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ABSTRACT

One of the important functions of the Primary Heat Transport System
(PRTS) of a large Liquid Metal Feet Breeder Reactor (LMFBR) plant is to con-
tain the circulating radiocactive sodium in components and piping routed
through inerted arear within the containment building. A significant poss-
ible failure maode of this vital system is the developzent of cracks in the
piping components. This raper presents results from the probabilistic as-
sessment of postulated flaws in the most critical piping elbow of each pip-
ing leg. The criticality of calculated maximm sized flaws is assesaed
against an estimated material fracture toughness to determine safety factors
and failure probability estimates using stress-strength interference theory.
Subsequently, a different approach is also employed in which the randomness
of the initial flew size and loading are more-rigorously taken into ac-
count. This latter approach yields much smaller probability of failure val-
ues when compared to the stress-strength interference analysit resulta.

INTRODUCTION

Layout of the PHTS piping and components of a typical large IMFER plant
is shown in Figure 1. Loop arrangement is based on an "elevated loop" con-
cept to provide protection against loss of coolant inu the event of s sodium
boundary failure in one of the loops. The PHTS performs the heat transport
functions for all normal and certain abnormal modes of reactor speration.

The prizary system hot leg piping from the reactor vessel outlet to the
primary pump inlet in this study is nominally 36 in (91.4 cm) outside dia-
meter by 0.5 in (1.27 cm) wall thickness. The remaining hot leg (crossover
1eg) piping from the pump discharge to the intermediate heat exchanger (IHX)
inlet is 32 in (81.3 cm) outside diameter by 0.5 in (1.27 cm) wall thick-
nesa. The cold 'leg piping from the IEX to the reactor vessel inlet noxzle
is also 32 in (B1.3 ca) outside diameter by 0.5 in (1.27 cm) wall thick-

. ness., The hot and crossover leg piping is type 316 stainless steel (SS) and

has a normal operating temperature of 950°F (510°C). The coid leg
piping consists of type 304 SS and has a normal operating temperature of

. 6700F (3549C).



The piping is comprised of straight pipe runs and curved pipes and el-
bows, which are used for changes in direction of the piping system. The
loops and bends in the iwrizontal piping runs provide the required flexibil~
ity to sccomzodate the thermal expansion of the system. Design, fabrica-
tion, and testing of the PETS piping components, which comprise the sodium
boundary, conform to Section III of the ASME Boiler and Pressure Vessel Code
nl. . -
The most significant possible failure msode of the PHTS piping is the
formstion of significant cracks due to flaw projagation, resulting in large
leakage or rupture of a piping leg. There are alwvays some flaws which are
significant and cannot be detected. A flaw wich depth one-fourth the wall
thickness, t, is initially chosen as a realistically conservative value
since such a depth ratio finds consideration in Appendix G of Section III of
the ASME Code, thongh it is not strictly applicable to this work. An ini-
tial flaw length of 3t is chosen to assure that the major effect of crack
length is included, and surface defects are postulated since they are wmore
severe chan similar sized internal defects.

The fracture mechanics techniques used in this study and the amalytical
results are first summarized. Detailed structural reliability methods are
then applied to illustrate an approsch for the demonstration of inherent
piping safety and reliability against the sbove postulated failure mode for
a family of flaw sizes.

PATIGUE-CRACK GROWTH ANALYSIS METHODS AND RESULTS

~ Thie section presents & crack growth evaluation of piping legs of the

typical PATS. The objective of this analysis is to assess the potential
grovth of cracks, which are postulated to exist in the wvorst locations and
orientations of the piping system under study, due to cyclic fatigue. The
PHTS piping stress analysis resuits indicate that the elbow locations are
the most highly stressed areas of the system. The thin wall of LMFBR PHTS
piping results in elbow stress indices (multipliera) being on the order of 4
to 5 times greater thau the respective values for light water reactor cool-
ant loop piping. Therefore, the piping elbows become the critical locations
in the primary system rather than the weld joints as reported for light

_ water reactor piping crack growth studies [2].

