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ABSTRACT

The Heavy Section Steel Technology (HSST) Program
is involved with the generation of “"enhanced"
fracture-initiation toughness
toughness data of prototypic nuclear reactor vessel
steels.

and fracture-arrest:

These two sets of data are enhanced because

they have distinguishing characteristics that could.

impact PWR pressure vessel integrity
assessments for the pressurized-thermal shock (PTS)
loading condition which is a major plant-life
extension issue to be confronted in the 1990's.

Over the past several years. the HSST Program at

potentially

Oak Ridge National Laboratory (ORNL) has performed a

series of large-scale fracture-mechanics experiments.
These experiments have produced crack-arrest (KTa)
data with the distinguishing characteristic that the
values are considerably above 220 MPa +« +m. the
implicit limit of the ASME Code and the limit used in
the Integrated Pressurized Thermal Shock
studies. Currently. the HSST Program
experiments to verify and quantify,
the distinguishing characteristic of
initiation-fracture toughness for shallow flaws which
has been observed for other steels.

Deterministic and probabilistic
mechanics analyses were performed to examine
influence of the enhanced initiation
fracture-toughness data on the cleavage fracture
response of a nuclear reactor pressure vessel
subjected to PTS loading. The results of the analyses
indicated that application of the enhanced Kiz data
does reduce the conditional probability of failure
P(F|E): however. it does not appear to have the
potential to significantly impact the results of PTS
analyses. The application of enhanced fracture-
initiation-toughness data for shallow flaws alse
reduces P(F|E). and does appcar to have a potential
for significantly affecting the results of PTS
analyses,

INTRODUCTION AND EACKGROUND

the

During the early 1970's,
reactor pressure vessels could be subjected to severe
thermal shock as the result of a large-break loss-of-
coolant accident (LBLOCA). Analyses performed at that
time indicated that thermal shock alone would not

elevated !

(IPTS)
is planning’
for AS33B steel, .

fracture- |

and arrest |

it was recognized that’

.transients.

'parametric pressurized-thermal shock
‘were undertaken [1].

.Regulatory Commission (NRC) established the Integrated

in failure (through-wall cracking) of the
However. a combination of pressure and a less
severe thermal shock, the result of some postulated
could result in vessel failure. 1In March
a transient occurred at the Rancho Seco
As a result of these events,
(PTS) studies
These studies indicated a rather

result
vessel.

1978, such
nuclear power plant.

high probability of vessel failure for PTS-loading
conditions occurring at the end of the licensing
period: as a result., in May 1981, the Nuclear

An

(IPTS)
the

was

Program.
estimate

Pressurized-Thermal -Shock

objective of that program to

‘probability of vessel failure caused by through-wall

"to the
"50.61).

“[s].

;analyses be performed for any plant that is intended

cracking. The results of the I1PTS Program [2,3.4]

‘along with risk assessments and fracture analyses

performed by the NRC and reactor system vendors. led
establishment of the NRC PTS rule (10 CFR
which includes screening criteria in the form
of limiting values of the reference nil-ductility
transition temperature (RTNDT) of the reactor vessel

The PTS rule required that plant-specific

to operate beyond the screening criteria. In

‘addition, Regulatory Guide 1.154 [6] provides guidance
+for utilities on how to perform the plant-specific

safety analyses.

It references the IPTS study as an

acceptable methodology for performing the

‘probabilistic fracture-mechanics portion of the plant-

,Section Steel Technology

specific anclysis.

Since the IPTS Program was completed. the Heavy
\i1SST) Program has conducted
several large-specimen fracture-nechanics experiments.
In these experiments. it was demonstrated that
prototypic i1eactor vessel steels are capable of |
arresting a propagating crack at values of fracture
toughness considerakly above 220 MPa =« +Mm. the
implicit limit of the American Society of Mechanical

‘Engineers (ASME) code [7)} and the limit included in

the IPTS studies [8].
Recent research at the University of Kansas
[9.10] has shown that the initiation-fracture

toughness measured using shallow-crack specimens is
significantly elevated over the plane-strain fracture

‘toughness in materials whose stress-strain properties

‘reactor pressure vessel steel.
fracture-initiation

a prototypical nuclear
Conventionally, the
of & material 1is

bracket those of A533B steel,

toughness



determined using specimens in which the crack depth is
approximately one-half the depth of the specimen

