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ABSTRACT 
 

This paper presents finite element studies that were performed to determine the effect of flaw interaction on 
assessments of adjacent volumetric flaws.  Results showed that the interaction effect may significantly decrease predicted 
flaw-tip stresses, allowing for less conservative evaluations.  Flaw evaluation results are compared to those based on standard 
assessment procedures and flaw interaction criteria from existing Codes and Standards. 

INTRODUCTION 
 

Fuel bundle bearing pad fretting flaws (BPFs) are volumetric flaws in CANDU fuel channels that are frequently 
formed adjacent to one another.  When separation distances are less than specified proximity criteria, flaw evaluations are 
performed using combined dimensions.  Engineering flaw evaluation procedures generally consider the largest depth and 
smallest flaw-tip root radius from a cluster of flaws, which can be prohibitively conservative in certain cases.  Such a 
scenario was encountered in the current work, and accordingly the objective of this paper is to demonstrate through detailed 
finite element analyses that the flaw interaction effect decreases the severity of the stress field ahead of the flaw-tip, and this 
phenomenon can be effectively incorporated in volumetric flaw evaluations. 

BACKGROUND 

Bearing Pad Fretting Flaws in CANDU Fuel Channels 
Fuel channel pressure tubes in CANDU reactors provide separation between the moderator and coolant.  High-

pressure heavy water coolant passes through the pressure tubes and over the fuel. Fuel is supported horizontally inside the 
pressure tubes on bearing pads, which are brazed to the outer elements of each fuel bundle.  A cut-away view of a typical fuel 
bundle, pressure tube, and calandria tube is shown below in Figure 1. 
 

 

Figure 1. Fuel bundle, pressure tube, and calandria tube 

A mechanical rolled joint connects the end of each zirconium alloy pressure tube to a stainless steel end fitting.  The 
rolled joint assembly is depicted in Figure 2.  At the fuel channel inlet, it has been observed that flow-induced vibration 
causes fretting between inlet fuel bundle bearing pads and the inside surface of the pressure tube.  This leads to local removal 
of material from the pressure tube wall, resulting in bearing pad fretting flaws (BPFs). 
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Figure 2. Pressure tube rolled joint 

From in-service replications of previously detected BPFs, these flaws are known to be volumetric, with 
characteristic ‘C’ or channel-shaped cross sections. BPFs have finite root radii in both the radial-circumferential and radial-
axial planes (that is, in both axial and circumferential orientations).  The circumferential width of a typical BPF is 
approximately the same as that of a fuel bundle bearing pad, which is nominally 3 mm.  For analytical flaw evaluations, the 
BPF dimensions can be idealised as shown in Figure 3. 

 

 

 
 
 
 
 
 
 
 

 

Figure 3. Idealised bearing pad fretting flaw in pressure tube (left) and radial-circumferential cross section (right) 

The inlet rolled joint region where BPFs are commonly detected is of particular concern due to the presence of 
residual stresses from rolling. Additionally, deuterium ingress from the end fitting can be significant in the rolled joint region, 
which increases the potential for crack initiation due to delayed hydride cracking (DHC). 

Delayed Hydride Cracking (DHC) Initiation Evaluation 
Zirconium alloys are susceptible to delayed hydride cracking.  When sufficient hydrogen is present in the metal, 

hydrides precipitate to form a brittle second phase.  This behaviour is exacerbated in the presence of a flaw, because the flaw 
tip stress gradient acts a driving force for hydrogen diffusion, causing hydrogen to accumulate at the flaw tip. 

From industry flaw evaluation experience, the limiting assessment criterion for the majority of volumetric pressure 
tube flaws is protection against crack initiation due to DHC.  To evaluate for DHC initiation under sustained loading 
conditions, the CSA Standard N285.8 [1] and Reference [2] provide DHC threshold flaw-tip peak stresses as a function of 

flaw root radius (ρ).  The threshold peak stress for bearing pad fretting flaws is plotted in Figure 4. 
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Figure 4. Bearing pad fretting flaw-tip threshold peak stress for crack initiation due to DHC [1,2] 

Per CSA N285.8 methodology, protection against crack initiation due to DHC is demonstrated when the following 
condition is satisfied 

 σp ≤ σth (1) 

where σp is the flaw-tip elastic peak principal stress and σth is the flaw-tip threshold peak stress. 
 

FLAW GEOMETRY 
 

The particular flaw considered in this paper was detected during routine ultrasonic inspections of Bruce Power 
pressure tubes in 1998.  A rubber replica of the flaw was subsequently taken; an overhead photograph of the replica is shown 
below in Figure 5. 

