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Abstract

Probabilistic fracture mechanics analysis is a major element of the compre-
hensive probabilistic methodology on which current NRC regulatory requirements
for pressurized water reactor vessel integrity evaluation are based. Computer codes
such as OCA-P and VISA-II perform probabilistic fracture analyses to estimate the
increase in vessel failure probability that occurs as the vessel material accumulates
radiation damage over the operating life of the vessel. The results of such analyses,
when compared with limits of acceptable failure probabilities, provide an estimation
of the residual life of a vessel. Such codes can be applied to evaluate the potential
benefits of plant-specific mitigating actions designed to reduce the probability of
failure of a reactor vessel.

1.0 INTRODUCTION

Irradiation damage is the aging mechanism of dominant concern for pressurized-water
reactor (PWR) pressure vessels. Cumulative radiation exposure has the effect of making the vessel
material more brittle (decreased fracture toughness) and, therefore, more susceptible to cleavage
fracture. For such embrittled vessels, pressurized-thermal shock (PTS) is the major challenge con-
fronting vessel integrity. Concern with PTS results from the combined effects of (1) pressure and
thermal-shock loadings, (2) embrittlement of the vessel material due to radiation, and (3) the pos-
sible existence of sharp, crack-like defects at or near the inner surface of the vessel. Thermal
shock is a major contributor to the possibility of fracture because it can result in relatively high
tensile stresses and a reduction in fracture toughness near the inner surface, where the radiation-in-
duced reduction in fracture toughness is the greatest [1].

The PTS issue has been under investigation for many years. Most of the early PTS analy-
ses were of a conservative deterministic nature. In an effort to establish more realistic limiting val-
ues of vessel embrittlement, the NRC funded the Integrated Pressurized Thermal Shock (IPTS)
Program [2-^1], which developed a comprehensive probabilistic approach.
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Current regulatory requirements for vessel integrity evaluation are based on the probabilis-
tic methodology. Regulatory Guide 1.154 [5] provides guidance to utilities on how to perform
PTS probabilistic vessel integrity evaluations and references OCA-P [6] and VISA-II [7] as accept-
able probabilistic fracture mechanics (PFM) computer codes for performing the probabilistic frac-
ture mechanics portion of the evaluations. These codes predict the increase in vessel failure prob-
ability that occurs as the vessel material accumulates radiation damage. Such results, when com-
pared with limits of acceptable failure probabilities, provide an estimation of the residual life of a
specific vessel. These codes also can be used to evaluate the benefits of plant-specific mitigating
actions that have the potential to extend the residual life of a vessel.

This paper illustrates the application of deterministic fracture mechanics (DFM) to the PTS
issue, and the application of PFM to predict the residual life of embrittled vessels in accordance
with current PTS regulatory rules and guides.

2.0 NRC RULES AND CRITERIA FOR PTS

In the early 1980s, extensive analyses were performed by the NRC and others to estimate
the likelihood of vessel failure due to PTS events in PWRs. While a large number of parameters
governing vessel failure were identified, the single most significant parameter was a measure of
embrittlement, termed nil-ductility transition temperature (RTNDT)- The NRC staff and others per-
formed analyses of PTS risks on a conservative and generic basis to bound the PTS risk of vessel
failure for any PWR reactor. These analyses led to the establishment of the PTS rule [8], which
specifies screening criteria in the form of limiting values of RTNDT of 270°F for axial welds and
plates and 300°F for circumferential welds. The PTS rule also prescribed a method to estimate
RTNDT for the limiting material in a given reactor vessel. The current regulatory method to esti-
mate 3TNDT is specified in Regulatory Guide 1.99, Revision 2 [9].

Figure 1 shows typical trends of embrittlement for vessel materials (welds) and indicates
how the screening limit on RTNDT is approached as vessels age from the effects of neutron
fluence. The embrittlement rate is strongly dependent on details of the material chemistry
(specifically the concentration of copper and nickel). Case 1 represents a vessel that exceeds the
screening limit for acceptable risk before the end of plant design life [32 Effective Full Power
Years (EFPY)], whereas Case 2 doesn't reach the limit until the end of design life.

