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ABSTRACT

El'his study continues an investigation of a computational meth-
odology for calculating the Mode I stress intensity factor, K|, for flaws
embedded in the wall of a nuclear reactor pressure vessel (RPV). The
results generated by a model published by Electricité de France (EdF)
for calculating linear-elastic fracture mechanics (LEFM) K| solutions
for embedded flaws were compared against solutions previously
generated using the EPRI NP-1181 embedded-flaw model (which
provides an analytical interpretation of the ASME Boiler and Pressure
Vessel Code, Section XI, Appendix A, procedure) and solutions
generated using the ABAQUS finite-element computer code. For the
flaw geometries examined in the current study, the EPRI / ASME
LEFM peak-value K| solutions were in slightly better agreement with
ABAQUS LEFM peak-value K| solutions than those generated by the
EdF model.

The EdF and the EPRI/ASME LEFM K, solutions, corrected to
account for plasticity, were benchmarked for three embedded flaw
geometries by comparing them with ABAQUS three-dimensional fully
elastic-plastic fracture mechanics (EPFM) Kj solutions. The ABAQUS
EPFM K; solutions were significantly higher in magnitude than the
ABAQUS LEFM K, solutions. For the limited number of flaws
examined, both  plasticity-correction = methods  significantly
underpredicted the ABAQUS EPFM peak-value K; solutions.

INTRODUCTION

A significant advancement in nuclear reactor pressure vessel
(RPV) fracture-related technology is an improved technical basis [1-4]
for estimating flaw-related data for RPV material, i.e., the number,
location, and size of flaws postulated to reside in an RPV. The
computational models from which the current pressurized thermal
shock (PTS) regulations [5-6] were derived postulated that all flaws
were inner surface-breaking flaws. Some recent nondestructive and
destructive examinations of material taken from actual RPVs were
performed by Pacific Northwest National Laboratory (PNNL) under
contract to the U.S. Nuclear Regulatory Commission (NRC). These
examinations revealed a considerably larger number of flaws than
were postulated in the earlier analyses. All of the flaws detected thus
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far by PNNL are of varying sizes and embedded at various locations in
the RPV wall, i.e., no surface-breaking flaws were found.

Analyses performed at the Oak Ridge National Laboratory
(ORNL) [7] showed that embedded flaws postulated to reside close to
the inner-surface of an RPV contribute significantly to the conditional
probability of cleavage fracture of the RPV during postulated PTS
events. It is anticipated that embedded flaws will play a significant role
in future RPV structural integrity evaluations; therefore, the need for
an accurate (as feasible) K; computational model for embedded flaws
provided the motivation for this investigation.

Another previous study at ORNL [8-9] compared LEFM Mode 1
stress intensity factor, K|, solutions for embedded flaws that were
generated using the EPRI NP-1181 model [10] (which is an analytical
interpretation of the ASME Boiler and Pressure Vessel Code, Section
XI, Appendix A, procedure [11]) with K; solutions from the ABAQUS
finite-element computer code [12]. In this current study, solutions
generated by a computational method published by Electricité de
France (EdF) [13-16] for calculating LEFM K| solutions for embedded
flaws were compared with the solutions generated in the previous
study [8-9].

The EdF and the EPRI/ASME models include methods for
correcting the LEFM K| solutions to approximately account for the
effects of plastic deformation. The current study evaluated the
EPRI/ASME and EdF LEFM K, solutions, corrected for plasticity, by
comparing them with ABAQUS three-dimensional (3-D) elastic-
plastic fracture mechanics (EPFM) solutions for a limited number of
embedded flaw geometries.

IMPLEMENTATION OF EPRI/ASME AND EDF FRACTURE
METHODOLOGIES INTO FAVOR CODE

FAVOR (Fracture Analysis of Vessels: Oak Ridge) is an
advanced computational tool [17-18] that performs deterministic and
probabilistic fracture mechanics (PFM) analyses of a clad RPV
subjected to complex time-varying thermal-hydraulic boundary
conditions imposed on its inner surface. FAVOR-generated thermal,
stress, and K; solutions for inner-surface breaking flaws have
previously been validated [19] to be within 1-2 percent of ABAQUS
3-D solutions. The current development version of FAVOR has the
capability to model inner-surface breaking and/or embedded flaws.