 

 

Figure 5. Replica of bearing pad fretting flaw 

Scanning electron microscopy (SEM) photographs and laser profilometry of the flaw replica were used to measure 
detailed flaw geometry.  A plot of the laser profilometry data is shown in Figure 6 below.  From the replica examinations it 
was observed that the flaw consisted of a long primary BPF adjacent to a second, shorter and shallower BPF. 
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Figure 6. Isometric plot of flaw replica laser profilometry scan (not to scale, limited circumferential extent) 

As indicated in Figures 5 and 6, there are several features of this flaw configuration that are salient to the flaw 
evaluation.  The primary and adjacent flaws both intersect the burnish mark region of the pressure tube.  The burnish mark is 
identifiable by the change in local pressure tube diameter, and represents the start of the end-fitting rolled joint.  The rolled 
joint is outboard of the burnish mark, and the net hoop stress in the rolled joint is compressive.  Because of this, in stress 
analyses it has been found that the burnish mark effectively acts as a loading symmetry plane.  For the current work, this 
implies that only the inboard portion of flaw need be considered, despite that the flaw extends well outboard of the burnish 
mark. 

It was found that the deepest part of the primary BPF was located at the burnish mark intersection, while the most 
inboard end of the flaw was relatively shallow. The inner edge of the primary flaw (where “inner” refers the left-hand side of 
the flaw in Figures 5 and 6) had the smallest root radius.  The adjacent BPF was shallow in comparison to the primary BPF, 
though it had a smaller minimum root radius.  The flaw dimensions are summarised in Table 1 below. 

Table 1. Flaw dimensions 

Primary flaw Axial length (inboard of burnish mark) 2c1 11.0 mm 
 Circumferential length 2b1 2.8 mm 
 Maximum depth a1 0.51 mm 
 Minimum root radius – inner edge ρ1,inner 0.125 mm 

 Minimum root radius – outer edge ρ1,outer 0.290 mm 

Adjacent flaw Axial length (inboard of burnish mark) 2c2 2.0 mm 
 Circumferential length 2b2 2.8 mm 
 Maximum depth a2 0.23 mm 
 Minimum root radius ρ2 0.052 mm 

 Circumferential separation (distance from primary flaw) sθ 0.4 mm 

 
Based on the above description of the flaw location and geometry, the peak principal stress is expected to occur at 

the location indicated in Figure 6. 

FLAW EVALUATION USING CONVENTIONAL APPROACH 

Flaw Interaction Criteria and Effective Dimensions from Existing Codes 
For evaluations of adjacent flaws it is usually necessary to apply proximity rules to determine whether the flaws 

must be considered as a single flaw, and if so the effective dimensions must be determined.  For example, API 579 [3] 
provides a recommended method for sizing of multiple locally thinned areas.  Applied to the current flaw geometry, adjacent 
flaws should be combined into a single flaw when 
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 sθ ≤ maximum(b1,b2) 
 or (2) 
 sz ≤ maximum(c1,c2) 

where sθ and sz are the minimum circumferential and longitudinal separation distances, respectively, and b1, b2, c1, and c2 are 
as defined in Table 1.  The ASME B&PV Code [4] also gives separation requirements for adjacent thinned areas.  If the 
primary and adjacent BPFs are assumed to be locally thinned areas with remaining wall thickness less than the Code 
allowable thickness, then combination of the two areas is required when 

 smin ≤ 0.5(2c1+2c2) (3) 

where smin is the minimum separation between thinned areas, which for the adjacent BPFs under consideration is equal to sθ.  
CSA N285.8 [1] gives the following rule for determining whether volumetric flaw dimensions must be combined 
 

 sθ ≤ maximum(2a1,2a2) 
 or (4) 
 sz ≤ maximum(2a1,2a2) 

where a1 and a2 are as defined in Table 1.  Based on any of the above proximity criteria, it is clear that the primary and 
adjacent BPF considered in this paper should be evaluated as a single flaw.  The effective dimensions are calculated in below 
in Table 2.  Furthermore, CSA N285.8 requires that “For each position on the flaw profile of concern, a characteristic 
minimum root radius ρ shall be determined.”  It was established earlier that the profile of concern is the deepest location at 
the burnish mark intersection, while the minimum root radius is found on the adjacent BPF. 

Table 2. Combined flaw dimensions 

Axial length 2c 11.0 mm 
Circumferential length 2b 6.0 mm 
Maximum depth a 0.51 mm 
Minimum root radius ρ 0.052 mm 

Elastic Stress Concentration Factor for Idealised Bearing Pad Fretting Flaws 

Given a, b, c, and ρ for a BPF, Reference [5] provides parametric solutions for the flaw-tip elastic stress 
concentration factor (kt) of the form 
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where w is the pressure tube wall thickness, Fa/w is a geometry correction factor to account for the effect of flaw depth 
divided by wall thickness, and ktEH is the closed form stress concentration factor solution for an elliptical hole in an infinite 
plate, calibrated for the geometry of a BPF (further details can be found in [5]).  Idealising the effective flaw dimensions from 
Table 2 as a single bearing pad fretting flaw of uniform depth and root radius, the kt was calculated using the solution of [5] 
and the value is given in Table 3 below.  For comparison, the same calculation was performed for the primary BPF alone 
(neglecting the adjacent BPF) and the adjacent BPF alone (neglecting the primary BPF), and the kt values are also shown in 
Table 3. 

