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Introduction

A critical technical element of nuclear power plant license renewal in the United States is
the demonstration that the effects of aging do not compromise the intended safety
function(s) of a system, structure, or component during the extended term of operation. The
demonstration may take either of two forms. First, it can be shown that the design basis for
the system, structure, or component is sufficiently robust that the aging effects have been
insignificant through the current license term, and will continue to be insignificant through
the extended term. Alternatively, it can be shown that, while the aging effects may be
potentially significant, those effects can be managed and functionality maintained by
defined programmatic activities during the extended term of operation.

The first of the two approaches is generally provided by the construction basis, such as
construction in accordance with the ASME Code Section III (e.g., [1]) and other consensus
codes and standards. The materials selection process, the design rules, and the
fabrication, examination, and testing criteria provided sufficient confidence to the owner
and the regulator to permit the system, component, or structure to be placed into service.
Relying on this first approach often implies revisiting the construction basis, assuring that
the original confidence covers the extended term of operation.

The second of the two approaches is often provided by periodic inservice inspection and
testing, in accordance with the ASME Code Section XI (e.g., [2]). The purpose of the
ASME Section XI inspections and ësts is to assure that systems, components, and
structures are fit for continued service until the next scheduled inspection or test. By
implication, the ASME Section XI rules also manage the effects of aging, since the fitness
for continued service determination implies that the system, structure, or component has
been found to be capable of performing its intended function(s) for that intervening period.
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The staff of the U. S. Nuclear Regulatory Commission (NRC) has established a set of
evaluation criteria for evaluating the capability of various programs to manage aging
effects. The ten criteria include (a) Detection of Aging Effects, and (b) Acceptance
Criteria. These two criteria, in particular, have been used by the NRC staff to evaluate a
large number of ASME Section XI examination categories, including visual examinations.
In a number of instances, the NRC staff has found the existing ASME Code Section XI
visual examinations unacceptable, unless supplemented by more rigorous examination
procedures. The findings from those evaluations are documented in the draft Standard
Review Plan for License Renewal (SRP-LR) [3] and the draft License Renewal Generic
Aging Lessons Learned (GALL) report [4].

The purpose of this paper is to document the effectiveness of the current ASME Code
Section XI visual examination procedures in detecting the effects of aging for systems,
structures, and components that are tolerant of mature cracks.

ASME Section XI Visual Examinations

ASME Section XI visual examinations are relied upon for detection of mature cracks in a
variety of systems, components, and structures at commercial nuclear power plants. This
is particularly true for reactor vessel internals components that may be subject to a variety
of potential cracking mechanisms, such as stress corrosion cracking (SCC), either
assisted by irradiation or not. However, visual examination is also a fundamental
procedure for periodic inspection of small-bore piping (defined to be piping less than 4
inches (10 cm) in nominal diameter), exposed concrete and steel containment surfaces,
and many other locations throughout the plant.

As an example, Examination Category B-N-1 calls for the visual examination (VT-3) of
accessible areas of the reactor vessel interior. Examination Category B-N-2 calls for
visual examination (VT-1 for accessible attachment welds within the vessel beltline region
and VT-3 for accessible attachment welds beyond the beltline region) of interior attachment
welds. These visual examinations include the attachment welds themselves and one-half
inch of the base metal surface adjacent to the weld. Relevant conditions for the VT-1
examination include "crack-like surface flaws on the welds joining the attachment to the
vessel wall that exceed the allowable linear flaw standards of IWB-3510." Relevant
conditions for the VT-3 examination includes "loose, missing, cracked, or fractured parts,
bolting, or fasteners." When relevant conditions are observed, corrective actions are
required in the form of augmented examinations, evaluations, or repair/replacement. The
augmented examinations may include enhanced visual, surface, or volumetric
examinations capable of characterizing the relevant condition more accurately. The
evaluations may include a demonstration that the location under consideration can tolerate
the relevant condition while continuing to perform its intended function.

The NRC staff have not been willing to permit full credit for these periodic, continuing visual
examinations of reactor metal components and exposed concrete surfaces as the basis for
managing cracking during the license renewal term. Instead, in many cases, the staff has
requested augmented in-service inspection programs, such as upgrading VT-3



inspections to VT-1 inspections or enhancement of VT-1 inspections, as a part of the
license renewal process. The apparent source of the staffs major concern is the ability of
a surface visual examination to detect cracking, even for cases when the component is
tolerant of all but the very largest flaws. Another concern might be the less rigorous
distance, character recognition, and lighting requirements of the VT-3 inspection, relative
to those for VT-1 inspection. These differences are reflected in the less prescriptive
relevant conditions for VT-3 versus VT-1, especially for the detection of surface cracking.