If the screening limit on RTNDT is likely to be exceeded prior to 32 EFPY, the PTS rule
requires actions by the licensee to reduce the likelihood. A recommended action is to reduce the
neutron flux at the vessel wall and to achieve these reductions as early in plant life as possible. If,
in spite of flux reductions, the screening criteria is still likely to be exceeded and the utility desires
to continue operation beyond the screening criteria, an IPTS-type, plant-specific evaluation is re-
quired. This evaluation must be submitted to the NRC three years before the screening limit is
anticipated to be reached. Regulatory Guide 1.154 provides guidance for preparation of this
submission.

3.0 PLANT-SPECIFIC ANALYSES (REGULATORY GUIDE 1.154)

The NRC PTS rule requires plants that wish to operate beyond the screening criteria lo
submit plant-specific safety analyses and, thereby, determine the need for modifications to continue
safe operation. Regulatory Guide 1.154 recommends the content and format for the plant-specific
analyses and prescribes the "primary acceptance criterion" for acceptable PTS failure risk to be a
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Fig. 1. Rate at which embrittlement approaches PTS
screening criteria is strongly dependent on chemistry.

mean frequency of vessel failure of less than 5 x 10"6 vessel failures per reactor year. The plant-
specific analyses should include and take credit for effects of all corrective actions that the licensee
believes necessary to maintain PTS risk at the acceptable level.

The plant-specific calculations of the frequency of vessel failure involves (1) postulation of
PTS transients and an estimation of their frequency of occurrence, (2) a systems analysis to de-
termine the primary system pressure and downcomer coolant temperature which would be imposed
on the inner surface of the vessel, and (3) probabilistic fracture mechanics analyses which uses in-
formation from item 2 as vessel boundary conditions. This paper focuses on probabilistic fracture
analyses that predict the conditional probabilities of vessel failure.

The 1PTS reports [2-4] are cited in Regulatory Guide 1.154 as acceptable examples of
plant-specific analyses that are consistent with the NRC recommended approach. To complete a
Regulatory Guide 1.154 analysis, the following steps are required.

• Document plant specific data, including system descriptions, details of reactor vessel con-
struction and materials, estimates of fluence levels, results of inservice inspection, plant
operating experience including overcooling transients, and plant operating procedures.

• Determination of detailed PTS sequences, including initiating events, operator effects, and
equipment failures.

• Evaluations of thermal-hydraulic time histories for the important PTS transients.



• Probabilistic fracture mechanics analysis for important PTS transients using linear elastic
fracture mechanics methods.

• Estimate the effectiveness of potential corrective actions to reduce the frequency of vessel
failure.

• Justify the licensee's proposed basis for continued operation at embrittlement level above
the screening criteria.

4.0 APPLICATION OF DETERMINISTIC FRACTURE
MECHANICS ANALYSIS TO THE PTS ISSUE

Deterministic fracture mechanics (DFM) analyses, using linear elastic fracture mechanics
(LEFM), can be used to evaluate the integrity of PWR vessels when subjected to PTS transients.
Based on this methodology, a flaw is predicted to commence propagation (initiate in cleavage
fracture) when the calculated stress intensity factor (Ki) at the flaw tip is equal to the static fracture
initiation toughness (Kjc) of the vessel material at the flaw tip. Arrest of a fast-running crack is
predicted when Ki = Kia, the crack-arrest toughness. To account for uncertainties in the fracture
toughness, lower-bound values are often used.

