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UNENE/NSERC IRC Program:  Risk-Based Life Cycle Management of 

Engineering Systems 
 
 
Overview 

 
The main focus of the Waterloo Chair program is the development of 
probabilistic models and uncertainty analysis methods to improve the 
aging management and life cycle performance of nuclear plant systems.  
The basic research is driven by practical applications to critical nuclear 
plant systems, including fuel channels, feeders, and steam generators, 
and other important systems, structures, and components.  In addition to 
supplying HQP to the industry, the program also provides valuable 
training to plant engineers in the areas of risk and reliability analysis. 
 
One of the main highlights of the past year has been the development of 
a numerical finite element model (FEM) for the deformation analysis of 
CANDU fuel channels.  This capability, which was previously limited to 
the vendor domain, has allowed us to explore and study many critical issues related to fuel 
channel assessment, including pressure tube to calandria tube (PT-CT) contact.  The insights 
gained from the FEM model have allowed us to develop more efficient and robust probabilistic 
assessment methods for both individual fuel channels and the entire reactor core. 
 
 
Program Results /Highlights 
 
Probabilistic Assessment of PT-CT Contact in Fuel Channels 
The creep deformation in zirconium alloys has been extensively studied leading to the 
development of explicit constitutive equations that describe the deformation of the pressure 
tube (PT) and the calandria tube (CT) as a function of operating variables.  Numerical 
implementations of these models have largely been confined to the vendor domain (e.g., 
CDEPTH model), which are not accessible to the research community. 
 
For this reason, we have implemented the creep laws 
successfully into the finite element modelling (FEM) 
software Abaqus, resulting in a powerful tool for 
exploring many research issues related to the 
deformation assessment of CANDU fuel channels. 
 

One of the main issues of concern is the contact of the 
hot PT with the cooler CT, potentially leading to 
cracking and leak and/or rupture of the pressure tube.  Because of uncertainties in the model 
input parameters, estimating the PT-CT contact using the current approach of Monte Carlo 
simulation is quite time consuming (i.e., requiring the repeated evaluation of the FEM code), 
which is a key challenge for probabilistic assessment of the reactor core. 
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Using our FEM model, we have gained rich insight to the fuel channel deformation process, 
which has allowed us to develop alternate, and more efficient methods for estimating the 
probability of contact of pressure tubes.  These models consider the impact of uncertainties in 
the key variables, such as the end slopes and creep factor, and can be calibrated using 
inspection data for any specific channel.  An example plot of the predicted PT-CT gap for a fuel 
channel is shown in Figure 1. 
 
We will continue to use the FEM model not only to advance the probabilistic methods 
associated with PT-CT contact assessment, but also to investigate other important aspects of 
the fuel channel deformation process. 

 

Figure 1: PT-CT gap in a fuel channel estimated at 200,000 effective full power hours (EFPH). 

Identifying Blunt Flaws in Feeder Piping 
Blunt flaws are typically caused by fretting, pitting, or flow accelerated corrosion (FAC), and 
result in local stress concentrations with the potential for crack initiation and leak.  The proper 
characterization of local wall thinning and detected flaws as either blunt or sharp is highly 
important for structural integrity and fitness for service assessment, as the evaluation 
procedures are different depending on the flaw shape. 
 
Using OPG’s large database of feeder wall thickness inspection data, we have developed a 
methodology for identifying blunt flaws in feeder piping.  The flaw edge and size are identified 
by calculating the three-dimensional slope vector (i.e., magnitude and direction) of each point in 
the kriging interpolated wall thickness profile.  The transition from a steeper slope to a relatively 
flat profile is then used by a search algorithm to determine the flaw edge (see Figure 2).  In 
addition to identifying blunt flaws, the developed methodology also provides a convenient way 
for characterizing the flaw dimensions for structural integrity assessment. 
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Figure 2: Identified flaw edge (solid black line) for an example feeder pipe.  The large white 
circle represents the critical (maximum) size for a blunt flaw. 

 
 
Estimating Flaw Growth Rates in Steam Generator Tubing 
The main challenge in the degradation assessment of steam generator (SG) tubing is the 
measurement error associated with the inspection tools.  The condition of the tubes is primarily 
assessed using eddy current inspection techniques, which are subject to both flaw detection 
and sizing errors.  Large measurement errors can mask the estimation of degradation rates and 
tube end of life, resulting in unnecessary (and early) plugging of the tubes. 
 
In this project, we developed an assessment methodology based on the maximum likelihood 
estimation (MLE) method to estimate the flaw growth rates in SG tubing.  The MLE approach is 
highly flexible, and hence not only able to incorporate flaw sizing errors from different inspection 
tools, but also include the censoring of small flaw sizes (i.e., when the measured flaw size is not 
known precisely, and reported only as being less than some limiting value, e.g., < 20 % 
through-wall). 
 
The analysis can also consider correlated error structures, for example, when the sizing error 
changes (i.e., increases or decreases) with the measured flaw size.  Figure 3 shows the 
example results of flaw size measurements using both the X-probe eddy current and the 
ultrasonic (UT) inspection tools. As shown in Figure 3, both the mean and standard deviation of 
the eddy current sizing error changes with the flaw size in this case (it is assumed that the error 
associated with the UT measurements is negligible). 
 