The linear elastic fracture mechanics (LEFM) spproach for calculating

) fatigue crack growth under cyclic loading is used [3]. The methodology em-

ploved in the evaluation is that detailed in Reference [4]) and is briefly
surmarized below,
The approach used in this study is based on the well documented fact

= that the rate of cyclic crack growth (da/dN) is a function of the history of

the effective stress intensity factor 14t the crack tip. The crack growth
rate relation considered to be applicable is [5]:

de _ o
aN co eff) B
wvhere
™
R ge = K, (1) 2
‘R=K /K and K_. are the maxionum and minimum magnitudes of the

ltrelE xntensltym?actor during a load cycle, and "m" is an experimentally
verified factor to account for -‘ress ratio effectl. The function Cqye
(Re£f)D is expevimentally determined in the laboratory using conven-
. "tional precracked specimens of the material of interest to define the

'.I The term "stress intensity factor", as used in the context of LEFM, must

_be distinguished from the same term, used in design requirements of the ASME
Boiler and Pressure Vecsel Code. As used here, the stress intensity factor

“_is a characterization of the theoretical stress singularity predicted to

" exist at the tip of a crack in a perfectly elastic body under load.
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fatigue-crack propagation behavior. The materials of the piping system un-
der study have been extensively investigated to characterize the effect of
various reactor opersting conditions upon the rate of fatigue-crack growth.
The crack growth rate curve applicabla for a temperaturec range of 601 < T <
1,000°7 (3i7° < T < 5389C) as given in Figure 3 of Reference [4) is chosen
for the flaw propagstion analysis.

The cracks considered ara assumed to be two-dimensional semi-elliptical
surface fluws 2ze shown in Figura 2. Sinca the crack gaometry can be frlly
described by two dimensions, only growth in the depth direction (a) and in
the length direction {2c) needs to be considered presuning self-similar
grovth. Therefore, otress intensity factors at points A snd C (Figure 2)
are required. Both membrane tension and linesr bending loads are considered
in the region of the crack. 7The equations for the stress intensity factors
at points 4 and C on the crack front are expressed in the form:

4 - o /Ta £, (a/e, a/t) + a /T g, (alc, a/t) )

mAX max Tax

4 =0, /Ta £, (ale, alt) + a0 Ty gc (a/e, ale)

nax max max
? )
a/t)

K . "% . ery fc (a/e, a/t) + o, . Ny £ (a/c, alt) _J
min min rin

T £, (alc, alt) + 0 Vra g, (a/c,

A, "% .
win min

vhere ;g 80d Op . are the maximum/minimum linear bending sné
membrane fgéfife compongﬁgflgf stress azting transvzrse to the plane of the
crack. The plate thickness (or pipe wall) is expressed as t. The influence
of crack shape (a/c) and relative crack depth (a/t) are expressed through the
f(a/c,a/t) and gla/c,a/t) functions for the bending and tensile load condi-
tions respe:tively as related in Ref. [4].

The stress intensity factors defined in equations (3) along with the
f(a/c, a/t) and g(a/c, a/t) functions are generated from solutions obtained
for flat plates. Curvature correction factors to these solutiorns for “cylin-
drical shells are available. Hovever, these factors are insignificant at

_érack depths less than seventy per cent of the wall thickness for piping com-
pounents with dimensions similar to the PHTS pipe dimensions under study [6].
The effect of curvature is therefore not considered in the calculations since
extensive end-of-life flasws did mot develop.

Appropriate stress values, which include the critical load combinatioms
and stress histograms for key selected duty cycle events, are input to the
above fracture relationships along with the postulated initial defect (1/4t
deep, 3t in length) to determine the crack growth azounts in the most severely

® loaded elbows of each piping leg. (An example of a load evant stress histo-
gram is given in Table ) of Reference [4]). The stresses are applied to
axially oriented flaws on the iuside and outside suriaces of each elbow.
Referring to Figure 2, the tensile mexbranme and bdending stresses are superim—

~ posed in the hoop direction and act transverse to the plane of the crack,

vhich is norizal to the pipe (plate) surface. The axial stresses, being much
less than the corresponding hoop stress values, are ignored in the analysis.
Inside and outside surface flaws are evaluated because of the different oper-
.ating envirouzents and the reverr.l in thermal transient etresses.
. Applying the stress cycles in a conservative and representative manner,
~"the crack prapagation analyses yielded the following results:



. 'reduce the small quanti

© The defects do not grow extensively during the load history for any
of the cases studied. 8g5na) ™ 1.13 a5,i¢ia1 for the highest
cass.

o The smallest crack growth occurs in the piping leg without pressure
loadings.