The visual acuity and maximum direct examination distance requirements for VT-1 and VT-
3 visual examination are given in Table IWA-2210-1. The maximum examination distance
for VT-1 is given as 2 feet (0.6 m), while that for VT-3 is given as 4 feet (1.2 m), with the
character recognition heights for the two methods given as 0.044 and 0.105 inches (1.12
and 2.67 mm), respectively. In other words, VT-1 examinations require the observer to be
closer and require the recognition of smaller objects, by about a factor of 2. Remote visual
examination techniques, such as cameras or fiber-optic devices, are required to meet the
same qualifications. It should be noted that the visual acuity requirements are not directly
related to the length or crack-opening width of a surface-breaking crack that is subject to
detection. This point is apparently not well understood by many, as was demonstrated by
the interpretation of results from the EPRI BWR Vessels and Internals program.

BWR Vessel and Internals Program

Recent information from the EPRI BWR Vessel and Internals Program [5] provide
calibration relative to VT-1 and VT-3 methods. The exercise was directed at the detection
of potential intergranular stress corrosion cracking (IGSCC) in BWR core shrouds, and
used crack-like simulations to test the visual acuity of potential examiners. Small (0.0005-
inch (0.013 mm) diameter) stainless steel wires were placed 20 feet (6 meters) underwater
against various backgrounds and under various lighting conditions. Cameras were used
as the remote visual examination device.

The study found that detection of the wires was assured from a distance of 16 inches (0.4
m), provided that the lighting was adequate and reflection from the various backgrounds
minimized. Contrast was not a concern. The wire diameter was considerably smaller than
the character recognition height for either VT-1 or VT-3, and the remote camera distance
was somewhat less than the maximum examination distance for either VT-1 or VT-3 (e.g.,
16 inches (0.4 m) versus 24 inches (0.6 m)). Such visual examination qualification
exercises provide high confidence in the ability to detect mature cracks by either VT-1 or
VT-3 methods.

Based on this study, he BWR Vessel Internals project subcommittee has recommended
the implementation of an improved visual examination procedure, called EVT-1 (enhanced
VT-1) that requires resolution of a 0.0005-inch diameter fine wire. This confusion between
the visual acuity requirements of the ASME Code Section XI and the actual demonstrated
capability to detect a much smaller simulated relevant condition is not unusual. It is similar
to the difference between flaw detection and sizing threshold for ultrasonic examination
(UT) and high probability flaw detection and sizing limit. Therefore, it is not surprising that,
based upon this study, the NRC staff has requested (see Reference 4) that VT-1 and VT-3
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visual examinations be enhanced to demonstrate ability to detect a characteristic
dimension of 0.0005 inches (0.013 mm).

In the following discussion, this request is shown to be excessive for structures and
components that are tolerant of mature cracks. It is also shown that the wire diameter used
in the Reference 5 studies is somewhere between 1 % to 3 % of the width of a mature
crack under load. A mature crack is defined here to have a width between 0.015 and
0.050 inches.

Surface Crack Opening Displacement

The existing ASME Code Section XI VT-1 and VT-3 examination methods are quite
capable of detection of mature surface-breaking cracks, as has been demonstrated in
Reference 6. In that study cracks with depths varying from 0.125 inches (3.2 mm) to 1.5
inches (38 mm) were examined in both the loaded (by thermal transients) and in the
unloaded condition. Figure 1 shows the most important of the results from that study.
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Figure 1. Crack Closure Patterns for Propagating Crack
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For cracks with depths less than 0.5 inches (12.7 mm), the crack opening displacement at
the crack surface was essentially zero after the removal of the load. When the crack depth
exceeded 0.5 inches (12.7 mm), residual stress from the plastic zone at the crack tip
caused the surface crack opening displacement to be in the visual detection range. As an
example, for a 1.0-inch (25.4 mm) deep crack, the loaded surface crack opening
displacement was about 0.01 inches (2.5 mm), while the unloaded surface crack opening
displacement was about 0.001 inches (0.25 mm). When the crack depth reached 1.25
inches (32 mm) and 1.5 inches (38 mm), the unloaded surface crack opening
displacement approached the character recognition heights for VT-1 and VT-3
examination.