K[ is a one-parameter characterization of the stress state at the flaw tip and is dependent on
the vessel and flaw geometry, vessel thermal-elastic properties, and stress distribution through the
vessel wall, which is transient dependent. Kic is a material property and is expressed as a function
of the time-df.pendent temperature (T) and the degree of embrittlement (RTNDT)-

For purposes of illustration, a severe PTS transient postulated in the IPTS study
(designated as transient 922B) of the Westinghouse four-loop H.B. Robinson unit will be ana-
lyzed. Figure 2a illustrates the PTS transient definition, and Fig. 2b illustrates the resulting ther-
mal and Ki transient time histories at the tip of a 0.25-in.-deep surface flaw. A surface flaw is one
that penetrates from the inner surface of the vessel into the cladding and the base metal. Other
studies have shown that 0.25-in.-deep flaws are the size category most likely to contribute to ves-
sel failure, being sufficiently deep to cause fracture and sufficiently small to occur in practice. A
distinguishing characteristic of the 922B transient is the repressurization of the vessel at a time of
approximately 75 min. As shown in Fig. 2b, this repressurization results in a spike of Ki between
75 and 80 min. This is the time increment when cleavage initiation is most likely to occur, as will
be illustrated below.

To determine the Kic time history, the ASME lower-bound correlation for Kic [10], illus-
trated in Fig. 3, is used. Kic is a function of (T-RTNDT); therefore, Kic decreases as RTNDT

 m~
creases and/or when temperature (T) decreases, which is exactly the case for an aging RPV sub-
jected to a sudden cooldown.

In the IPTS analysis of the H.B. Robinson vessel, the most embrittled vessel beltline
region was one of the axial welds in the intermediate shell. This region was predicted to have a
fluence value of 3.15 x 1019 n/cra2 at 32 EFPY. Assuming that the fluence accumulates linearly
during the operating life of the plant, using the chemistry from Case 2 of Fig. 1, (Cu = 0.13% and
Ni = 0.8%), and including the +2CT margin of RTNDT as recommended by Regulatory Guide 1.99,
the values of surface fluence and the values of RTNDT

 a nd Kjc which would exist at the tip of a
0.25-in. flaw ar the transient time of 80 min are tabulated and illustrated in Fig. 3 for different val-
ues of EFPY. As the vessel ages, the degree of vessel embrittlement increases, resulting in a con-
tinuing degradation of fracture toughness.
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Figure 4 illustrates the transient-specific Ki and Kic time histories that would exist at the tip
of a 0.25-in. flaw for various times in the operating life of the plant. The Ki time history corre-
sponds to an infinite length axially oriented flaw. The load required to induce cleavage fracture
decreases as the vessel ages. Cleavage initiation is predicted (Ki = Kic) for the 0.25-in. flaw at the
transient time of 80 min for EFPY > 20. Kic is considerably degraded between 10 and 20 EFPY
and continues to degrade as EFPY increases. However, the degradation occurs at a slower rate as
time progresses because of the asymptotic nature of the lower portion of the Kic curve. It can also
be concluded from Fig. 4 that, in the absence of the repressurization, no cleavage fracture would
be predicted for this transient for EFPY < 40.

The above analysis incorporates conservatisms often used in performing deterministic
fracture mechanics analyses; i.e., the use of the lower bound Kic curve and the addition of the la
margin term (59°F) to RTNDT- These uncertainties can be treated in a more detailed manner by
using probabilistic methods.

5.0 PROBABILISTIC FRACTURE MECHANICS MODEL

Estimation of the risk of vessel failure can be evaluated by means of probabilistic methods
to account for uncenainties in parameters such as flaw size, copper and nickel, fluence, and corre-
lations for Kic, K[a, and RTNDT. T"e probabilistic fracture model is based on Monte Carlo tech-
niques; that is, many deterministic fracture analyses are performed on stochastically generated ves-
sels to determine if each specific vessel will fail when subjects • to a specific PTS transient at a par-
ticular time in the life of the vessel. The conditional probabii ' • >f failure, designated as P(FIE), is
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estimated by dividing the number of vessels that experience failure by the total number of vessels
simulated. The term "failure" refers to full penetration of the vessel wall by a propagating flaw.
The probability of failure is "conditional" in the sense that the transient is assumed to occur.