© The outside surface cracks propagate significantly further than the
ineide surface cracks for each of the three piping leg elhows
studied. The assumption of an aggressivé air environment rather tham
the actual relatively inert nitrogen atmosphere for the outside aur-
face cracks is the msin reason for this phenomenon.

o Most of the crack extension, although small, occurs during either low
cycle/high stress seismic events or high cycle/lovw stress load cases
for all six crack situations. Additionally, the maximum applied
stress intensity values in each crack eituation are related to seis-
mic events. This domination by earthquake loadings becomes 1wportlnt
in the reliability assesswent portion of the study.

SAFETY AND RELIABILITY ASSESSMENT

The criticality of the above calculated maximum sized flaws are now as-
sessed against estimated material fracture toughness values to determine the
factors of safety and probabilities of failure for the PHTS piping legs. Al-
though crack propagation itself does not constitute failure, it is considered
so in thia safety and reliability assessuent in an indirect manner. Flaw
growth proceeds to failure if either the critical stress intensity, the criti-
cal flaw size, or the critical number of life cycles associated with the flaw
is reached. 1In the above crack propagation analyses the vorst loading event
is applied to the maximum crack size, which grows to this configuration from
application of the other significant duty cycle events during plant life, to

- obtain the maximum stress intensity for each crack situation studied. These

maximum stress intensity values rather than vhe critical flaw sizes or life

- cycle values are used in the safety and religbility calculation since the lat-

ter parameters cannot he readily determined. The maximum stress intensity
values range from 23.8 ksi /in for the most severly loaded cold leg elbow to
35.2 ksi /ﬁq for the critical hot leg elbow,

Critical material toughness values are determined prior to couparing them
against the maximum applied stress intensities. Stress-strength interference
theory is initially applied to estimate the failure probabilities. Sybse-
quently, a more elaborate procedure is emploved which includes several random
variables in the determination of failure probability values.

Critical Toughness Determination

Because of the high toughness to yield strength ratio for aonealed types
304 and 316 S5, the critical value of toughness, K, , cannot be determined
from LEFM testing. The test specimen would have to be immense to ueet the
LEFM testing requirements. Therefore, K. wnust be determined from J
the critical value of Rice's J-Integral {7], resulting from elastic pfnstxc
fracture mechanics testing [8).

The toughness data reported for the materials and operating temperatures
of interest are sparse and most of them exhibit a significant degree of scat-
ter. These characteristics are depicted by the toughness data for annealed
type 304 SS base metal given in Figure 3 [5]). The scatter in the dste are due
to the fact that the results are generated for dirferent product forms, speci-
wen configurations, and testing and data reduction techniques., Tnis scatter
could be narroved by deleting some of the data on the basis of a recomuended
procedure for "valid" J, toughness testing, However, this would further

gy of available data. While available J. values for
304 SS are not entirely satisfactory, there seems to be no means or improving
the data at this time.

Reference 9 reports that toughness data for the 316 SS are more sparse
than the 304 S5 data, are scattered, and do not even horder on the temperature
ranges of the hot and crossover leg piping. However, a compsriscn of the

--‘JIC values for types 304 and 316 material, as shown in Figure 3, shows



- 316 S5 to have a toughness approximately the same or slightly higher than the
304 SS walues at the samz respective temperatures. Therefore, it is .ssumed
that the safety factur and probability of failure calculations can be carried
out using 304 35 toughness dats for 316 material even at temperatures higher
than 600°¢ (315°C). This should be conservative particularly if the lower
bound 304 £8 toughness values are used.