The developed methodology can be used to estimate both the population flaw growth rate 
distribution, applicable to any uninspected tubes, as well as the flaw specific growth rate 
distribution using an empirical Bayesian approach.  The flaw growth rate distributions are then 
used to estimate the probability of tube plugging by the end of the fitness for service evaluation 
period. 
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Figure 3: Flaw depths measured by X-probe and ultrasonic (UT) inspection tools. 
 
 
Other Research Activity 
 
The following research projects are progressing as per the original research plan: 

 Value of information approach to optimize the inspection of nuclear plant systems 

 Probabilistic modeling of aging-related degradation processes (e.g., steam generator 
tube degradation, fuel channel deformation, etc.) 

 Modeling of flow accelerated corrosion and probabilistic assessment 

 The use of inspection data in planning future inspections of plant systems 
 
 
Benefits to Industry 
 

 Effective life cycle management of nuclear plant systems  

 Risk-informed fitness for service assessment of reactor components and piping systems 

 Improved communication with the regulator about managing the risk  

 Minimize cost penalties associated with increased inspection and outage duration 

 Overall improvement in operational efficiency and environmental compliance of nuclear 
power generation 

 
 
Current HQP 
 
MASc: 2, PhD: 6, Research Associates: 2, PDF: 1 
 
 
HQP that Graduated  

 Dr. N. Manzana, completed PhD degree in August 2018.  

 Dr. Bo Li, Assistant Professor, Sichuan University, China, January 2018 



UNENE ANNUAL REPORT 2017-2018                                                                         Page 56 

 
 

Publications /Journal Papers 
  
Publications in Refereed Journals 

1. Manzana, N., Pandey, M.D. and van der Weide, J.A.M. (2018). The Probability Distribution 
of Maximum Load Generated by Stochastic Hazards Modelled as Shock, Pulse and 
Alternating Renewal Processes. Accepted for publication in ASCE-ASME Journal of Risk 
and Uncertainty in Engineering Systems, Part A: Civil Engineering. 

2. Higo, E. and Pandey, M.D. (2018). Determination of sample size to support diagnostic 
inspection of components. Accepted in International Journal of Quality Engineering and 
Technology. (24 June 2018) 

3. Pandey, M.D., Tallavo, F.J., Christodoulou, N.C., Leitch, B.W. and Bickel, G.A. (2018). 
Understanding the mechanics of creep deformation to develop a surrogate model for 
contact assessment in CANDU fuel channels. Nuclear Engineering and Design, 330, 141-
156. 

4. Pandey, M.D. and van der Weide, J.A.M. (2018). Probability distribution of the seismic 
damage cost over the life cycle of structures. Structural Safety, 72, 74-83. 

5. Li, B., Cai, Z., Xie, W.C. and Pandey, M.D. (2018). Probabilistic Seismic Hazard Analysis 
Considering Site-Specific Soil Effects. Soil Dynamics and Earthquake Engineering, 105, 
103-113. 
 

Conference Papers/Presentations 

6. Ramachandra Prabhu, S., Jyrkama, M.I., and Pandey, M.D. (2018). Identifying the Random 
Field Properties of Wall Thinning due to Flow-Accelerated Corrosion. 42nd Annual 
CNS/CSA Student Conference, June 3-6, 2018, Saskatoon, SK. 

7. Pandey, M.D. (2018). A Probabilistic Approach to the Estimation of Pipe Failure Rates 
Using FAC Degradation Monitoring Data. OECD-NEA Workshop, April 26-27, 2018, Paris. 

8. Jyrkama, M.I., Pandey, M.D., and Li, M. (2018). Methodology for Identifying Blunt Flaws 
Using Ultrasonic In-Service Inspection Data. ASME Pressure Vessels & Piping Conference 
(PVP 2018), July 15-20, 2018, Prague, Czech Republic, PVP2018-85138. 

9. Tallavo, F.J., Pandey, M.D., Jyrkama, M., Christodoulou, N.C., Bickel, G.A., and Leitch, 
B.W. (2018). A Comparative Evaluation of Finite Element Modeling of Creep Deformation of 
Fuel Channels in CANDU Nuclear Reactors. ASME Pressure Vessels & Piping Conference 
(PVP 2018), July 15-20, 2018, Prague, Czech Republic, PVP2018-84982. 

10. Pandey, M.D. and Jyrkama, M.I. (2018). Calibration of Inspection Strategies in Support of 
Aging Management Programs: A Probabilistic Approach. 26th International Conference on 
Nuclear Engineering (ICONE 26), July 22-26, 2018, London, England, ICONE26-81115. 

 
 
Interactions /Consultations to Industry  

 Speaker at the “2nd International Seminar on Probabilistic Methodologies for Nuclear 
Applications” hosted by the CNSC in Ottawa, October 25-26, 2017. 

 Visit to Canadian Nuclear Laboratories (Chalk River): Series of presentations and 
discussions with CNL scientists related to our ongoing research work, with the outcome 
of increasing the extent of collaboration and facilitating data exchange with industry 
experts. 

 Risk and reliability workshop with OPG staff in June 2018. 

 Member of CSA technical subcommittee for the development of the new standard 
N290.9 “Reliability and maintenance programs for Nuclear Power Plants”. 

 Co-Editor of the International Journal of Reliability Engineering and System Safety. 




