Reliability analysis of low alloy ferritic piping steels
A- Baseline case
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ABSTRACT. Our study aims at the modifications of pc-PRAISE to provide capabilities
for probabilistic analysis of fatigue-crack initiation and growth. This expanded version
of the software isreferred to as Version 4.2. The PRAISE code was originally devel oped
to provide a probabilistic treatment of the growth of crack-like weld defects in piping
due to cyclic loading (Harris et al. 1981; Lim 1981). The purpose of the efforts reported
herein is to expand the capabilities of PRAISE to include a probabilistic treatment of
fatigue-crack initiation in low alloy ferritic piping steels. The current capabilities for
analyzing fatigue-crack growth are then used to continue the calculations to crack
penetration of the pipe wall.

1.INTRODUCTION

Piping systems experience fatigue damage as at resahticipated plant transients
(e.g. rapid cooling of the piping during auxiliafged water initiation following a
scram) and because of unanticipated transients ¢deck valve leakagd)l].This
paper describes the probabilistic fracture meclsai@emputer code and structural
mechanics modelling approach used to simulate ffexte of these cyclic fatigue
stresses on the reliability of reactor piping.

Probabilistic fracture mechanics (PFM) calculatiofien assume that the stress state
in the pipe wall is uniform through the wall thiagss. This approach is appropriate for
stresses as a result of internal pressure and dndibg stresses as a result of the
thermal expansion of pipe systems, but does noteaddhrough-wall stress gradient
as a result of radial thermal gradients or geomeliscontinuitieg2].

This paper describes modifications to pc-PRAISE pimvide capabilities for
probabilistic analysis of fatigue-crack initiatiamd growth. This expanded version of
the software is referred to as Version 4.2. The FEAcode was originally developed
to provide a probabilistic treatment of the growfhcrack-like weld defects in piping
due to cyclic loading3]. This treatment of fatigue-crack growth was labepanded to
include the initiation and growth of stress coromscrackg4]. The software was then



made to run on a personal computer for ease ambeopof usd5]. The purpose of
the efforts reported herein is to expand the cdpaisi of PRAISE to include a
probabilistic treatment of fatigue-crack initiatioiThe current capabilities for
analyzing fatigue-crack growth are then used touwate the crack penetration in the
pipe wall. The schematic diagram of the steps egiping reliability calculations by
pc-PRAISE are presentedfing. 1

2. PRAISE Maodifications to Consider Fatigue-Crack hitiation

The ANL crack initiation correlations were for cgsl for the tensile load to drop by
25%. This corresponds to a crack of approximatetgr8 depth (0.12 in.)6, 7].The
specimen size was assumed to be about 2 in. (5imjGmouge length. The fatigue
tests were performed under fully reversed loading,(a mean load of zero). The
subroutine provided by PNNL already had size-efteud surface-finish adjustments,
but a single factor was considered to account fae segardless of size. The
subroutine provides cycles to initiation for a giverobability of initiation and set of
conditions (material, cyclic stress, strain rateygen level, and sulfur content).

The relations, should not be extrapolated beyoprbhability of 0.02%'[6, 7]; hence,
they are not suitable for initiation probabilitieslow about 2.1,

Modifications were made to pc-PRAISE to considex itlitiation of cracks and their
subsequent growth to become through-wall. Forahdhn, the PNNL subroutine for
initiation was used in conjunction with Monte Carfomulation to estimate the
probability of initiation as a function of time. &hsubroutine provides results for a
constant stress amplitude, whereas the stressribstto be considered have cyclic
stresses of different amplitudes. The Miner's mées used to account for these more
complex stress histories.

The cycles per year are equal to the cycles pereé®d-ife divided by 40; that is, the
cycling rate is considered to be constant. A desom of each transient is usually
provided.

Since multiple initiation sites are employed, soatgustment should be made to the
size/surface finish compensations made by ANL. Aipo of the size/surface finish

effect introduced by ANL is removed by multiplyiegch sampled initiation time by a
constant between 1 (using the ANL size/surfacesfirfactor) and 4 (using the ANL

laboratory specimen correlations). Tire distribataf initiation time is determined for

each of the specimens in a component. The inihatimes in each specimen can
either be independent or dependent. If dependedtren stress gradient, in each
specimen a crack will initiates at the same time.tlge cracks initiate completely

around the circumference for a girth weld in a pipais leads to all leaks being

double-ended pipe breaks. Hence, independenttioitias believed to be the most
realistic.