The beltline region of the vessel is of particular concern because of its relatively high flu-
ence. It is modeled by dividing it into major regions such as plates, axial welds, and circumferen-
tial welds. Each major region can be further divided into subregions to account for azimuthal and
axial fluence variations as well as variations in other fracture-related parameters. The total number
of flaws in each vessel can be proportionally distributed over the beltline region by assigning each
subregion its own volume and flaw density.

For each vessel analyzed, a flaw is located in a specific beltline subregion and a value for
each critical parameter is sampled from its distribution. The code then steps through the transient
time history, and at each time step, the applied Ki at the crack tip is compared to the sampled Kic at
the crack tip. If initiation does not occur, the simulation advances to the next time step. If initia-
tion does occur, the crack tip is extended by a small increment and the new Ki value is compared to
Kja. If crack arrest does not occur, the crack tip advances another small increment and again a
check is made for arrest. If the crack does arrest, the code continues stepping through time check-
ing for reinitiation. The simulation continues until the vessel either fails or the transient is over. If
the vessel does fail, the code proceeds to generate th& next vessel. If the vessel does not fail, the
code proceeds to locate another flaw in a subregion of the same vessel and repeats the process until
one of the flaws either causes vessel failure or none of the flaws result in failure.



An acceptable flaw size distribution function, per Regulatory Guide 1.154, is obtained
from the Marshall flaw size distribution and probability of nondetection functions [6]. Figure 5
illustrates the Marshall flaw size functions for specific discrete crack depths. The number and size
of the flaw size increments involved are the default values utilized by the OCA-P code and were
derived from mesh convergence studies [6]. Shallow flaws are considerably more prevalent, with
over 99% of all flaws having depths of 0.70 in. or less. The 0.085 in. or smaller flaws constitute
69% of all predicted flaws, although such flaws seldom result in cleavage fracture because the Ki
value at the flaw tip is too small. The 0.263- and 0.458-in. flaw sizes account for a very high per-
centage of the flaws resulting in cleavage fracture.
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6.0 PREDICTING THE CONDITIONAL PROBABILITY OF FAILURE
AS A FUNCTION OF AGING

This section will illustrate the application of probabilistic fracture mechanics (PFM) codes
to the estimation of the residual life of an embrittled RPV relative to the acceptable Regulatory
Guide 1.154 probabilistic based criteria, i.e., a mean frequency of vessel failure < 5 x 10"6 vessel
failures/year. Regulatory Guide 1.154 refers to OCA-P and VISA-II as acceptable codes for per-
forming PFM analyses. These codes predict the increase in vessel failure probability that occurs as
the vessel becomes more embrittled as a function of time. Such results, when compared with the



limit of acceptable vessel failure probability, provide an estimation of the residual life of a specific
vessel. These codes can also be used to evaluate the potential benefits of plant-specific mitigating
actions designed to extend the life of a vessel.

For the purpose of illustration, PFM analyses will be performed for the H.B. Robinson
vessel. These are hypothetical analyses designed strictly to illustrate the methodology. In reality,
the chemistries of the actual H.B. Robinson vessel are much more favorable and would result in
considerably less embrittlement. A layout of the vessel beltline region is shown in Fig. 6. The
material properties, assumed chemistries, fluences, and region volumes required for input are
specified in Table 1. The fluences specified in Table 1 correspond to the projected fluences at the
end of 32 EFPY. The axial weld in the intermediate shell, with a fluence of 3.15E+19 is the most
embrittled region. The lower plate actually has a higher value of fluence; however, due to the
smaller Cu content and the fact that the Regulatory Guide 1.99 ARTNDT trend curve for base mate-
rial is somewhat less severe than for weld material, the axial weld has the highest value of RTNDT-

One of the largest uncertainties in a PFM analysis is the flaw density, i.e., the number of
flaws postulated to exist per unit volume of the vessel. Regulatory Guide 1.154 references the
1 flaw/riP used in the IPTS study as being acceptable as a best-estimate value for all regions, and
45 flaws/m^ as a mean value. For this illustration, mean flaw densities of 45 and 4.5 flaws/m^
were used for the weld and plate regions, respectively. Using these flaw densities and the
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Marshall flaw size distribution functions, including the probability of nondetection function to
account for flaws that were detected and repaired, results in approximately 40 flaws distributed
over the beltline. It should also be noted that in this illustration, both the inner surface axial and
circumferential flaws are assumed to be of infinite length in accordance with Regulatory Guide
1.154.