The characteristics of crack surface displacements caused by crack tip zone plasticity has
been studied by many investigators. A comprehensive evaluation has been reported by
Dill and Saff [7]. This study determined the crack surface displacements during loading
and unloading by finding the permanent plastic deformations left by a growing crack (see
Figure 2).
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Figure 2. Elastic Crack Surface Displacement at Maximum Load

The model of residual deformation and crack surface interference (see Figure 3) was
verified by comparison of calculated results with crack growth measurements that took into
account such effects as stress ratio and delayed crack growth retardation.
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Figure 3. Crack Surface Displacement at Minimum Load

For a stress ratio, R, equal to 0 (loading and unloading, without compressive loading), the
residual crack surface displacement is approximately 10 % of the maximum crack opening
displacement (COD) under tensile load. This value has a weak dependence on crack
depth for cracks that are at least five times the plastic zone size. The crack surface
displacement has a very strong dependence on stress ratio. For R = 0.25 (the minimum
tensile load is 25 % of the maximum tensile load), the crack surface displacement is 80 %
of the maximum COD. These results are in essential agreement with those in Reference 6.
From this comparison, it can be concluded that the existing ASME Code Section XI VT-1
and VT-3 visual examinations can be used and are intended for the detection of mature
cracks - that is, cracks that have considerable depth, greater than 1.0 inches (25 mm).
When tolerance to mature flaws can be demonstrated, the capability of existing ASME
Code Section XI visual examination methods to manage cracking is justified.

Mature Crack Flaw Tolerance Evaluation - Core Support Structures

Many of the components for which the NRC staff has requested augmented VT-1 visual
examination are sufficiently tolerant of mature flaws to justify existing ASME Code Section
XI visual inspection procedures. One of these groups includes PWR core support
structures subject to potential cracking from neutron irradiation embrittlement.

Reference 8 evaluated crack growth resistance and flaw stability for a set of representative
PWR austenitic stainless steel core support structures that are assumed to be embrittled
from neutron irradiation exposure. These components are subject to VT-3 visual
examination in accordance with Examination Category B-N-3. Five different core support
structures were evaluated, ranging from a rectangular parallelepiped representing a
columnar support (see Figure 4) to a hollow circular cylinder representing a core barrel
assembly.
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Figure 4. Geometry and Coordinate System for Surface Edge Crack in Rectangular
Parallelepiped Representing Columnar Core Support Structure

Flaws of various sizes were postulated at worst-case tensile stress locations and in worst-
case orientations. Then, applied-J integrals were calculated for the postulated flaws
subject to tensile stresses from nominal, design-basis, and bounding load conditions. The
J-integrals were determined from linear elastic fracture mechanics (LEFM) solutions, with a
conversion to elastic-plastic crack driving force valid for localized plasticity at the crack tip.
As a check on the validity of the approach, approximate limit loads were calculated for the
uncracked sections using mechanical properties for irradiated stainless steel. Finally, the
evaluation procedures specified in Appendix K of the ASME Code Section XI were used
to demonstrate flaw stability. Results for two of the core support structures - a columnar
support and a toroidal ring support- are discussed below.

Columnar Core Support Structure

For the columnar support geometry, the crack driving force for a variety of non-dimensional
flaw lengths, depths and aspect ratios was evaluated. The non-dimensional flaw length
was defined to be 2c/W, where 2c is the flaw length and W is the characteristic width
dimension of the component (W is the width of the columnar support or the circumference
of the toroidal support). The non-dimensional flaw depth was defined to be a/t, where a is
the flaw depth and t is the thickness of the component. 2c/a is the aspect ratio of the flaw.
Flaw lengths were selected to be 2.4 inches, 3.6 inches, 4.8 inches, and 6 inches. For



oooe

each flaw length, three flaw depths were examined: (1) aspect ratio = 0.2 (flaw depths =
0.24 inches, 0.36 inches, 0.48 inches, and 0.6 inches); (2) aspect ratio = 0.4 (flaw depths =
0.48 inches, 0.72 inches, 0.96 inches, and 1.2 inches); and aspect ratio = 1.0 (flaw depths
= 1.2 inches, 1.8 inches, 2.4 inches, and 3 inches). For each of the flaw depths, three
different uniform remote tensile stress states were examined, 10 ksi, 20 ksi, and 30 ksi.
The first of these represents the expected level of remote tensile stress under LOCA or
seismic loads, the second represents a value of the remote tensile stress equivalent to the
maximum design membrane stress for the material, and the third represents 150 % of that
maximum design membrane stress.