(a/w = 0.5). This eliminates the influence of the
specimen boundaries on the crack-tip region as much as
possible and n:uvides a plane-strain value for
fracture ss. The shallow crack enhanced
initiary tougnness ie of interest since the relative

number o1 undetected flaws in a vessel wall is large
frr.ehalliw-crack Jepths nd the IPTS study used the
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n

to' determ:ne initiation for all flaws [2, 3., 4). It
is antic--.ved that AS33B steel will demons+trate a
similar e:fevt for shallow flaws: therefore, the HSST
Program is currently planning experiments rco verify
and quantify this distinguishing characteristic for
A533B steel [11].

It is anvicipated that some plants wil. exceed
the PTS-screening criteria during this decade.
Pressure vessel integrity has been identified as the
major issue confronting the NRC on Plant Life
Extension: therefore, evaluating the influence of

enhanced fracture-toughness data on the results of
1PTS-type probabilistic fracture-mechanics analyses is
appropriate and timely. The purpoce of this paper is
to investigate the potential impact of the enhanced
initiation and arrest fracture-toughness data on the
results of deterministic and probabilistic fracture-
mechanics analyses.

Effect of Enhanced KJa Data on D inisti )
Mechanics Analyses

The larye-scale crack-arrest experiments
conducted by the HSST Program demonstrated that crack-
arrest values exist well above the ASME implicit limit.
of 220 MPa . +Mm {.r prototypical nuclear reactor
pressure vessel steels [12,13,14.,15]. Figure 1 shows
how the contributions from the large specimen HSST
rrack-arrest tests have expanded the HSST crack-arrest
data base. In all large-specimen experiments, the
crack propagated by cleavage to the point of arrest.
For the large specimens, most of the arrest events
were followed by cleavage reinitiation or unstable
ductile tearing. It should be noted that the HSST
wide-plate experiment Ky-data points shown in Fig. 1
have been adjusted (reduced by 20%) to account for
tunneling,.
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Fig. 1. Combined large- and small-specimen HSST Ky,
data Dbase (two extrapolations above

220 HMPA » Afm).

Figure 1 also shows two extrapolations above the

ASME dmplicit Jimit of 220 MI'a « 11 . As can be Seon
from Fig. 1. the extrapolatinn of the ASME lower -bound
K1a curve (KyRg curve) does not take advantage of the
increasing steepness Supys ted by the data. The

fiéagﬁht.ljfe n;trapolntjon af the ALME curve above
22 a . Y, fitted through the limiting point (from
experiment PTSE-2B), is a mose accurate lower bound of
the data. This is in keepin: with the ASME spirit ot
using a lower-Loand o gren l P R Lo
any of the data points.

Deterministic fracture mechanics analyses were
pecformed to examine the 1nfluence of the large-
specimen Kia data on the clenvage fraciure response of
a nuclear reactor pressure vessel subjected to a PTS-
loading scenario. Analyses were performed using OCA-P
{16}. a program developed at Oak Ridge HNational
Laboratory specifically for simulatving the fracture
response of a reactor vessel subjected to a PTS event.
The cleavage fracture response of the Rancho Seco PTS
event was predicted using Loth of the extrapolated Ky,

curves shown in Fig. 1. The kancho Seco transient was
chosen because it is recasonably typical of a
postulated. higher-pressur« "dominant” transient.

Also., previous analyses. u:sing the ASME KR curve
truncated at 220 MPa « vm. had predicted failure of
the vessel at the end of the licensing pecriod. The
pressure and thermal transi.nts for Rancho Seco are
shown in Fig. 2 [16]. .
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Fig. 2. Pressure and temperature time histories based

on idealization of Kancho Seco transient.