Figure 7 shows the results of PFM analyses, from the recently enhanced OCA-P program,
for the hypothetical H.B. Robinson vessel subjected to the transient shown in Fig. 2a. The condi-
tional probability of failure is plotted as a function of EFPY, assuming the fluence is accumulated
linearly over the operating life of the plant. Also plotted in Fig. 7 is the Kic degradation curve for
the vessel wall position corresponding to the tip of a 1/4-in. flaw at a transient time of 80 min for



Table I. Material properties, fluences and region volumes used in fracture-mechanics analysis of the illustrative problem

Ueltline
Reyions

Upper axial
welds

Intermediate
axial welds

Lower axul
welds

Circumferenijal
welds

Lower plate/
intermodule
upper plate

Cu
(wt%)

0.13
0.13
0.13

0.13
0.13
0.13

0.13
0.13
0.13

0.13
0.13

0.12
0.12
0.12

Chemistry

Ni

0.80
0.80
0.80

0.80
0.80
0.80

0.80
0.80
0.80

0.80
0.80

0.80
0.80
0.80

Neutron Fluence at
Inner Surface,

32 EFPY
(10l9n/cm2)

1.24
0.82
0.41

3.15
1.03
2.07

.95

.27

.27

.64

.95

1.95
4.16
l.W

RTNDTO

0
0
0

0
0
0

0
0
0

0
0

0
0
0

Region
Volume

(ft3)

O.!4
0.14
0.14

1.06
1.06
1.06

0.28
0.28
0.28

3.5
3.5

71
328
35

.0001

.001 -
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Operating Life of Vessel (EFPY)

70

Fig. 7. P(FIE) and degradation of Kjc (at tip of 0.25-in.-
deep flaw at transient time of 80 min.) as a function of vessel
operating life (EFPY).



different values of EFPY. This is the flaw size and transient time for which a large percentage of
the vessel failures are predicted. The P(FIE) curve exhibits a rapid increase early in the life of the
vessel and a notably slower increase later in life. This latter trend is a consequence of the
asymptotic nature of the Kic degradation curve.

7.0 APPLICATION OF PFM TO EVALUATE POTENTIAL BENEFIT
OF PLANT-SPECIFIC MITIGATING ACTIONS

The frequency of vessel failure is equal to the sum of the products of the transient
frequencies and the conditional probabilities of failure for all dominant transients, i.e., those
transients that make a significant contribution to the total frequency of vessel failure. Thus there
are two basic ways to reduce the calculated frequency of failure—reduce the frequency of the PTS
transient and reduce the conditional probability of vessel failure. The latter reduction can be
achieved by reducing the severity of the transient, reducing the rate of fracture toughness
degradation and by reversing the degradation process. Reducing the rate of degradation reduces
the rate at which the frequency of failure increases with operating time, while application of the
other mitigating actions result in an immediate improvement in risk of failure. The rate of
degradation of fracture toughness can be reduced by redesigning the core loading to reduce neutron
leakage, and the degradation process can be reversed by annealing the vessel.

To illustrate plant-specific actions designed to reduce P(FIE), a less severe transient will
also be evaluated. The transient illustrated in Fig. la will be designated as transient 1, with tran-
sient 2 being the same, except the coolant temperature is arbitrarily increased by 15°F after the start
of the transient. Figure 8 illustrates the results of a deterministic fracture analysis for transients 1
and 2 assuming a flaw depth of 0.25 in. and an operating time of 20 EFPY. Cleavage fracture is
predicted (Kj = Kic) at a transient time of 80 min for the more severe transient 1, whereas fracture
is not predicted for transient 2. An interesting observation is that reducing the coolant temperature
did little to modify the applied Ki at the flaw tip; however, it did shift the Kjc time history curve,
thus increasing the fracture margin. Figure 9 illustrates PFM results for both transients. As indi-
cated reducing the severity of the transient reduced P(FIE) by a factor of 2-3.