Implementation into FAVOR of the various computational
fracture models for embedded flaws provides a platform for evaluating
these models. The FAVOR implementation included both the



EPRI/ASME and the EdF LEFM K, models, with and without
plasticity correction. Solutions generated by FAVOR using these two
methodologies were compared with those obtained from the ABAQUS
code.

EMBEDDED FLAW MODEL

Figure 1 schematically illustrates the RPV geometry and generic
embedded flaw used in the benchmarking analyses with relevant
descriptive variables,
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Fig. 1. Geometry and nomenclature used in embedded
(subsurface) flaw model.

where
X1 = the distance from the RPV inner (wetted) surface to the
inner tip of the embedded flaw at point 1

X, = the distance from the RPV inner (wetted) surface to the
outer tip of the embedded flaw at point 2

e = the distance from the RPV midplane to the midplane of the
embedded flaw

| = length of the flaw

¢ = distance from the clad-base interface to the inner tip of the
embedded flaw at point 1

t = RPV wall thickness

MATRIX OF PLANAR EMBEDDED FLAW GEOMETRIES

The matrix of embedded flaw geometries for which bench-
marking analyses were performed is presented in Table 1 which speci-
fies the parameters describing the flaw geometry, location within the
RPV wall, and aspect ratio (length / 2a).

The through-wall depth (2a) of the flaws in cases Al-A4 is
17 mm which corresponds to the largest through-wall depth found in
material examined in the Pressure Vessel Research User’s Facility
(PVRUF) at Oak Ridge National Laboratory (ORNL). The difference
in cases Al1-A4 is an increasing dimension C, i.e., the location of the
inner crack tip is increasingly farther away from the clad-base

interface. The through-wall depth (2a) of the flaws in cases B1-B2 is
2.54 mm (0.1 inch), a relatively small flaw. The through-wall depth
(2a) of the flaws in cases C1-C3 is 25.4 mm (1.0 inch), a relatively
large flaw. Again, in each of these case series (A, B, and C), the
location of the inner crack tip is increasingly farther away from the
clad/base interface.

ABAQUS MODELS

A 3-D finite-element model of a 180-degree segment of an RPV
shell-wall section containing a planar embedded flaw was constructed
for each of the nine flaw geometries in Table 1. The finite-element
models utilized 20-node isoparametric brick elements for the main
structure. Collapsed prism elements were employed at the crack tip to
produce an appropriate singularity for LEFM analyses. A modified
version of the ORNL/ORMGEN finite-element mesh generator
program [20] was used to generate the nine models.

An initial study was carried out to determine the minimum shell
length and mesh refinement required to produce model-independent
linear-elastic solutions for the temperature, stress, and J-integral
distributions. For each flaw geometry, the mesh refinement and axial
length of the finite-element model were increased independently until
stable J-integral distributions were calculated around the embedded
flaw for the duration of the transient, i.e., until the fracture mechanics
solution was converged with respect to the mesh refinement. For all
ABAQUS analysis results reported herein, J-integrals were converted
to K; using the plain-strain relation

KJ:+( E jJ 1

1-v?

where E is Young’s modulus of elasticity and Vv is Poisson’s ratio. For
additional details of the finite-element models used in this study see
[8-9].

VESSEL MODEL AND MATERIAL PROPERTIES

The representative RPV in Fig.1 had an inside radius of
2286 mm (90 in.), wall thickness, t, of 228.6 mm (9 in.), and clad
thickness of 6.35 mm (0.25 in.). The embedded flaw, also shown in
Fig. 1, had an elliptical geometry with minor and major axis
dimensions defined by the parameters 2a and length, | , respectively.
The inner tip of the flaw (Point 1) is located a distance ¢ from the
clad/base interface, and the major axis is located a distance e from the
midplane (t/2) of the wall. The isothermal thermo-mechanical
properties used for the base and cladding materials are given in
Table 2. The yield stress of the clad and base material was assumed to
be 302.6 MPa (43.9 ksi) and 535 MPa (77.6 ksi), respectively.

