, S = , are SR and Ss respectively. The probability of failure can be 

computed [4, 5] as 

Pf = P[G(R, S) < 0] = P[(R — S) < 0] = (I)(-0) (6) 

where (I) is the standard normal cumulative distribution function and /3 is the reliability index 
given as 

= 

VaR2 I- 
0

— Ps 

The reliability index can be rewritten in terms of non-dimensional variables as 

A, —1 
fi =   

V8222 +Ss

where 2,(= PR Ips ) is known as central safety factor. 

(7) 

(8) 

The basic idea behind the reliability-based design is to replace random variables in the limit 
state function by their factored nominal values in terms of partial factors. Partial factors are 
scaling factors that scale the nominal values of the random variables to the design point 
coordinates [4, 5]. For illustration, the nominal values of strength and stress variables are 
taken as their mean values. The partial factors for target reliability index 1 7, are then derived 

as 

r i206r R = = 1 , 2

PR .Nig ± ( 8 512 ) 

* 
(5.52)6 T 

;Is  =1+  

Ps V8 s2 ±(8 R2) 2

(9) 

As shown in Eq. 9, a partial factor is a function of COVs and the central safety factor A, and is 
invariant to the mean values of random variables. For given COVs and a target reliability 
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index fly , substituting the value of A, used in Eq. 8 into Eq. 9 allows the calibration of partial 

factors. Using partial factors the limit state equation can be written as 

g (R, S) = r RP R — r sp s =o (10) 

The partial factors are pre-calibrated such that a system satisfying Eq. 10 would achieve a 
target reliability index of 37-. Then yRpR and ysps can be considered as the probabilistic 

bounds of R and S, respectively. Eq. 10 provides a basis for design, i.e. the calculation of UR 
for a specified ps , or vice-versa. This approach is referred to as LRFD in structural 

engineering [4, 5]. It is preferable compared to a full probabilistic analysis, since it retains the 
simplicity of the deterministic design yet at the same time satisfies a quantitative reliability 
target. The process of calibration of partial factors is exact for limit state functions involving 
linear combinations of normally distributed random variables. In case of nonlinear limit states 
and non-normal random variables, approximate methods have been developed [4]. This 
approach has been applied to nuclear piping [6], containment structures [7], concrete columns 
[8], welded offshore structures [9], and recently to leak-before-break assessment [10]. 

4. Probabilistic formulation of DHC initiation analysis 

In principle, the probability of DHC initiation event (CO can be estimated as 

P[CWI = P[C x P[H] (11) 

where H denotes the event that the hydrogen concentration is sufficiently high to allow DHC 
initiation. 

The CANDU industry has developed detailed, full-scale simulation models in which flaws 
and the hydrogen content (II eq) are simulated for each PT in the reactor core. Then DHC 
initiation is assessed for each simulated flaw, when 144 exceeds a threshold. By repeating 
flaw simulations for a large number of times, the probability of DHC initiation in a specified 
operating period is computed. 

This section describes a simpler approach. First, the conditional probability of DHC initiation 
P[CinIH] can be computed using first order reliability (FORM) method [4, 5]. Secondly, the 
probability of hydrogen content exceeding a threshold, P[H], can be estimated from the 
hydrogen uptake model for a specific reactor. The probability of DHC initiation can be finally 
computed from Eq. 11. The proposed approach is simplified by recognizing that the hydrogen 
uptake process is independent of the flaw generation mechanisms. Thus, the DHC assessment 
can be based on only conditional probability of initiation P[Cinili]. 

4.1 General approach 

The conditional probability of DHC initiation given the occurrence of H, P[Cin111], can be 
written as 
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= P[K/H — KI < o] (12) 

The applied stress intensity factor is a function of random flaw dimensions. The DHC 
initiation toughness (Kru) is also a random variable due to variability associated with the 
microstructure of alloy. To compute the conditional probability of DHC initiation given in Eq. 
12, a limit state function is introduced as 

G(Kim a,c) = KIH — Ki(a,c) (13) 

Note that G(KIH, a, c) < 0 defines the event of DHC initiation. 