Stress history
= cydlic atreza K-zolutions
- mu; stress "
- i, m [a]
- thickness var. = f_,_,w"
I .H--ﬂ
Operating trans.
Seizmic events -
W
Y
L btk Leak detection
characteristics s
Crack sire as a probabi
i - function of ime ad

| -
pe > 1| W ' g h
iz ﬁnl N il or W .-’jai =
AKI1-R)® ¢ > e [
’ | . ]

A

w..,a:__ Fallure critarion Leak rate
| oot — Al hrk caloulations
|’,ff (ol 'Big

= |- DG"".‘“ o |
- b T e LOGA - — g /
E | _

— coo

Figurel. Schematic diagram of piping failure probabilityatdation as perform- ed
by pc-PRAISE. (Baseline case)

3. PRAISE Modifications for Crack Growth and Linkin g of Multiple Cracks

Once a crack initiates, pc-PRAISE calculates itssequent growth. An initiated crack
is considered to be 3 mm (0.12 in.) deep. It i8 sBcessary to specify the surface
length, 2by, of the initiated crack. Although cracks that growwrh a small defect will
tend to be nearly semi-circuldio, /ap=1), the median length of an initiated crack is
taken to be 7.6 mm (0.3 in.). This is believed éoconservative. The initial length is
taken to be a random variable. The valuégtself could be the random variable, and
this is one alternative that was considered.
Taking ky to be lognormal with a median value of 7.6 mm QO0ii3), it is then only
necessary to define the shape parametarsed by pc-PRAISE in order to define the
complete distribution. A couple of items of interesthe distribution oby are:

(1) The probability thab/a, at initiation is less than 1, which is physically
unrealistic because the crack would then be tumgeihto the specimen.

(2) The probability that By would be greater titan the "specimen” size of 60.7
mm (2 in.).
Multiple cracks can initiate in a component andnttgrow to perhaps eventually
coalesce. The criteria for linking of multiple ckacare already in pc-PRAISE to
account for multiple initiations of stress corrasicrackg4, 5]. The criteria are based
on procedures in the American Society of Mechanitrayjineers (ASME) Boiler and
Pressure Vessel Code.



4. Correlations between Initiation and Growth Propeties

It is conceivable that there is a correlation be&mehe initiation and growth
properties of the material. That is, if the crankiation characteristics are poor, then
the growth characteristics are also poor. Pc-PRA[B&vides for treating these
properties as either independent or correlatedhdfy are correlated, then the one
minus the sampled random number used for the filwitissimulations is used for the
growth relation.

5. Modification of Fatigue Crack Growth Relations or Ferritic Material

The fatigue-crack-growth characteristics for fecristeels that are built into pc-
PRAISE are for LWR environments. At very high vauef AK, the crack growth
relation falls below the air line for this materiathich is physically unrealistic. For
ferritic steel in air, the crack growth rate is givby:

% = C(AK)3.726

dN (1)

The exponent 3.726 comes from the ASME Boiler aressure Vessel Code.

No effect of R is considered for growth in air. @ the ASME air line is 2.67 19,
which is an upper-bound value. Consider C to berlognally distributed with the
ASME value being at the 95th percentile. The scattair will be less than in water.
The median value of C can be evaluated, which lém@, = 1.10 10"

To analyze fatigue crack growth in ferritic matégian water, a sample is drawn for
the fatigue crack growth rate in water. The sammoan number is used to sample
the fatigue crack growth rate in air. The crackvgtorate is then taken to be the
largest of the two.
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Figure 2.Cumulative failure probability as functions of time
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Figure 4. Effect of initiation site number on the cumulatiadure probability

6. Example

The example problem of the previous section wadyaed using 18 initiation sites
with a multiplier on t, of 3 and usin@pfay) as the random variable describing the size
of the initiated cracks.

7. Probability Result

In addition to probability of crack initiation, therobability of a leak (through-wall
crack), is evaluated. Analyses were performed tocincumferential variation of the
stresses. The results provide information on thegtive leak-to-break probability for
situations with and without variations of stresstbe surface. Such information is
useful in leak-before-break assessments.



For no circumferential stress variation, the steeswere taken to be axisymmetric,
and the results are for times extending to 60 ydars 2 provides a plot of these
results. No results are plotted for the DEPB prdiigbbecause no such failures
occurred in the 100 trials performed. Provisionseradded to the pc-PRAISE output
to summarize the linking of cracks, which is ddsed here. The results for this
example problem with no stress gradient are constt&ig. 3 provides an example
of the information in pc-PRAISE on crack initiatgnand a summary of crack
initiation and linking. Such results are printedt.olihe effects of the number of
initiated cracks sites are shownHig. 4.

For each evaluation time that is a multiple of @i@nce, the crack-linking information
is printed out for 20, 40, 50 and 60 yeaif&blel includes the crack-linking
information at 60 years. The results are summarmed crack-by-crack basis, so
information is lost regarding cracks on a weld-bstav(trial-by-trial) basis.