The critical crack-depth arrest curves (the locus
of points in the crack-depth transient-time plane for
which K1 = Kia) corresponding to both extrapolated Ki,
curves (shown in Fig 1} are shown in Fig 3. Also.
the definition of "cleavage-initiation window" is
illustrated in Fig 3 to be the time period and range
of crack depths for which a cleavage crack iunitiation
can occur. The cleavage 1nitiation window is a
function of the Kye curve. the . ilue of RTypT. and the
location of the warm-presties: (WPS) line which is

transient dependent. tr. "k initiation and
reinitiation do not occur for t mes greater than those
corresponding to the WPS !:'ne because Ky < 0
(13.14.15]. The critical crack-depth arrest curves
were gpenerated assuming a fast neutron fluence
(E > 1.0 MeV) of 1.5 x 10" neutrons/cm? which
corresponds to 312 EFPY: copper and nickel
concentrations of 0.35% and 9.65%%, respectively: and

two-dimensional. axially oriented surface flaws.
Also. the critical crack-depth initiation curve (the
‘locus of points in the crack-depth transient 1time
plane for which Kyj=Kjy¢) was gionerated using the lower-
‘bound ASME-K1¢ curve.

The critical crack-lepth arrest curve
corresponding to the extrajpoelated ASME-KiR curve
(shown in Fig. 3) does not "cover" any part_of the



therefore, any crack,
initiation window is
the vessel wall

cleavage-initiat.on window:
initiation occurring in the
predicted to propagate through
thickness, resulting in failure.
To evaluate the ecffect of the
extrapolated lower-bound Kia curve.

steeper linear
the following

crack-arrest criteria was incorporated into the OCA-P

code:

Kia = K1R (ASME Equation) for Kra < 220 MPa - Y )
KIs = 15.0 « (T-RTNpT) - 1300. for KIp > 220 MPa + i

As illustrated in Fig. 3. the critical crack-
depth arrest curve corresponding to the steeper Kig
extrapolation does cover part of the initiation window
which increases the chances of crack arrest. The
effect of the steeper Ky curve is to reduce the range
of flaw depths that can result in failure. In
principle., the steeper KIs curve should decrease the -
conditional probability of failure calculated in a
probabilistic fracture-mechanics analysis. The degree
to which it does so is examined in more detail later
in this paper.
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Fig. 3. Ky, linear extapolation showing reduction of
range of flaw depths that can result in
failure,
Ductile Tearing Considerations .
As illustrated above, the application of the

large-specimen Ky, data results in an enhanced crack-
arrest potential. Many of the large-sperimen crack-
arrest events that occurred at values of
Ky > 220 MPa » vym were followed immediately by a
fracture-mode conversion to unstable ductile tearing
leading to failure [12, 13, 14). It is possible that
the onset of unstable ductile tearing could negate the
benefit of the enhanced crack-arrest potential:
therefore, unstable ductile tearing must be considered
before making the generalization that the enhanced
crack-arrest potential decreases the probability of
failure.

To determine if unstable ductile tearinpg nepates
the enhanced crack arrest potential. a curve was
generated on the critical crack-depth plot that
approximates the onset of unstable ductile tearing.
that is, the crack depth at which ductile tearing
becomes unstable. The associated critical crack depths

correspond to the point of tangency between the
tearing-resistance curve (Jr) and applied lcad
(J applied) curves. in which case the point of

tangency represents the initial flaw depth value plus
extension due to tearing up to the point of
instability [17].

- In this

A graphical solution was used to find the point
of tangency between the curves for various times

, throughout the transient. An c¢xample in Figure 4 shows
. the point of tangency betwern

the Japplied curve at
Seco PTS event and the
‘ature of 288°C. The

initial crack depth

time = 3000 sec for the Ranclo
average Jp curve for a temps
th

point of tangency defines

“{ag = 88 mm) and the crack ext: 15ion (da = 15 mm) that
approximates the onset of un: able ductile tearing.
_Points of tangency are gblalied —for—ya-iitt§—mtmifipt—

throughout the transient to obtain a locus of points
on the critical crack-depth plot corresponding to the
onset of unstable ductile tearing.