For each postulated flaw length and depth, the LEFM stress intensity factor in ksiVin for
each remote tensile stress level is calculated and listed in the appropriate column of Table
1. The column to the right of these calculated LEFM stress intensity factors shows the
applied J-integral, in units of in-lb/in . The threshold value for crack growth resistance has

2
been shown [8] to be about 1500 in-lb/in . With the exception of the case where the flaw is
3 inches deep (a/t = 0.5), and the flaw length extends completely along the width of the
component (2c/W = 1.0), with a remote stress is 30 ksi, all of the calculations satisfy the
crack growth resistance criterion.
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Table 1. Results for Rectangular Parallelepiped, W=t=6 inches

This is considered to be a bounding case. Note that the flaw area is 14.14 in , about 40 %
of the cross-sectional area of the component. As a check, the applied load, P, is equal to
the remote stress (30 ksi) multiplied by the cross-sectional area (36 square inches), or
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1,080,000 lbs. The value of Fb depends upon the choice of the yield strength in the
irradiated condition, which could vary from its initial value (e.g., 35 ksi) all the way up to 100
ksi after prolonged exposure. For purposes of comparison, a value of a o equal to 65 ksi
was chosen. In this case, when 65 ksi is multiplied by the area of the uncracked cross
section, the approximate limit load is 1,420,000 Ib, well above the applied load. Therefore,
as the result of increases in the yield strength caused by neutron irradiation, elastic
behavior is expected to control this set of fracture mechanics analyses.

The crack depths for the va rious cases evaluated range from 0.24 inches to 3 inches, with
the core support structure tolerant of flaws as deep as 2.4 inches at the highest tensile
loads. For an applied tensile load of 20 ksi, the core support structure is tolerant of flaws at
least 3 inches deep. These are definitely mature cracks that would have large crack
surface displacements in the unloaded condition.

Toroidal Core Support Structure

Results for the toroidal core support structure were obtained for three flaw lengths - 8
inches, 12 inches, and 20 inches. For each flaw length, three flaw depths were examined.
These flaw depths ranged from 1.6 inches to 8 inches deep. All of these flaws can be
considered mature. The remote circumferential stresses ranged from 10 ksi to 20 ksi to
30 ksi.

The complete set of results, including the LEFM stress intensity factors converted to
elastic-plastic crack driving force, is given in Table 2. Note that only two of the calculations
have elastic-plastic crack driving forces that are relatively close to, or exceed, the 1500 in-

Ib/in , crack growth resistance value at a crack depth of 0.1 inches.
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Table 2. Results for Torus with Rectangular Cross Section
w = 30 inches, t = 10 inches
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One of these calculations corresponds to a postulated through-wall flaw 10 inches deep
and 20 inches in length, subjected to 10 ksi remote circumferential tensile stresses. The

applied J-integral in this case is over 1700 in-lb/in .

The other calculation corresponds to a postulated flaw that is 6 inches deep and 12 inches
long, subjected to 30 ksi remote circumferential tensile stresses, with an applied J-integral
that is well below the stability threshold. (As a point of reference, the average
circumferential stress for a cylindrical shell with a diameter of 80 inches and a wall
thickness of 10 inches subjected to an internal pressure of 2250 psi is about 9 ksi.) The
cross-sectional area of the flaw in the latter case is 56.5 in , which comprises about 28 %

2
of the 200 in cross-sectional area of the torus. A somewhat larger flaw would be needed
to cause unstable crack growth, even at the very high stress levels. As a check, the limit
load calculation again shows that elastic behavior controls because of the increase in yield
strength from neutron irradiation.

Again, the results for this case show that these core support structures are extremely
tolerant of mature flaws, except in the most limiting cases, and that the crack surface
displacements after unloading will be of the same order as the character recognition
heights for both VT-1 and VT-3 visual examinations.

Conclusions

Existing ASME Code Section XI visual examination requirements rely on visual acuity
demonstrations that are very conservative relative to actual capability to detect significant
surface discontinuities, such as simulated surface-breaking mature cracks. Linear elastic
and elastic-plastic fracture mechanics calculations show that:

• One of the effects of crack tip plasticity for mature cracks is to generate residual
crack surface displacements after unloading that enhance surface discontinuity
detection; and

• These mature crack surface displacements are of the same order as the
character recognition heights for both VT-1 and VT-3 visual examinations.

Finally, a typical set of nuclear power plant components that are subject to periodic in-
service visual examination, core support structures, have been shown to be extremely
tolerant of all but the most limiting mature flaws.

The combination of flaw tolerance and existing ASME Code Section XI visual examination
requirements provides high confidence that cracking from a variety of causes, such as
thermal aging and neutron irradiation embrittlement, can be managed throughout the
license renewal term for these core support structures without the need for enhanced visual
examination.
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