Now we present an analytical formulation of the limit state function. Substituting for 
Eq. 4 into Eq. 2 results in the following expression for applied stress intensity factor 

r i
KI(a, c) = p 22 'w r°2 + 1) f (a, c) (14) 

ro w 

where f (a, c) is a function of random variable a and c given as 

f (a, = (1.13 — 0.07 
a 71 a 

c/ \/1 + 1.464(a/01.65

from 

(15) 

In order to apply a semi-analytical method of reliability computation, the function f . a) is 
fitted with a more simple linear functional relation given as 

f(a,c) = 0.0135 + 0.0828 x a — 0.0013 x c (16) 

Figure 3 shows that the linear form of f (a, c) given by Eq. 16 is a highly accurate 

approximation of the analytical relation Eq. 15. Using Eqs. 14 and 16, the limit state function 
for DHC initiation (Eq. 13) can be written as 

G(KIH, a, c) =Kg, - d i x (0.0135 + 0.0828 a -0.0013 c) (17) 

where di is a deterministic design constant given as 

2 w ro (ri
d1 =p ro2_ + (18) 

For sake of illustration, Fig. 4 compares the distributions of Km and K1 at full power 
operating condition, which were obtained by simulation. An overlap between the two 
distributions implies that there is a finite probability of DHC initiation. The probability of 
DHC initiation was computed by FORM method using the limit state function Eq. 17. At the 
full power operating condition (p = 8.9 MPa), the probability of DHC initiation is estimated 
as 1.494 x 10-2 and other details including design points and sensitivity coefficients are given 
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in Table 2. The design points represent the most likely combination of flaw dimensions and 
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Table 2 Results of P Cin1H] 

Failure Probability 1.494 x 10-2
Design point, a* 0.354 mm 
Design point, e* 1.075 mm 
Design point, leiH 5.677 MPa lm 
a* percentile 97.18 % 
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H- percentile 15.02 % 
Sensitivity coefficient, aa
Sensitivity coefficient, a, 
Sensitivity coefficient, cekiii 
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-0.0340 
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that would result in DHC initiation and can be interpreted as the probabilistic bounds of the 
variables. Table 2 gives the design point values of the random variables as: H = 5.67, a* = 
0.354 mm and c* = 1.075 mm. The FORM analysis also provides sensitivity of a random 
variable to the probability of DHC initiation. For example, the flaw depth has the highest 
influence (sensitivity coefficient aa = 0.87), followed by that of KIH . It is interesting that 
flaw length has fairly small influence (a,= -0.03). 

4.2 Proposed DHC initiation assessment model 

The following equation is proposed for the assessment of DHC initiation due to planar flaws: 

GDHC(PKTFTIAKT) — 'YKrff AKIN — d1 (0.0135 0.0828 7apa — 0.0013 'TcPc) 

where dl is a design constant defined in Eq. 18. 

(19) 

This equation is developed by incorporating the partial factors associated with random 
variables into the limit state equation for DHC initiation (Eq. 17). Partial factors associated 
with random variables a, c and KIR are denoted as 7a, 7c, and 7K-7,, respectively. 

The probability distributions given in Table 1 are used to calibrate the partial factors. Note 
that an "acceptable" value of probability of DHC initiation is not specified in the literature. 
Therefore, partial factors were calibrated to the conditional probability of initiation in a range 
of 10-2 to 10-4. Results of calibration are presented in Fig. 5. Additional information including 
design points are presented in Table 3. 
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Figure 5 Partial factors versus target conditional probability of DHC initiation 

Table 3: Results of calibration of partial factors 

P [Cin 1 1-11 a* c* 1411 a*% c*% krx% 7a 7c 'VIII 

10-2 0.375 1.074 5.613 97.96% 47.03% 13.46% 2.153 0.921 0.848 
10-3 0.499 1.074 5.297 99.68% 47.02% 7.32% 2.861 0.921 0.800 
10-4 0.628 1.076 5.020 99.95% 47.15% 3.95% 3.601 0.922 0.758 
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0.354 mm and c* = 1.075 mm. The FORM analysis also provides sensitivity of a random 
variable to the probability of DHC initiation. For example, the flaw depth has the highest 
influence (sensitivity coefficient aα  = 0.87), followed by that of KIH . It is interesting that 
flaw length has fairly small influence ( cα = -0.03). 
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4.3 Discussion 

As shown in Table 3, the partial factor for flaw depth (a) increases rapidly from 2.153 to 
3.601 and the probabilistic bound varies from 97.96% to 99.95% percentile as the target 
probability is increased from 10-2 to 10-4. For target probability 10-2 the probabilistic bound 
for a corresponds to 97.96% of the distribution which is fairly close to 97.5% percentile as 
specified in CSA N285.8 [3]. 