Regarding the temperatures of interest, all of the data shown in Figurs 3
are belov the 950°F (5109C) normal operating temperature of the hot and cross-
over legs. An appropriate extrapolation of the availablz J__ values is nec~
essary, but the actusl toughness trend is not obvious because of the scarcity
and scatter of the data. Nevertheless, the available higner temperatura JI
values are assumed to be applicable at the 9500F (510°C) temperatura. <

The five data points in Figure 3 at temperstures from 7520F to 830°F for
the hot/crossover leg evaluation span a vide range of toughness values. The
maximum value is nearly twice as large as any other value in the data set and
lies well outside the range of the other four test results. Since this result
sppears to be an overly optimistic estimate of msterial toughness, it is
elinminated from use in the calculatien. Theiefore, the mean values of
toughness are estimated to be 1,928 in-1b/in” and 217.5 ksi /IT (241 Mpa/@)
for J;. and s Tespectively. (Plane strain testing conditions have been
assumzd in the“general relationship between J . nd c°)

T A» for the cold leg (670°F, 354°C), teat data st temperatures from 600°F to
752°F in Figure 3 are employed in the calculstion. The range in toughness
values is judged to be reasonsble. J, = 1,830 in-1b/inZ and Ky = 219 keiv in
{243 MPa v/m) are the estimated mean vliue. of toughness. ¢

Factor of Safety Calculstion
The factor of safety is calculated using the following relationship:

K
Ic
Pactor of Safety = (4)
APPLIED

Inputting the maximum applied stress intenmsities from each crack anslyzed
and the sbove determined critical values of toughness into equation &4, the
factors of safety are calculated to range from 6.2 to 9.2, which are very high
values for the three piping leg elbows studied., Hovever, these margiss of
safety against crack induced faiiure are probably optimistic considering the
wide scatter in the material toughness data. The following probability of
failurc calculation tekes this dispersion of data into accouat.

Probability of Psilure Calculation Using Stress-Strength Interference Analysis
The waxioum applied and critizal stress intensities are now treated as
randox variables in the probdability of failure calculation. 1In order to apply
the stress-strength interference theory, the probability distribution fuac~-
tions of these random variables are required.
A statistical analysis of the data [10] yields the coefficient of vari-
+ ation of the fracture toughaess for the hot/crossover and cold leg piping to
be 0.32 and 0.25, respectively. The median values are 217.5 ksi sin and
219 xei /in, respectively, The fracture toughness values were then plotted ou
normal, log normal, and Weibull probability paper to determine if the data
fit any of these common statistical distributions. The J. and K. vzlues for
either hot/crossover or cold leg materials do not fit velIcagain.ECAny of the
adbove distributions as shown in Pigures &4 through 6. Since no apparent method
exists for icproving the toughness data, the normal dietribution is assuned




‘determined to range from 5.2 x 1076 to 1.4 x 10~
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for the interference analysis. Though neither toughness parameter fitted bet~
ter than the other for any of the distributions, Ky values are used rather
than ch values for convenience.

The variability of the mazimum applied stress intensity is a function of
flaw size and plant loading (transients, earthquake accelerations, etc.) dis-
tributions. Since it is not possible to derive quantitatively the applied
stress intensity distribution given the fact that the distributions of some of
these input parameters are unavailable, a normal distribution is aseumed.
Reference 11 shows that the upper tail probabilities of several common statis-
tical wodels (for example, log normal, Weibull, gamms, exponential) having the
Jame mean, ;, and standard deviation, g, are bounded from above by the upper
tail probabilities of the normal distribution with the standard deviation
doubled. Distributions are plotted in Reference 11 for coefficients of
variation, £, equal to 0.10 and 0.25 for the common statistical models
studied. Silice the coefficient of variation for the applied stress intensity
is estimated to lie within the 0.10 to 0.25 range, & doubling of the
coefficient of variation to 0.50 is judged to be an adequately conservative
measure for calculating the probability of failure using stress-strength
interference theory. .) ( ;

When the strength (K and stress
tributed, the failure progsbility Q) is ngenAigL{EB],

q= b2 )

are norovally dis-

.where ? (+) is the ctandard Guassian cumulative function, and Z is the stan-

dardized normal variate.

- )
Ic KHAX APPLIED )

jG'2 +o 2 N
KIc KHAX APPLIED

where ¥ /o and p /o are the mean/standard

Fuax

deviatiof§ of ‘Ehe critxcal‘ggélggximum a%gf}gsnltrell intensities, respec-

" tively. The § (*) values for different Z values may be obtained from mtandard

trxts; for exzmple, Table A-1 of Ref.[10].

Using the critical stress intensiiy data discussed earlier and the maxi-~
mum applied stress intensities, coincident with a coefficient of variation
equal to 0.50, the probabilities of failure per zenr for the PBTS piping are

. These probabilities of
crack induced failure for the three piping leg elbows studied are significant.
Hovever, the a2ctual failure probabilities should be much less if the random
variability of all the parameters involved are considered.