The onset of unstable ductile tearing using the

above methodology was found to be ~ 370 MPa » +i1i for

A533 B steel and ~240 MPa . ¥ for low upper-shelf

weld materials. More details of this ductile tearing

analysis and results can be found in Ref. 18.
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Fig. 4. Point of tangency dofining initial crack
depth and crack extension that approximates
cnset of unstable ductile tearing.
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Curves on the Benefit of the FEnhanced Crack-Ajrest

Toughness Curves

By way of illustration. the onset of unstable
ductile-tearing curves is included in Figure 5 for the
Rancho Seco transient evaluation previously described.
case., the enhanced crack-arrest potential is
nepated by unstable ductile tearing. It is apparent
that crack arrest for some ranpe of crack depths will

take place. but in each case the arrest will be
followed immediately by unstable ductile tearing to
failure. For another range of flaw depths. no crack

arrest takes place, resulting in failure by cleavage.
In general, the relative pcsition of the critical
crock-depth arrest curve and the unstable ductile-
tearing curve are transient dependent. Iv appears
that for higher pressure transients the enhanced
crack-arrest potential will largely be negated by the
inclusion of unstable tearing. However. for a lower
pressure transient. the crivical crack-depth arrest
curve could cover the cleavape-initiation window at

 flaw depths less than those corresponding to the onset

of unstable ductile tearing, thus preventing failure.
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Fig. 5. Negation of enhanced crack-arrest potential
by onset of unstable ductile tearing.

Effect of Enhanced K. Data for Shallow Flaws on
rministi
It is anticipated that AS533 will show an
increased fracture-initiation toughness associated
with shallow flaws similar to that observed in the
University of Kansas [9.10] investigations for A36 and
A517 for two primary reasons. First, the root cause
of the shallow-crack toughness enhancement appears to
be the loss of constraint at the crack tip for shallow
cracks which is geometry dependent. Second. the
stress-strain properties of A533 are bounded by those
of A36 and A517 which have already been shown to
exhibit an elevated toughness associated with shallow
flaws. Furthermore, temperatures of interest in PTS
analyses are both on the lower shelf and in the lower-
transition region of the A533- material toughness
curve. OQCA-P is based on LEFM principles but has been
used successfully at temperatures above the lower-
shelf region. The enhanced initiation-fracture
toughness due to shallow flaws does not qualify as
“"plane strain" fracture toughness. As a result, the
critical-initiation tcughness with the shallow-crack
toughness elevation will hereafter be referred to as
K¢ instead of Kjie.

The University of Kansas shallow-crack
investigations were conducted on laboratory sized.
3-point bend specimens using A36 (low strength, high-|

" strain hardening) and A517 (high-scvrength. low-strain
hardening) steels. Elevations in the initiation,
toughness measured in terms of Crack Tip Opening:
Displacement (CTOD) were shown at temperatures in the
transition region of the steels rather than on the.
lower shelf. The shallow-crack fracture toughness was
found to be about 2.5 times the conventional toughness
for the A36 specimens and as high as four times the
conventional toughness for the A517 specimens. The .
crack depths examined in the investigations which
showed the elevated toughnesses were a = 4.8 mm:

~{a/w = 0.15) for the A36 specimens and a = 3.8 mm’
(a/w = 0.15) for the A517 specimens. The crack depth
in the deep-notched specimens
and 12.7 mm for the A36
respectively.

To determine the impact of enhanced toughness for
shallow flaws in PTS analyses. the toughness elevation’
of A533 material is estimated frcm available A36 and
A517 data. In these specimens. the mechanism for the

~shallow-crack toughness elevation is due to a loss of:

and AS517 specimens.

(a/w = 0.50) were 15.9.

constraint at the tip of the crack brought about by
"the close proximity of the crack tip to the free
- surface. lowever, as the specimen depth and the crack
“depth increase, it is believed that the LoughneS?
elevation will depend more on absolute crack depth (a)
rather than normalized crack depth (a/w)s ' Thc
influence of a and afw on the rnhanced initiation

toughness is currently under investigation for rvacfor
pressure vessels. Therefore. the shallow-flaw
i tiary ease estimates 1imn this study
are assumed to be a functlon of absolute crack depth
rather than normalized crack depth. This assumption’
is conservative in that axinl flaws up to 25 mm deep
vessel wall nominally 200 mm thick could be

in a

considered "shallow" since the a/w ratio for these
flaws is the same as tested at the University of
Kansas [9.10]. It was further assumed that no

shallow-crack elevation takes place for cracks greater
than 15.9 mm deep and that the toughness increases as
the crack depth decreases but remains bounded as the
crack depth apprcaches zero.
) The fracture-initiation toughness enhancement
expressed in terms of an SC-factor which elevates the
critical toughness for shallow flaws (Ke = SC-
factor*ASME lower-bound curve). The CTOD data were
., converted to Kje values using the relationship found