The partial factor for half flaw length (c) is almost a constant (= 0.92) irrespective of the 
probability level. The percentile level of the probabilistic bound is also a constant at 47%. 
The probabilistic bound is almost equal to median of half flaw length (c), whereas CSA 
N285.8 [3] specifies 97.5% percentile as an upper bound. 

The partial factor for KJH varies in a relatively narrow range, 0.9 to 0.7, and corresponding 
percentile levels vary from 13% to 4%. The probabilistic lower bound for Km varies from 
5.02 to 5.613 (MPa011), which is somewhat higher the lower bound 4.5 MPLIA/m specified 
in CSA N285.8 [3]. The CSA lower bound corresponds to 1% percentile of KJH distribution 
with parameters given in Table 1. 

In the present context, the specified target probability serves as a conservative upper bound. 
The reason is that the target probability in the current analysis is a conditional probability 
(P [C,„ H]), which does not account for the probability of presence of sufficient hydrogen 
concentration. Thus, P [C,„„ H] < P[C,,], as P [H] < 1. 

4.4 Effect of COV of flaw dimensions 

The partial factors given in Table 3 and Fig. 5 were calibrated for a specific set of COVs of 
flaw depth and half length: 6,i= 0.4364, (5,= 0.3485. It is however possible that flaw samples 
collected from different reactors may have COV values different than that used in the present 
calibration. Therefore, the sensitivity of COVs of flaw dimensions to partial factors is 
investigated in this section. Note that the COV of KIH (S K1u= 0.1376) is considered as a 
constant, as it reflects the variability associated with toughness of Zr alloy. 

It is found that the partial factors and ay/Ku, are insensitive to the COV of flaw half length c 
(&). This statement is also supported by the fact that the flaw length has fairly small influence 
on the DHC initiation probability, since the sensitivity co-efficient (Table 2) associated with c 
is very small (ac = -0.03). The COV of flaw depth has major influence on as shown by 

results given in Fig. 6 for a target conditional probability of DHC initiation of 10-2. The factor 

Jr varies modestly from 0.7 to 0.9 and varies from 1 to 2.5 as the COV of a is increases 
from 0.1 to 0.5. The factor -,/( depends on the COV of c and a, and it varies from 0.98 to 0.8 
for different COV values. A detailed table of calibrated partial factors can be prepared to 
support DHC assessment. 
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5. Conclusions 

This paper presents a new innovative semi-probabilistic method for flaw assessment in which 
the deterministic DHC initiation criterion of CSA Standard N285.8 is calibrated to a target 
probability using the concept of partial factors. The main advantage of the proposed approach 
is that it retains the simplicity of deterministic method, yet it provides a practical risk-
informed basis for the DHC initiation assessment. This paper formulates the limit state 
function for DHC initiation assessment and computes partial factors for flaw dimensions and 
KJH using the first order reliability method. This proposed approach is generic and it can be 
employed to probabilistic assessment with respect to other limit states of performance. 

This paper presents concepts underlying the process of calibrating a deterministic criterion to 
a specified probability level. The conversion is based on replacing the random variables by 
probabilistic bounds determined from a formal reliability analysis. A probabilistic bound (or 
design point) is obtained as a product of the nominal value of the random variable (such as 
mean) with the calibrated partial factor. Since the calibration process accounts for interaction 
among random variables and their sensitivity to the assessment criterion, probabilistic bounds 
are consistent with a specified reliability level, whereas bounds chosen heuristically or based 
on experience will lack this consistency. 