Since the maximum applied stress intensities resulting from seismic
events dominate the risk, a more detailed proceduré is nov employed in the
following section to consider the flaw sizes, stresses due to earthquakes, and

. critical stress intensity values as random variables. This latter approach

yields much szaller probability of failure values when compared to the above
stress-strength-interference analysis results,

It should be mentioned that the unreliabilities are quite insensitive to
the coefficient of variation for the maximum arnlied stress intensity because
of the wide scatter in critical toughness val..s (see equation 6). This also

. proves to be true in the more detailed analysis.
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Probability of Failure Determination Using an Alternate Approach

Zarthquake loadings are determined to bs the dominating eveants from the
crack propagation analysis results. Therefore, the probabilistic part can be
carried out us follows. Let ’ij be the probability that a = . and ¢ = ¢
(i, = 1, 2, ...) to generate a’family of several representative flaws. éet Q
be the probability of an earthquake that causes bending and membrane stressas
o, =0. ando_ =g, (k=1; 2 ...). Using the stress intensity relationships

g!ven in equnt!onl f§). it is possible to calculate values K with
8, ej. “x? Tk and similarly E .y ete. Since it i?'%l-éﬁiikl to

consider the critical stress inte==§£y§’iik, as a random variable, let

rt(l-l,z, »es) be the probability that K € is less than or equal to the largest

value of t‘ v B¢ s ete., for each flav and earthquake intensity
nax, 1,3,k max, i,j,k

level studied. The final failure probabilty estimate in the critical elbow of

each piping leg is: ’

€3}

P IP.

-?_;::L qukrt

r oy

Dictributicns for the critical stress intensity values for the PEHTIS pip-
ing materials are given in the previous section. These normal distributions
are used in the r, probability determination (determination of rg is
discussed in detail in the numerical calculations). Initial flaw size and
earthquake probability distributions are geperated below. Following these
determinations, the failure probability eatimates are calculated for the moat
highly stressed elhow in each piping leg and results are presented and die-~
cussed.

Initial Maxicum Flaw Size Probability Distribution. The iaitial flaw
size density distribution in a piping component after inspection should be
directly related to the maximum flaw size density prior to inspection and to
the probability of non-detection for the various inspection techniques em-
ployed. The nature of the required data is the initial flaw distribution
prior to inspection and the statistical reliability of the applied non-des-
tructive exsmination.(NDE) methods. Ideally, both distributions should be a
function of bivariate crack size distribution. Since relevant applicable data
essentially do not exist for this case, initial flaw size probabilitiet are
developed based upon a univariate approach, the crack depth.

Even for the univariate case, a lack of data using actual surveys exists
at this time on both flaw characterization in metals and the reliability of
KDE methods for the materialas of prime interest. Rummel, et. al., [12} and
Lemon [13) have performed work in this area on aluminum aircraft structural

. compoaents to enhance aerospace technology. The reliability of NDE techniques
are quantified in [12) and statistical concepts are presented in {13] to pre-

- dict the in-sexvice flaw size density distribution after inspection. Some
parts of these studies are useful for the definition of defects and are em-
ployed in this PETS piping reliability assessment.
. . The work by Lemon [13] centers on the determination of the initial in-
service flaw distribution as a function of the reliability of the inspection
techniques and the flaw size distributiou prior to inspection. Lemon's Zevel-
‘opment utilizes order statistice (that is, all flaws in a part are ordered by
size from the smallest to the largest) and the most useful result is the deri-
vation of the relationship of the maximum flaw size distribution after inspec-
tion-wvith-part-rejection to the maximum flaw size distribution prior to in=-
spection. Often it is the case that only the largest flaws are known after
inspection.

- = . The probabilistic method derived by Lemon [13] has been used to calculate

the maxioum flaw size cumulative distribution for 0.5 in (1.27 cm) thick pip-

_ing. The following assunmptions were made:
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1. Flavs in s part occur independently of one another.

2. The fluv size is uorelated to the number of flavs in a part.

3. There are fever flavs of larger sizes in a part and many flaws of
smaller sizes.

&, The probability density function of the initial flaw depth distribu-
tion is exponential.