is

in Ref. 9. The SC-factor is related to the relative
| temperature (T-RTypT) and the maximum shallow-crack
! toughness increase, (SC)lpax. which is based on the

crack depth. In this way. the SC-factor is a function
of both the temperature and crack depth.
The shallow-crack touphness enhancement
factor) at a crack depth of 3.8 mm for AS533
. transition region is interpolated from the average A36
and A517 toughness increase based on the yield
strength of the respective steels. The SC-factor for
. A36 specimens is increased by a small amount (3%) to
- account for the difference in crack depth between the:
. A36 and A517 specimens. As described in Fig. 6. the
- SC-factor is assumed to be unity on the lower shelf
which is up to about -110°C for AS533 (Region I). The
SC-factor is constant at (SC)lygx through the majority
. of the lower transition region of the toughness curve
beginning at T-RTypT of -83°C (Region I1I). In the
region between the lower shelf and the lower-
transition region, it is assumed that the SC-factor.
varies linearly with T-RTnypT (Region II). Fig. 6
+ shows the A36 and A517 data and the estimated SC-.
factor as a function of T-RTypr for a crack depth of
,a = 3.8 mm showing the three regions.
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collection of experimental data.

The shallow-crack toughness enhancement as a
function of crack depth, (SClmgx. is estimated for
A533 using the two points based on the data from the
University of Kansas [a = 3.8 mm, (SC)max = 1.78:
a = 15.9 mm, (SC)lpax = 1.0 ]. Two different functions
are used to describe the relationship between enhanced
toughness and crack depth in order to determine the
sensitivity of the probabi'istic results to the
shallow-crack enhancement and reflect the uncertainty
of estimating the enhanced toupghness orior to the
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The first function
is simply a linear fit between the two data points
with no shallow crack increase at crack d-pths greater
than 15.9 mm. The second function is nonlinear and,
meets the additional constraint that the slope of the|
curve vanish at a crack depth of 15.9 mm. Both of
these curves. shown in Fig. 7, remain bounded as the’
crack depth approaches zero. The general shape of
both curves is similar to an enhanced toughness curve:
determined for a structural steel used in China [19].
The equations derived for the SC-factor are as

follows:

Region I
SC-factor = 1.0 for T-RTypT < -110°C

Region II
SC-factor = [ (SClmgx - 1.0 ] /7 27 « (T - RTnpT)

+ 4.07 * (SClpax - 3.07 for -110 < T-RTypp

< -83°C
2.5 SR B L B A L L I B e
f ]
2 ]
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1.5 ]
Ty R
s J
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Fig. 7. (SC)pax vs crack depth was determined using a
linear and nonlinear fit from the two data
points.

Region IIIX

SC-factor = (SC)yax for T-RTnypT > -83°C.

(5C)max is determined both linearly and with a
cosine fit as follows:

Linear Fit
(SC)max = 2.03 - 0.0645(a) for a <= 15.9 mm

Nonlinear Fit
(SClmax = 8.046 - 7.046 cos [ (a/25.4) - 0.626 ]

for a < = 15.9 mm.

in both cases.

(SC)max = 1.0 for a > 15.9 mm

. As an example of the estimated shallow-crack
enhancement, Fig. 8 shows the ASME lower-bound curve
and the shallow-crack enhanced toughness curve for a

crack depth of 6.4 mm using the linear construction..

.dominant transients.

(linear fit) for
is compared with ASME

Estimated toughness curve
A%33 at a = 6.4 mm
lower-bound curve.

Fig. 8.

ror temperatures within the trunsition region. the
touphness is increased over the lower-bound curve by a
factor of 1.62. The impact of the enhancement is
further illustrated in Yig. 9a which shows the
critical crack depth curves at shallow-crack depths
which corresponds to the ASMF lower-bound curve and
those resulting from the shailow-crack enhanced
initiation toughness assuming bLoth the linear and
nonlinear formulations. The enhanced initiation
toughness for shallow flaws increases the critical-

flaw depths.