Cracks in the depth range of 0.95<a/h< 99% are Ispntistough-wall cracksyhich
are of particular interest. Table entries for lasge of depths provide information on
the length distribution of through-wall cracks ahow many cracks linked to form
them. Any cracks that grew to become leaks befOrgefirs also appear in thablel
Table2 summarizes results on a weld-by-weld (trial-bglyribasis. The number of
individual cracks involved is net given, but onhetsum of the surface lengths.

Table 1.Example of crack-Linking Information Printed outpo-Praise at Time60

Years
AT time (¥rs) 60 .00
L00= aih o= .30
% circumt. [ ALl 110 2 1C 2 1C 2 1L 4 1L & 1]
.0- 20.0 28924| 28923 1 0 ] 0
20,0- 40,0 ]| (1] 0 0 i 0
L30= afh == . B0
% circumt. [ ALl 110 2 1C 2 1C 2 1L 4 1L & 1]
0= 20,0 361 360 1 0 ] 0
20,0- 40,0 ]| (1] 0 0 i 0
B0 aih == . B0
% circumf. [ ALl J)J[ 1 1[ 2 [ 2 1L 4 1L & 1
0= 20,0 26 26 0 0 ] 0
20,0- 40,0 0 (1] 0 0 i 0
LB0= afh == L35
% circumt. [ ALl 1) 2 I1C 2 1C 2 1L 4 1L & 1]
o= 20,0 10 10 0 0 0 0
20.,0- 40,0 0 0 0 0 ] 0
.95 as/h <= 993.00
% circumf. [ ALL 7] 2 J[ 2 [ 3 1L 4 1L 5 ]
o= 20,0 12| 13 0 0 0 0
20.,0- 40,0 1] 1 0 0 ] 0




Table 2.Crack Size data sorted on a Weld by Weld basigedis

=[] =0.3h =0.6h =0.8h =.95h

0 - 20% 28945 414 449 23 13
20-40% 1 1 1 1 1

8. Conclusions

A probabilistic fracture mechanics model of struatureliability is summarized that
considers cracks to be two-dimensional such as-stimiical surface cracks. The
model uses a fatigue initiate crack and crack dgnombdel to grow initiating, semi-
elliptical, fabrication defects. Critical flaw sikdor pipe breaks are based on a net
section collapse criteria of fracture. Numericadules obtained for a weld in a large
reactor pipe are then presented for randomly UOisteid material properties. As a
conclusion, using the initiation only show a weagilynulative probability of leak in the
ferritic components, than it will be better to cam#the effect of the initiation with a
pre-existing crack.

9. References

1. Khaleel, M.A., Simonen, F.A., 1994. A Parametricpfgach to Predicting the
Effects of Fat(ijgue on Piping Reliability, ASME PVFol. 288 Service
Experience and Reliability Improvement: Nuclear,s§ib and Petrochemical
Plants, Vol. 1, pp. 117-125.

2. M.A. Khaleel, F.A. Simonen, 2000. Effects of altatige inspection strategies
on piping reliability, Nuclear Engineering and Dgsil97, pp. 115-140.

3. Harris, D.O., E. Y. Lim, and Dedhia, D.D.1981. Pablity of Pipe Fracture in
the primary Coolant Loop of a PWR Plant, Vol.5oBabilistic Fracture
Mechanics NUREG/CR-2189, US Nuclear Regulatorgm@ission,
Washington, DC.

4. Harris, D.O., Dedhia, D.D.,E. D. Eason, and, Sa&tdPson.1986. Probability of
Failure in BWR Reactor Coolant Piping, NUREG/CR-2,/9/0l. 3. U.S.
Nuclear Regulatory Commission, Washington, DC.

5. Harris, D.O., Dedhia, D.D., Lu, S.C., 1992. Thewmadtand User’'s Manual for
pc-PRAISE, A Probabilistic Fracture Mechanics CotepuCode for Pipe
Reliability Analysis. NUREG:CR-5864, UCRL-ID-109798US Nuclear
Regulatory Commission, Washington.

6. Keisler, J. M., and o. K. choFra.1995. Statistisahblysis of Fatigue Strain-Life
Data for Carbon and Low-Alloy Steels, Risk and 8afessessment: Where is
the balance? ASME PVP-vol296/SERA-Vo0I.3, pp.355-366

7. Keisler, J. M., and o. K. chopra, and W. J.Sha®@6l Statistical for Estimating
Fatigue Strain-Life Behavior of pressure Boundaratéfials in Light water
Reactor Environments, Nuclear Engineering and Desigl.167,pp. 129-154.