S. The probability of having & flaw of depth 0.1 mm or greater is 0.9.

6. The flaw size of 3 percent or less of pipe wall thickness has a prob-
ability of detection of 0.0,

7. The probability of detecting a flaw depth in excess of 17 percent of
the pipe wall thickness is no better than 0.997.

""Assumption 3 was based on results of Kravchenko and Tursunov [14]. The
exponential distribution of flaw sizes was previously used in an analysis by
Becher and Pedersen [15], where it was stated that a flav of 0.1 mm depth
would "most certainly exist™. Therefore, the probability of exceeding this
flaw depth was taken to be 0.9 as given in assumption 5. Assumption 7 was
based on results of NDE compiled by Bolr [16].

As described by Lemon [13], the initial in-service flaw density function
can be detercined if the initial flaw size (depth) distribution and the proba-
bility of detection for the various NDE techniques are known. The flaw size
depth distribution f(x) was derived using the above considerations in assump-
tions ! through 5 and is given by:

£(x) = 27.02¢ -27.02X gey<m 18

“where X is the flaw depth. The reliability of the combined NDE techniques was
‘derived from the conditions noted in assumptions 6 and 7. The resulting prob-
ability of detection, P,, as a function of flaw depth X, was determined using
-a linear relationship between the limiting flew depths in assumptions & and 7.

Lemon's expression for the distribution of the maximum flaw depth after
inspection with part rejection is:

By (x]1, xn) - !g KM igl A; * B, +C foro <X <X 9
j where:
X = flav depth ’
1 = inspection procedure .
- % - rejecsion Ehreshold - predefetmiued vulye for which a
part is rejected if a flaw is found during inspection of
i depth equal to or greater than this value
| = a normalization constant
< M = initial number of flaws per part

PH (xII, xn) = maximum flaw depth cumulative distribution after
inspection-with-part-rejection and rejection threshold X

Ai = probability that the i~th deepest flaw has a depth
: B, = probability that the i-th deepest flaw escapes detection
s given that it has depth y
<t Ci = probability that the depth-ordered flaws i + 1 to X are

detected and that each has depth less than Xg given

--f_' the i-th depth-ordered flaw has depth y

In the analysis, xg = = is assuned, That is, all detected flaw. are
remaveé but no parte are rejected. The maxioum flaw size cumulative
dxstrlbutxon is caleculated as a function of the mumber of flaws, M. Resulta
-ze given in Figure 7 for M=l to M=10 for 0.5 in {1.27 cm) thick piping.

. -* As M increases in Pigure 7, the range of the distribution improves; and
. -for sufficiently large values of M, the graphical representaticns should
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coincide, ' Therefore, the distribution for ¥ = 10 is chosen for the present
work. ’

Table 1 gives approximate values of the post-inspection probabilities of
existence for ten chosen flaw depths for the reliability assessment. These
values represent the flaw probability densities at discrete intervals im tle
dowain of the cumulative probability distribution given in Pigure 7. Since
the fracture mechanics relationships for the stress intensity factor
calculation uses a two-dimensional crack geometry, the flawv length must also
be included to complete a representative family of flaws. PFor each flaw depth
(a,) given in Table 1, flaw lengthe (c,) equal to 10 x a., 5 x n., and 1 x a;
are con idered assigning the same probibiligy of existenfe to all three crac
shapes (long semi-elliptical to semi-circular). A value equal to 1/3 of the
respective flaw depth probability is arbitrarily assigned to each of theae
flaws. This representation yields a family of 30 flavs spanning a wide range
of configurations for the probabilistic analysis of the critical piping elbow
in each piping leg.

Earthquake Probability Distribution. A feasible spectrum of earthquake
probabilities as a function of iatensity and geographic location is determined
in this section for use in the PHTS piping probability of failure calculation.
Hsieh, et. al., [17] have presented the pirobability of various levels of
earthquake-induced ground accelerations for the Eastern United States (Pigure
8); these probabilities have been used in the Reactor Safety Study {18].