Probabilistic Congiderationg:

A probabilistic approach to the PTS issue, as
developed in the IPTS studies and as required for
compliance with Regulatory Guide 1.154, includes (1)
the postulation of PTS transients. (2) an estimation
of their frequency of occurrence. (3) a systems
analysis to determine the [rimary-system pressure.
downcomer-coolant temperature and fluid-film heat-
transfer coefficient on the inner surface of the
vessei. and (4) a probabilistic fracture mechanics
(PFH) analysis that uses the information from Item 3
as inpur, The PFM analysis provides an estimate of
the conditional probability of failure. P(F|E). for
each postulated transient. This is multiplied by the
frequency of occurreace of the corresponding transient
¢(E) and the proluct summed overall postulated
transients to obta.n the total frequency of :tailure

¢(F) for a specific plant:

$F) =3 (1)P,(FIE)

‘where:

¢n(F) = Total frequency of failure (failures per

‘reactor year) for a specific plant

¢n(E) = Frequency of occurrence of the nth

postulated transient (transient per year)

Pp (F{E) = Conditional probability of failure of
the n:L postulated transient (failures per transient).
i.e.. the probability of failure assuming that the
transient does occur.

The individual products 9 (E)Pn(F|E)} define the
order of dominance, i.e.. they indicate the extent to
which a particular transient contributes to the total
frequency of failure for a specific plant [8]. In
the IPTS studies. it was determined that a
distinguishing characteristic of the dominant
transients was high pressure. For the enhanced
fracture-toughness data to significantly impact the

‘total frequency of failure. it must reduce the

conditional probability of failure for high-pressure
The Rancho Seco transient is a



high-pressure dominant transient and is chosen for
evaluating the potential impact of the enhanced
fracture-toughness data on the conditional prubability
of failure relative to the probability corresponding

to the fracture-toughness data bases utilized in the
IPTS studies (referred to as the IPTS base case
below).

The probabilistic distribution parameters
utilized in all of the PFM analyses presented below

Effect_of Enhanced K1y on Resu ts_of PFM Analyses
In the IPTS study. a mess Ky curve of 1.25°KIgR
(where K{R is the ASME lower-1: und Kya curve) was used

and the onset of unstable duciile tearing was assumed
to occur at 220 MPa . vl (& The statintlcal mean
curve for the cowbined large nd small-specimen HSST
data base is shown in Fig. 10 to be steeper than the
1PTS mean Kjz curve. The sta istical mean curve for

tke combined HSST large- and . sall-specimen data base

increases the critical flaw depths and thus
reduces the number of flaws of critical size.

were identical to those utilized 3in the IPTS studie TaT-beex - term <
and are the def 8 pressed in terms of The IPT ila-mean curve
. e default values recommended by OCA-P [16]. with a correction factor as fo lows [18):
v 1 1 M T T v i
— IWPS (K1 <0) @1 = 41 minutes (K1a)mean=1.25 * (29.5 + } 344 exp
i ] [SAF * 0.0261 * (T-RTypT) ' 89]1
* where:
15} o J Kia is in MPa . vim
E: (T-RTNDT) is in degrees C
51 . ' SAF = Correction Factor = ilope Amplification
= | & | KI=KIC (Enhanced Kc: Linear) ] Factor = 1.05
= . .
o. foll - * e ® . 700 — T v
L «* ; L
010~ r °, . 3 '|_ ) | 1
3. B 2 e 2" 94 600 |- Combined large and small specim -0 ]
& g, n " L 75 KIA dalabase mean curve 7]
w. n—.—u——— B S d
— KI=KIC (Enhanced Kc: Nonlinear) . F E
S sk g J " E 500 |- i
= d T r =  HSSTKIA 1
a pooB L —pTS . p
[S] a 8 o] a5 = 4 IPTS KIA (1.25°KIR)
r 2 00 = —--statistical Mean -
@) Ki = KIC (ASME lower bound) < > |
o A 1 malh, 1 i i A 'l . 1 " x N
20 30 40 50 60 70 80 300 .
Transient time (minutes) , 200 1
0.8 ————————————————r—— — ; 100 ]
5 4 n s 1 . 1 .
-100 0 100 200
os L : 4, (T-RTND; € .
» .
E Fig. 10. The statistical mean urve for the combined
= | 1 HSST data base is stee ver than the mean curve
< used in the IPTS study
i
S 04} 4.
o
E
g L 1 This correction factor wa: incorporated into OCA-
® P to examine the influence o' the steeper mean Kig
> ‘ curver on the conditional p obability of failure
= 02r 1 relative to the value colculaied using the IPTS base
o . case,. Also, crack arres% is 1llowed to occur up to
o . 370 MPa « ¥ which is the app: »ximation for the onset
b of unstable ductile tearing tor non-LUSW materials
(b) ~discussed earlier.
0.0 PR T DU SR T T — : The effect of the enhancr 1 Ky, data does reduce
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 the conditional probability ot failure: however, thel
effect is not significant. As illustrated in Table 1.
3 P(F|L) decreases from .021 to .019. !
DEPTH {mm) { I !
Fig. 9. Enhanced fracture toughness for shallow flaws .