LOADING CONDITIONS

The thermal transient definition, taken from the NRC/Electric
Power Research Institute (EPRI) co-sponsored PTS benchmarking
exercise [21], is characterized by a stylized exponentially-decaying
coolant temperature. The following formulation expresses the time-
dependence of the coolant temperature

T) =T; +(T; =Ty)exp(=Bt) ()

where



T(t) = coolant temperature at time t

T = coolant temperature at the initial condition, t =0
Ts = final coolant temperature
4 = exponential decay constant

The final coolant temperature, T¢, was 65.56 °C (150 °F) and the
decay constant, B, was 0.15 min™'. The initial coolant temperature, T; ,
was 287.78 °C (550 °F). The pressure was constant and equal to
6.89 MPa (1 ksi). No through-wall residual stresses were included in
the benchmark problems. The initial vessel temperature was set at a
constant 287.78 °C (550 °F) through the vessel wall. The convection
heat transfer coefficient at the inner surface of the RPV was set equal
to a constant value of 5678.27 W/m*-K (1000 Btu/h-ft>-°F); the outer
surface was assumed adiabatic.

LEFM BENCHMARKING ANALYSIS RESULTS

There are implicit and explicit bounds on the flaw-geometry
parameters specified in [10] and [11] for the EPRI/ASME model. The
previous study [8-9] concluded that for flaw geometries within these
bounds, the peak EPRI/ASME K, solutions (at Point 1 of Fig. 1)
agreed within approximately 5 percent of the peak ABAQUS LEFM
solutions. For flaws considerably outside of the those bounds, but
within the region of interest, the EPRI/ASME peak K, values were
conservatively higher than the ABAQUS LEFM solutions by up to
13 percent.

In the current study, the EdF methodology was used to generate
LEFM K, time histories for the entire matrix of embedded-flaw
geometries specified in Table 1. Table 3 presents a comparison of the
EdF, EPRI/ASME, and the ABAQUS K, LEFM  time-history
solutions at the peak value of K. In all but two of the cases, the
EPRI/ASME and the EdF LEFM K; solutions are conservative
(overpredicted) relative to the ABAQUS solutions. The EPRI / ASME
peak-value K; solutions are in better agreement with the ABAQUS
solutions for cases Al, A2, A3, C1, C2, and C3, whereas the EdF
peak-value K solutions are in better agreement with the ABAQUS
solutions for cases A4, B1, and B2.

Figures 2-4 illustrate the LEFM K| time-history solutions at the
inner crack tip (point 1 in Fig. 1) for embedded-flaw geometries Al,
Cl,and C3

EPFM BENCHMARKING ANALYSIS RESULTS

ABAQUS 3-D fully elastic-plastic analyses were performed for
cases Al, C1, and C3. Significantly, the ABAQUS fully elastic-plastic
K; peak solutions are 20.2 percent, 26.4 percent, and 10.3 percent
higher than the ABAQUS LEFM K, solutions for flaw geometries Al,
C1, and C3, respectively (see Figs 5-7).

The EdF and EPRI/ASME methodologies include adjustments to
their LEFM K, solutions that attempt to provide an approximate
correction for plasticity effects. The EdF and EPRI/ ASME LEFM K|
plasticity-corrected solutions were compared with the ABAQUS 3-D
fully elastic-plastic K; solutions. Table 4 presents a comparison of
these solutions at the peak value of K, and K; (at Point 1 in Fig. 1).
Figures 5-7 compare the EdF and EPRI/ASME LEFM time-history
solutions (at Point1 in Fig. 1) corrected for plasticity with the
ABAQUS 3-D fully elastic-plastic K; solutions.
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Fig. 2. Benchmarking of linear-elastic K, time-history
solutions for the A1 embedded-flaw geometry(at Point 1 in
Fig. 1).

In all three cases, the EdF and the EPRI/ASME LEFM plasticity
corrected K solutions are non-conservative (underpredicted) relative
to the ABAQUS EPFM K; solutions (at Point 1 in Fig.1). The EdF
peak-value Kj solutions are in better agreement with the ABAQUS
solutions for cases Al and C1, whereas the EPRI / ASME peak-value
Kj solution is in better agreement with the ABAQUS solution for case
C3.

COMPARISON OF K; AT INNER AND OUTER CRACK TIPS

Figure 8 illustrates the ABAQUS and the EPRI/ASME LEFM K|
solutions at the inner (Point 1 in Fig. 1) and outer (Point 2 in Fig. 2)
crack tips for case Al. The EPRI/ ASME solution at the outer crack
tip is also in good agreement with the ABAQUS solution. Noticeably,
the Kj at the outer crack tip is significantly lower than at the inner
crack tip.