For the present study, the ground acceleration values directly associated
with the membrane and bending stresses induced by the operating basis
earthquake (0BE) and safe shutdown earthquake (SSE) events are 0.15g and 0.30g
respectively. From Figure 8 the annual probabilities associated with these
seismic events are 1.2 x 1073 and 1.9 x 1074, respectively for an Eastern
United States plant site location. To obtain conservative values for a
Western United States site location, the Eastern U.S. probabilities are
increased by a factor of 3 [17]. The resulting earthquake probabll;txel used
in the present work become 3.6 x 10~ /year for the OBE and 5.7 x 10'*/yenr
for the SSE.

Numerical Calculations and Discussion of Results. For the three PHTS
piping 21lbows under study, calculations are carried out to estimate the
probabilities of crack induced failure from the application of two different
earthquake intensities to a representative family of initial flaw sizes. Only
one analysis is required for the critical elbow in each piping leg since the
seismic stresses and material toughness values are similar {in the analysis)
.for both the inside and outside piping elbow surfaces.

Using the above generated dats, a farily of wide ranging defect sizes (a;,

vhere i =1, ..., 10 and j = 1, ..., 3) with associated probabilities, P..,
lie incorporated into the mmerical computation along with the maximm seismic
cexbrane and bending stresses (cr"k N where k = 1, 2) with related

probabilities, Q, . This input yieTﬁ} 60 ?tgv/earthquake combinations to be
evaluated for each elbow. Maximum stress intensity values at the points of

- paximum depth and length on the crack front are determined by inputting these
60 sets of values intd> equations (3). The largest value of kK, and K,

for each of the 60 cases is selected to be K vhere L = I,E?x... 60.

- The probabilities associated with these values are defined as follpws:

Py P.. Qk where i,j,k have 10, 3, and 2 values respectively (10)
- and thus £ has 60.

Probabilities r, associsted with K exteeding the normally distributed

* ho
material toughﬂenn parsmeter Kp. are determined using the standardized
nornll variate defined as:



gy = L an
-] .
wheres ’
x = X
Lyax

‘4’ = mean value of !Ic

o = gtandard deviation of !Ic

r, is given by,

] 3

T

. “'1’ (12)

where § (*) is the standard Gaussian cumulative function.
Finally, the failure probability estimate for the critical elbow in each
piping leg is generated by:

P,=LP, 1 (13)

vhich is equivalent to Equation (7).
Failure probability estimates are summarized in Table 2 for the most
ecritical elbow in each PHTS piping leg for the largest flaw/earthquake

" combinations and the cumulation of the entire family of representative defects

and earthquakes studied. Results from the stress-etrength interference

* analysis are also repeated. The main points of discussion from the analytical

results ars:

© The annual failure probabilities in Table 2 for the largest flaw/
earthquake combination using the alternate approach show an improve-
ment of about 5 orders of magnitude over the respective values calcu-~
lated using stress-strength interference theory. The &= 0,37 < ° -
10.0 flaw/SSE loading cgbxnatxon clearly envelopes unf crack and {m

. loading conditions evaluated in the previous analyses. Thus, use of

the more rigorous alternate approach does significantly improve those
values obtained by the interference analysis method.

o Long semi-elliptical flaws show higher failure probability estimates
than aemi-circular flaws, verifyinpg that long ahallow surface defects
are amore severe than semi-circular flaws.

o The failure probabilities for the mid-range defects (0.08 <'§ <
0.015) in combination with the lower eartkquake intensities are the
major contributors to the cumulative failure estimate for each
elbow. This result occurs because of the kigh flaw probability den-
sity generated for the mid-range cracks, the high probability of oc-
currence defined for the OBE, and the wide distribution in material
toughness. Although the results from the alternate approach yield
oore accurate and reducad failure probabilities, the cuculative val-
ues for each elbow are still fairly high from a structural reliabil-
ity viewpoint, Additional work should be carried out to improve the

e initial flaw characterization for the materials of interest, to im

prove the seismic spectrum representation and, most importantly, to
investigate the use of a different failure criterion in an attempt to
further reduce the values. The use of the material flau stress rule
- is a poasxbxlxty for a failure criterion.



-

The flow stress criterion checks failure caused by the remsining
uncracked pipe cross-section being unable to aupport the applied
loada. That is, pipe severance is assumed to be a result of net
section plastic instability, which occurs when the net section stresa
(vhich can be determined using finite element analysis methods)
exceeds the average material flow stress. The flow stress is
gecerally taken aa halfway between the yield and ultimate strengths
tc estimate the effects of strain hardening iu the very ductile,
tough austenitic stainless steel piping materials of interest.