Summary of Probabllisitc Fracture Mechanics
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;for the IISST Program to verify and-accurately quantify
ithe shallow-flaw effect for future application to the
' PTS issue.

The critical crack-depth curves in Fig, 9a (which
'is similar to Fig, 3 except that Fip. 9a is restricted
'to shallow depths for clarlty) illustrate how the
enhanced K. for shaliow flaws increases the critical
flaw depths, i.e.. flaw dgepths for which K1=K¢. The
minimum critical flaw depths are approximately 2.5 mm.
Lol DG, apnd.9 4 ; ¢o aYe TS dase

Table 1.
Analysis of Rancho Scco PTS
% Fallures

. L o Due to
Case P(F|R) P(F|E)ypg POE|E) Reinltlatlons
Base 2.1 E-2 .4 E-3 .21 0.2%
(IePrs pPrm

Model)

.
Enh.nced K., 1.9 E-2 3.1 E-3 16 6.0%
Enhanced Ke
{Lincar K.- 3.2 E-3 6.0 E-4 .19 L03%
Crack Depth,
Enhanced K.
1.1 E-3 .20 o%

(Nonlinear K. 5.5 E-3
Crack Depth

P(F[E) - Calculated Conditional Probabtility of
Vessel Failure without Including Type I Warm Prestress
P(F[E) yps Calculated Conditional Probability

of Vessel Failure Including Type 1 Warm Prestress

A noticeable effect of the enhanced Kia data is
to shift the failures to a later
transient. When the inhibiting effect of Type I
warm prestress is included in the analysis, the effect

of the enhanced Kr; data becomes more significant.i

Approximately 82% ‘and 86% of the failures occur after’

WPS for the IPTS base case and enhanced Ky, case.
respectively. A larger percentage of the total
failures are due to cleavage reinitiations (6% for the
enhanced KIs case compared to 0.2% for the IPTS base

case).

Effect of Shallow Flaw Enhanced Ke on Results of PEM .

Analyses

1t is anticipated that AS533B. a prototypical
nuclear reactor pressure vessel steel. will exhibit
elevated (relative to the ASHE K¢ curve) fracture-
initiation toughness for shallow flaws. In the IPTS
{base case) study. a mean Kjie¢ curve of 1.43* Kjc
(where K¢ is the lower-bound ASME fracture-initiation
toughness curve) was utilized. To evaluate the
potential impact of enhanced fracture-initiation
toughness data on
failure.
the shallow-flaw effect as follows:

(K1e) mean = (SC-factor)*l.43*ASME
lower-bound Ki¢ curve
where the SC-factors as derived
incorporated into OCA-P.

It is difficult to quantify the relation between'

enhanced fracture-initiation toughness and crack depth
However, by .

since only two data points are available.
utilizing both the linear and nonlinear functions

derived earlier in the paper (Fig. 7)., it is possible

to determine the sensitivity and potential
significance of the shallow-flaw effect on the results
of PFM analyses. The linear relation is more
optimistic whereas the nonlinear relation is probably
more realistic because the slope of the (SCipax vs. a

curve vaniches at a crack depth of 15.9 mm which is’

consistent witii experimental observation.