Figure 9 illustrates the ABAQUS EPFM solutions and the
EPRI/ASME LEFM K; solution, corrected for plasticity, at the inner
(Point 1 in Fig. 1) and outer (Point 2 in Fig. 2) crack tips for case Al.
In both cases, the EPRI/ASME LEFM K, solutions, corrected for
plasticity, significantly underpredicts the fully elastic-plastic
ABAQUS solutions. As in the case for the LEFM solutions, the K at
the outer crack tip is significantly lower than at the inner crack tip.
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CONCLUSIONS
Based on the analysis results for the embedded flaws examined in
this study, the following conclusions are drawn:

(1) For LEFM analyses, the K| peak-value solutions generated with
the EPRI/ASME model were in slightly better agreement with the
ABAQUS solutions than those generated using the EdF model.

(2) The EPRI/ASME embedded flaw LEFM model requires less
computational effort than the EAF model due to the numerical
integration required by the EdF model. This is an important
consideration in a Monte Carlo probabilistic fracture mechanics
analysis where millions of embedded K| evaluations are required.

(3) ABAQUS EPFM K, solutions were significantly higher than
ABAQUS LEFM K solutions for the three flaws studied herein.

(4) ABAQUS LEFM and EPFM K| solutions were significantly higher
at the inner crack tip relative to the outer crack tip.

(5) The EDF and EPRI / ASME LEFM K; solutions, corrected for
plasticity, significantly underpredict the fully elastic plastic
ABAQUS K; solutions.
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Table 1. Matrix of Embedded Flaw Geometries for Benchmarking Analyses

Case 2a length c a e | /2a 2alt 2elt
(mm) (mm) (mm) (mm) (mm)
Al 17.02 101.6 1.9 8.51 97.5 6 0.074 0.853
A2 17.02 101.6 8.0 8.51 91.4 6 0.074 0.800
A3 17.02 101.6 28.6 8.51 70.9 6 0.074 0.620
Ad 17.02 101.6 76.2 8.51 23.2 6 0.074 0.203
BI 2.54 25.4 2.5 1.27 104.1 10 0.011 0.911
B2 2.54 25.4 28.6 1.27 78.1 10 0.011 0.683
Cl 25.4 152.4 3.8 12.70 91.4 6 0.111 0.800
C2 25.4 152.4 25.4 12.70 69.9 6 0.111 0.611
C3 25.4 152.4 85.7 12.70 9.5 6 0.111 0.083

Table 2. RPV Material Thermal and Mechanical Properties

Property Units Cladding Base
Thermal conductivity W/m-K 17.31 41.54
Btu/h-ft-°F 10.0 24.0
Specific heat J/kg-K 502.4 502.4
Btu/Ibm-°F 0.12 0.12
Modulus of elasticity GPa 157.2 193.0
ksi 22 800 28 000
Poisson’s ratio 0.3 0.3
Thermal expansion K! 17.01x10° 13.99x10°
coefficient °F! 9.45x10°° 7.77%10°
Density kg/m’ 7833 7833
Ibm/ft® 489 489

Table 3. Comparison of ABAQUS, EPRI/ASME, and EdF LEFM Solutions at Peak K, K;

Case ABAQUS EPRI/ASME EdF EPRI/ASME EdF
MPaVm MPaVm MPaVm % Deviation % Deviation
Al 74.34 74.64 70.24 0.40 -5.52
A2 64.99 65.10 65.47 0.16 0.74
A3 48.71 46.02 4591 -5.52 -5.75
A4 15.72 16.56 15.59 5.35 -0.83
B1 26.57 29.80 27.34 12.19 2.90
B2 16.96 19.20 19.01 13.20 12.08
C1 86.10 84.89 87.44 -1.41 1.56
C2 57.33 57.45 57.95 0.21 1.08
C3 12.87 13.30 13.54 3.35 5.21

Table 4. Comparison of ABAQUS, EPRI/ASME, and EdF EPFM Solutions at Peak K, and K

(MMaca ARANIIQ EDRT / AQNME FAR EDRT / AQNME FAR

MPaVm MPaVm MPaVm % Deviation % Deviation
A1 1n7 I Q1 ]Nn a1 17a NI 1070
Cl 117.00 92.48 113.70 -20.96 -2.82
C3 14.34 13.80 12.60 -3.77 -12.13
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