The flow atress is probably a more representative failure criteriom
than the material toughness parameter, Jy. (Xy.). Assuming

failure a3 a result of exceeding Jy. is probably overly

connervative since the materials of interest do not fail in o brittle
Lanner as vepresented by use of this paraneter.

The numierical results of the current work should not be tzken as final
since they are provided mainly to illustrate the technique. Discretization of
continuous variables introduces errors that have not been quantitatively
estimated in this spplication. For example, the representation of the seismic
event spectruc by only tws ground acceleraion values may not be satisfactory.
Uowever, a refined spectrum is not expected to change results by orders of
magnitede,

CONCLUSIONS

Initial semi-elliptical surface flaws are postulated to exist on the
inside and outside surfaces of the moat highly stressed elbow in each PHTS
piping leg of a typical large LMFBR plant. These defects do not grow
extensively under application of stress histograms zonservatively representing
the load history for defined key umbrella plant duty cycle evcats. Although
crack propagation itself does not constitute failure, the meximmm applied
stress intensities associated with each defzct are the important fsctors inm
the safety and reliability assessment.

The maximum applied stress intensities from the flaw growth analyses zre
compared sgainst estimated critical material toughness valuea. High factore
of safety were dircctly calculated, but marginal failure probabilities were
determined using stress~strength interference theory because of the wide
scatter in the measured critical toughness values. hd

Since the maximum applied stress intensities are shown to result froam

~ seismic events, a more detailed procedure considering the flaw sizes, the
stresces due to earthquake, and the vritical stress intensity values as random
variables was employed. The respective failure probatilities from the
interference analysis were improved by about 5 orders of magnitude for each
elbow studied. In this detailed probabilistic assessment a representative
family of initial flaw sizes spanning minute semi-circular defects to long

‘ deep semi-elliptical cracks was studied in conjunction with two earthquake
levels of inteasity (OBE and SSE}., The failure probabilities for the
mid-range defects in combination with the lower earthquake intensity (OBE)

- were major contributors to the cumulative failure probabilities for each
‘elbow, rather than the large defect/large earthquake combination. The more
accurate cumulative results for each elbow from the alternate approach are
still fairly significant mostly due to the wide distribution in material

. toughness. In order to further reduce the values, additional work is
recommended for improving the initial flaw characterization and the seismic
spectrum representation and for investigating the use of a different fracture
criterion (e.g., material flow stress rule). No means of improving currenmt
fracture toughness data seem to exist for the materials and temperatures of
" interest,

-
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TABLE 1
INITIAL MAXIMUM FLAW SIZE PROBABILITIES

Flav Depth to
Thickness Ratio,

8/t v . rii
0.02 ) 0.000
0.06 - 0.035
0.06 : 0.105
0.08 0.225
0.10 0.235
0.12 ’ 0.200
0.15 0.170
0.20 0.025
0.25 ' 0.004
0.30 0.001

Note: FPor each flaw depth (ni), flaw lengths (cj) equal to 10 x s,
Sxa;, and lxa; are considered assigning the same probability of
existence, Pijl:i, to all three crack shapes.

TABLE 2
PHTS CRITICAL PIPING ELEOW
PROBABILITY OF FAILURE ESTIMATES

Probability of Failure {per year)
Random Variable Approach
- PHIS - b £ A1 1
Piping Stress-Strengt Largest ?ll: ) Sun of All Flaws
- leg Interference & Earthquake * & Earthquakes
Hot 1421074 1.0x1077 1.0x1073
X-Over 1.1x107% 8.1x10710 9.1x10"6
- Cold 5.2x1076 3.4x1073 3.4x1077

Notes: (&) Largest flaw dimensions are: %- 0.3, E- 10.0 and the

et largest earthquake is the SSE. -
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~ Figure 1. Typical PHTS Piping Layout
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HOTE:
O = MEMBRANE STRESS
op = BEKDING STRESS
» = CRACK DEFTH
2: = CRACK LENGTH
1 = PLATE THICKNESS

. Figure 2, Surface-Cracked Plate Subjected to Bending and Tension, with Detail of Crack Geometry
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