The variability associated flaw depth and the target (or acceptable) conditional probability of 
DHC initiation are the dominant factors in the calibration of partial factors. For a target 
probability of 10-2, probabilistic bounds for flaw depth and length correspond to 98% 
percentile and median, respectively. The probabilistic lower bound for KJH 5.6_MPaA/m) 
corresponds to 14% percentile. A detailed table of partial factors has been prepared for the 
ease of practical applications of this method. 

Acknowledgements 

The authors are thankful to the Natural Sciences and Engineering Research Council of 
Canada (NSERC), University Network of Excellence in Nuclear Engineering (UNENE) and 
Ontario Research Fund for providing the financial support for this study. Authors are grateful 

Page 11 of 12 

0.1 0.2 0.3 0.4 0.5
0.5

1

1.5

2

2.5

COV of flaw depth (δa )

Pa
rt

ia
l  

fa
ct

or
 (γ

 )
γK

IH

γa

 

Figure 6 Partial factors  and  for a target conditional probability of 10-2. 

5. Conclusions 

This paper presents a new innovative semi-probabilistic method for flaw assessment in which 
the deterministic DHC initiation criterion of CSA Standard N285.8 is calibrated to a target 
probability using the concept of partial factors. The main advantage of the proposed approach 
is that it retains the simplicity of deterministic method, yet it provides a practical risk-
informed basis for the DHC initiation assessment. This paper formulates the limit state 
function for DHC initiation assessment and computes partial factors for flaw dimensions and 
KIH using the first order reliability method. This proposed approach is generic and it can be 
employed to probabilistic assessment with respect to other limit states of performance. 

This paper presents concepts underlying the process of calibrating a deterministic criterion to 
a specified probability level. The conversion is based on replacing the random variables by 
probabilistic bounds determined from a formal reliability analysis. A probabilistic bound (or 
design point) is obtained as a product of the nominal value of the random variable (such as 
mean) with the calibrated partial factor. Since the calibration process accounts for interaction 
among random variables and their sensitivity to the assessment criterion, probabilistic bounds 
are consistent with a specified reliability level, whereas bounds chosen heuristically or based 
on experience will lack this consistency. 

The variability associated flaw depth and the target (or acceptable) conditional probability of 
DHC initiation are the dominant factors in the calibration of partial factors. For a target 
probability of 10-2, probabilistic bounds for flaw depth and length correspond to 98% 
percentile and median, respectively. The probabilistic lower bound for  (= 5.6 ) 
corresponds to 14% percentile. A detailed table of partial factors has been prepared for the 
ease of practical applications of this method.  

Acknowledgements 

The authors are thankful to the Natural Sciences and Engineering Research Council of 
Canada (NSERC), University Network of Excellence in Nuclear Engineering (UNENE) and 
Ontario Research Fund for providing the financial support for this study. Authors are grateful 

30th Annual Conference of the Canadian Nuclear Society
33rd CNS/CNA Student Conference

2009 May 31 - June 3
TELUS Convention Centre, Calgary, Alberta

Page 11 of 12



30th Annual Conference of the Canadian Nuclear Society 2009 May 31 - June 3 
33rd CNS/CNA Student Conference TELUS Convention Centre, Calgary, Alberta 

to Dr. G.A. Bickel (AECL), Dr. N. Christodoulou (CNSC) and Dr. L. Gutkin (Kinectrics) for 
discussions related to the subject matter of this paper. 

6. References 

[1] H. W. Wong, V. K. Bajaj, G. D. Moan, M. Huterer and C. 0. Poidevin, "The role of 
leak-before-break in assessments of flaws detected in CANDU pressure tubes", 
International Journal of Pressure Vessel and Piping, Vol. 43, 1990, pp. 23-37. 

[2] G. D. Moan, C. E. Coleman, E. G. Price, D. K. Rodgers and S. Sagat, "Leak-before-
break in the pressure tubes of CANDU reactors", International Journal of Pressure 
Vessel and Piping, Vol. 43, 1990, pp. 1-21. 

[3] CSA — N285.8, "Technical requirements for in-service evaluation of zirconium alloy 
pressure tubes in CANDU reactors", 2005. 