In both cases., the effect of the enhanced
fracture-initiation toughness data does appear to
significantly reduce P(F|E) relative to the original
IPTS base case. As illustrated in Table l. P{F|E) was
reduced by nearly an order of magnitude (from .02 to
.003) and by a factor of nearly 4 (from .02 to .0Q05)
for the linear- and nonlinear-K¢ crack-depth
relations, respectively. The potential significance

and sensitivity of these results provides motivation:

time in the.

the conditional probability of
the IPTS mean Ky, was modified to simulate

earlier were

case, nonlinearly enhanced Kic. and linearly enhanced
Kc. respectively. The Marshall flaw-depth
cdistribution function, used in OCA-P [16] and
illustrated in Fig. 9b, defines the relative number of
undetected flaws as a function of crack depth,
Fig. 9b illustrates that increasing the critical flaw
depths effectively reduces the relative number of
flaws of critical size, thus reducing the conditional

probability of failure.
i The histogram in Fig. 11 illustrates results of
'PFM  analyses for the IPTS base case and the
nonlinearly enhanced K. for the Rancho Seco PTS event.
As illustrated, the crack depths at which initiation
occurred were increased to depths for which the
corresponding probability of having an undetected flaw
is significantly reduced.

© 80
I B % INIT {BASE) T
% INIT {(Enh Kc: Nonlinear) b
60
[} 4
| =4
°. J
£ 40
4 3
(&)
(2 g
o -
o 20
a°
0 v

2.16 6.68 11.62 17.03 22.9529.42 36.51 44.25 52.72

Flaw Depth (mm)

Fig. ll. Enhanced K. data significantly reduces P(F/E)
for two reasons: a) for shallow flaws.
probability of crack initiation is reduced,
and b) flaw density for critical size flaws

is reduced.

" Conclusions
Deterministic fracture-mechanics analyses have
demonstrated thatr the applicatlon of the enhanced Kig
v data increases the probability of crack arrest:
. however. it appears that this potential benefit will
be somewhat negated by the inclusion of unstable
i ductile tearing. particularly for the case of high-
" pressure, "dominant" transients. Probabilistic
i fracture- mechanics analyses have demonstrated that
the application of the enhanced Ki,; data reduces the
calculated probability of failure. but it is not by a
significant margin for dominant transients. The
benefit of the enhanced Kyz data is more significant
when the inhibiting effe:t of Type I warm prestress is
included in the model.
] Deterministic fracture mechanics analyses have
.der.nstrated that the application of enhanced K data
for shallow flaws eliminates crack initiation for a



range of 'shallow-flaw depths, Probabilistic fracture-! ' 9. W. A. Sorem. Exxon Corp.. R. H, Dedds, Jr., Univ.
mechanics analyses have demonstrated that the] of I1l.. and S. T. Rolfe. Univ. of Kansas. An
application of the enhanced K¢ data significantly’ Analytical Comparison of Short Crack and Deep
reduces the calculated probability of failure. The Crack CTOD Fracture Specimens of an A36 Steel:
potential significance and sensitivity of these The Effeces of Crack Depth on Elasvic Plastic
results provides motivation for the HSST program to CTOD Fracture Toughness: A Comparison of the J-
verify and more accurately quantify the shallow-flaw Integral and CTOD Parameters for Short Crack
effect for future application to the PTS issue. Specimen “7esting. Welding Research Council
The effect o', the shaliow-criick enhanced Bulletih 351, February 1990.
fracture-toughness da'y,cn PTS analyscsSio— thasent —-
dependent and also dependent on the flaw-size 10. J. A. Smith., Butler Manufacturing Co.., and 5. T.
distribution: therefore., it is difficult to quantify Rolfe. Univ. of Kansas., The Effect of Crack Depth
with precision the effect of the enhanced fracture- to Width Rutio on the Elastic-Plastic Fracture
toughness data until probabilistic fracture-mechanics Toughness of a High-Strength. Low-Strain
analyses have been performed that will consider a wide Hardening Steel. February 1990.
variety of postulated transieni.s for a specific plant.’
It can be safely assumed that the application of the 11. T. J. Theiss. Martin Marietta Energy Systems.
enhanced fracture-toughness data will result in a Inc.. Oak Ridge Natl. Lab.., Recommendations for
reduced probability of vessel failure relative to the the Shallow-Crack Fracture Toughness Testing Task
model utilized in the original IPTS. Within the HSST Program. USHRC Report NUREG/CR-
5554 {GRNL/TM-11509). October 1990.
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