A specified transient frequency implies a maximum permissible value of P(FIE), because
the product of these parameters cannot exceed a vessel frequency of failure of < 5 x 10A It should
be noted that the NRC is currently considering revising Regulatory Guide 1.154 so that the
frequency of vessel failure reflects a "proper" balance between conditional probability of failure
and frequency of transient; therefore, it is possible that in future PFM analyses, the acceptable
value of P(FIE) will be less than that presently allowed by the current criteria.

By arbitrarily choosing transient frequencies of 3.3 x lO^4 and 2.5 x 10"4 events per year
(represents a frequency reduction factor of 1.3), limiting values of P(FIE) of 1.5 x 10'2 [P(FIE)i]
and P(FIE) of 2.0 x 10"2 [P(FIE)2] are obtained (Fig. 9). For the case illustrated, this reduction in
transient frequency results in an increase in vessel life, designated as AEFPYj and AEFPY2 for
transients 1 and 2 (Fig. 9), of six years and eight years, respectively. The reduction in the tran-
sient severity results in an even more significant life extension (AEFPY3 = 20 years), and the
combination of the two mitigating actions (reduced transient frequency and severity) results in a life
extension of over 25 years (AEFPY3 + AEFPY2).

In the current illustration, it is implied that the specific transient is the most dominant
(controls the overall frequency of vessel failure). In reality, transient 1 was the postulated transient
of the IPTS study which resulted in the highest P(FIE) for K.B. Robinson. However, it had a
very low frequency of occurrence and, therefore, was not a dominant contributor to vessel failure.
Even so, it is believed that use of this transient in this illustration reasonably conveys the expected
trends.
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For the particular PTS transient evaluated above, values of (T-KTNDT) at 32 EFPY
corresponded to the lower transition portion of the fracture toughness curve, and thus 32 EFPY
corresponds to rather small values of d[P(FIE)]/d(EFPY) (Fig. 9). Accordingly, small decreases in
P(FIE) result in substantial increases in life extension. However, for higher-frequency but less
severe transients and/or smaller values of (T-RTNDT)> 32 EFPY will correspond to larger values of
d[P(FIE)]/d(EFPY), in which case permissible life extension will not be as sensitive to changes in
P(FIE). Thus, the transient severity will depend on which PTS transients are dominant. Results of
the IPTS studies indicate that the dominant transients are likely to be different for different plants
[2-Q, and thus the sensitivity of life extension to decreases in P(FIE) is plant-specific.

8.0 SUMMARY

The current PTS regulatory requirement for operating a PWR vessel beyond the screening
criteria specified by the PTS rule is based on the comprehensive probabilistic approach specified in
Regulatory Guide 1.154. An important element of this approach is the application of probabilistic
fracture analysis to predict the conditional probability of failure of a vessel subjected to PTS
loading.

Probabilistic fracture codes, such as OCA-P and VISA-II, can be used to estimate the
conditional probability of failure of a vessel at any time in the operating life of the vessel. These
codes can be applied to evaluate the potential benefits on vessel residual life of plant-specific
mitigating actions such as reduction of transient frequencies and reduction of transient severities.
They can also be used to evaluate the effects of plant-specific justifiable deviations from Regulatory
Guide 1.154 recommended values of PFM parameters such as flaw size, flaw density, correlations
for predicting ARTNT r, etc.

The conditional probability of failure increases rapidly as the vessel fracture toughness de-
grades in the transition region of the fracture toughness cun'e but increases at a slower rate as the
fracture toughness further degrades toward the lower shelf. Depending on the specific plant, 32
EFPY may correspond to the "steep" or "flat" portion of the P(F1E) vs EFPY position of the curve.
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