Results 
The flaw tip peak stress is given by 

 σp ≤ ktσh (6) 

where σh is the applied hoop stress at the flaw.  In the current work, operating conditions for Bruce Power reactors were used 

to determine σh; for brevity the reader is referred to CSA N285.8 Clause A.4.4 for further details of the calculation. Using the 
kt values obtained above, flaw-tip peak stresses were calculated and are shown in Table 3. Comparing these to the threshold 
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peak stresses of Figure 4, it is seen that crack initiation due to DHC is predicted at the primary flaw (both when combined 
with the adjacent flaw and when considered alone). 

Table 3. Elastic stress concentration factor and flaw-tip peak stress for idealised BPF 

 kt σp DHC 

Combined flaw dimensions 

(ρ = 0.052 mm) 
5.605 1014 MPa Y 

Primary BPF only 

(ρ = 0.125 mm) 
4.105 745 MPa Y 

Adjacent BPF only 

(ρ = 0.052 mm) 
3.555 644 MPa N 

 

FINITE ELEMENT MODELLING OF FLAW INTERACTION EFFECT 
 
Some observations can be made regarding the preceding DHC initiation evaluation using conventional methods: (1) 

the requirement to use combined flaw dimensions is overly conservative for this case since the smallest root radius does not 
coincide with the deepest location in the combined flaw; and (2) using the parametric kt solution for an idealised BPF does 
not account for interaction between the two BPFs.  Due to flaw interaction, loads are expected to be redistributed away from 
the customary peak location on the primary flaw.  In an attempt to relieve conservatisms and capture the flaw interaction 
effect, three-dimensional finite element (FE) analysis was performed. 

Model Description 
An elastic 3D finite element model was constructed in ANSYS v8.1 using 20-noded continuum elements.  A portion 

of the pressure tube from the burnish mark (symmetry plane) inboard was modelled, containing both the primary BPF and the 
adjacent BPF on the inside surface.  The two flaws were modelled as idealised bearing pad fretting flaws of uniform depth 
and root radii. Based on the earlier description of the detailed geometry, this model is considered to bound the actual flaw 
geometry. 

To achieve accurate flaw-tip stress predictions, a very fine mesh was required in the vicinity of the flaw, with 
transitions to a coarser mesh in the far field. The final FE model used a total of 206,711 elements at 882,834 nodes 
(approximately 2.5 million degrees of freedom).  Figures 7 and 8 illustrate the model geometry and meshing. 

 
 

 
 

Figure 7. Finite element model – solid geometry 

inboard 
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Figure 8. Finite element mesh – flaw details at symmetry plane 

Elastic Stress Concentration Factor 
Principal stress contour plots are shown below in Figure 9.  Based on the finite element nodal stress results, the 

elastic concentration factor at the inner corner of the primary bearing pad flaw was calculated and is given below in Table 4. 

Results 
Using the FE kt value, the flaw-tip peak stress was calculated by Equation 6 and the result is given in Table 4.  This 

value is located at the inner corner of the primary flaw at the model symmetry plane, where the corresponding root radius is 
0.125 mm. Comparing against the threshold peak stresses of Figure 4, protection against DHC initiation is demonstrated at 
this location. 
 

 

Figure 9. Maximum principal stress contours 

 

inboard 
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Table 4. Elastic stress concentration factor and flaw-tip peak stress from FE model 

 kt σp DHC 

Primary BPF, inner corner 

(ρ = 0.125 mm) 
3.549  643 MPa N 

DISCUSSION 
 

FE analysis showed that the presence of a shallow flaw adjacent to a primary flaw can significantly reduce the flaw-
tip peak stress at the normally expected peak stress location.  Compared to a single bearing pad fretting flaw (that is, the 
primary flaw only with no adjacent flaw), the FE results predicted a 14% reduction in the peak stress.  Moreover, the FE 
results showed that the standard requirement to combine adjacent flaws using bounding dimensions can lead to overly-
conservative results; the peak stress using combined flaw dimensions was approximately 36% higher than that predicted at 
the same location on the FE model. 

An important observation is that the global FE peak stress was not located at the symmetry plane.  The presence of 
the adjacent flaw resulted in displacement of the global peak stress to a point on the primary flaw beyond the inboard extent 
of the shorter adjacent flaw.  In the current work, stresses at this location were not considered because the replica 
examinations showed a significant reduction in the primary flaw depth at the inboard end (see Figure 5), and thus loads 
would actually be redistributed into an area of lower stress concentration.  However, the implication for other possible flaw 
geometries is that both global and local peak stresses should be considered in evaluations involving adjacent flaws.  Further 
work is needed to better understand the relationship between the global and local peak stresses. 

CONCLUSIONS 
 

Finite element stress analyses showed that accounting for the interaction of adjacent bearing pad fretting flaws has a 
marked effect on predicted flaw-tip peak stresses.  Compared to the peak stresses obtained using conventional flaw proximity 
rules and published stress concentration factor solutions, application of the interaction effect may provide significant benefits 
in the evaluation of volumetric flaws.  Future work is recommended to generalise the approach and to determine the effect of 
different relative dimensions and separation distances of adjacent flaws. 
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