[4] H. 0. Madsen, S. Krenk and N. C. Lind, "Methods of structural safety", Prentice-Hall, 
Inc., Englewood Cliffs, N.J., 1986. 

[5] R. E. Melchers, "Structural reliability analysis and prediction", second edition, John 
Wiley & Sons, Chichester, England, 1999. 

[6] A. Gupta and B. Choi, "Reliability-based load and resistance factor design for piping: 
an explanatory case study", Nuclear Engineering and Design, Vol. 224, 2003, pp. 
161-178. 

[7] B. K. Han and A. H.-S. Ang, "Serviceability design load factors and reliability 
assessments for reinforced concrete containment structures", Nuclear Engineering and 
Design, Vol. 179, 1998, pp. 201-208. 

[8] S. A. Mirza, "Reliability based design of reinforced concrete columns", Structural 
Safety, Vol. 18, 1996, pp. 179-194. 

[9] G. Jiao and T. Moan, "Reliability-based fatigue and fracture design criteria for welded 
offshore structures", Engineering Fracture Mechanics, Vol. 41, Iss. 2, 1992, pp. 271-
282. 

[10] M. D. Pandey and A. K. Sahoo, "A risk-informed approach to leak before break 
assessment of pressure tubes in CANDU reactors". Journal of Pressure Vessel 
Technology, ASME. Accepted in April 2009. 

Page 12 of 12 

to Dr. G.A. Bickel (AECL), Dr. N. Christodoulou (CNSC) and Dr. L. Gutkin (Kinectrics) for 
discussions related to the subject matter of this paper. 

6. References 

[1]  H. W. Wong, V. K. Bajaj, G. D. Moan, M. Huterer and C. O. Poidevin, “The role of 
leak-before-break in assessments of flaws detected in CANDU pressure tubes”,  
International Journal of Pressure Vessel and Piping, Vol. 43, 1990, pp. 23-37. 

[2] G. D. Moan, C. E. Coleman, E. G. Price, D. K. Rodgers and S. Sagat, “Leak-before-
break in the pressure tubes of CANDU reactors”, International Journal of Pressure 
Vessel and Piping, Vol. 43, 1990, pp. 1-21. 

[3] CSA – N285.8, “Technical requirements for in-service evaluation of zirconium alloy 
pressure tubes in CANDU reactors”, 2005. 

[4] H. O. Madsen, S. Krenk and N. C. Lind, “Methods of structural safety”, Prentice-Hall, 
Inc., Englewood Cliffs, N.J., 1986. 

[5] R. E. Melchers, “Structural reliability analysis and prediction”, second edition, John 
Wiley & Sons, Chichester, England, 1999. 

[6] A. Gupta and B. Choi, “Reliability-based load and resistance factor design for piping: 
an explanatory case study”, Nuclear Engineering and Design, Vol. 224, 2003, pp. 
161-178. 

[7] B. K. Han and A. H.-S. Ang, “Serviceability design load factors and reliability 
assessments for reinforced concrete containment structures”, Nuclear Engineering and 
Design, Vol. 179, 1998, pp. 201-208. 

[8] S. A. Mirza, “Reliability based design of reinforced concrete columns”, Structural 
Safety, Vol. 18, 1996, pp. 179-194. 

[9] G. Jiao and T. Moan, “Reliability-based fatigue and fracture design criteria for welded 
offshore structures”, Engineering Fracture Mechanics, Vol. 41, Iss. 2, 1992, pp. 271-
282. 

[10] M. D. Pandey and A. K. Sahoo, “A risk-informed approach to leak before break 
assessment of pressure tubes in CANDU reactors”. Journal of Pressure Vessel 
Technology, ASME. Accepted in April 2009. 

30th Annual Conference of the Canadian Nuclear Society
33rd CNS/CNA Student Conference

2009 May 31 - June 3
TELUS Convention Centre, Calgary, Alberta

Page 12 of 12


	Abstract
	1. Introduction
	2. Deterministic DHC initiation assessment
	3. Concept of reliability-based calibration
	4. Probabilistic formulation of DHC initiation analysis
	5. Conclusions
	Acknowledgements
	6. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


