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NOMENCLATURE
c, ’ﬁntrplu-ounduy stress indices for presenre
C, nlury—,lu-uoouuy Stress indices for mement
c, plnry—,]n—ueouduy Stress indices for thermal gradients
C“ ’rucry-plu-ucuduy stress index, moment loading, tee brench
C" nlnrrplu-uondary Stross index, moment losding, tee rus
D° pipe OD
E modulus of elastivity
f Code 2 cycle-dependent factor renging from 1.0 for 7,000 cycles to
0.5 for 100,000 cycles or more
h slbov paramester, tR/z?
i Code 2 etress intensification factor
K, pesk stress indices for pressurs
K, Pesk stress indices for moment
K, peak stress indices for thernal gradiests
l“ Posk stress index, moment losding, tee bramch
‘u peak strees index, moment loading, tes rus
l. elastic-plastio adjustment factor, ses Bg. (3)

WO €8
rasge of resulitant moment

range of resultant moment cansed by thermal expansion

awmber of desige ecycles

nwmber of cyelss to feilumre

range of service pressure

isternal pressure

mean redive of pipe, brasch pipe for tees

mean redius of pipe, rum pipe for tees, or bdead roedius for elbows
Code 1 fatigue design stress amplitunde

Code 2 allowable stress ot cold (100°F) temperature
dosign stress with factor of safety of 2 ox !‘
eadurasce limit (fatigue stromgth at ~1052 cycles)
Code 2 calonlated stress range

failure stress, correlsted wvith N‘ |
Code 2 allowable stress at kot (maximwm) tomperaters i

.-nn-........ m » U.""x z.-_: -

Preceding nana Want




vi

Code 1 allowabdle stress imtemeity

eslonlsted primary-plus-secondary stress zange, see Eq. (1)
calonlated poak stress range, see Eq. (2)

Code 2 sustained load stress, see Egq. (6)

uitimate tomsile stremgth of meterial

vield stresgth of material

wall thickness of pipe, bramch pipe for tees

wall thickaess of pipe, run pipe for tees

fatigue msage facotor

(1 = a)/la(m ~ 1)), see Bg. (19)

section modulus of pipe

soetion modulus of tee brameh pipe

section modulus of tee rua pipe

cosfficient of thermal expassioa

thermal gradieats, see Code 1 for detalled definitions
thermal gradiests, see Code 1 for detailed definitions
thormal gradiemts, seo Code I for detailed definitions
thermal gradients, sev Code 1 for detailed defimitions
Polsson's ratio




COMPARISONS OF ASME CODE FATIGUE RVALUATION NETHODS DR
NUCLEAR CLASS 1 PIPING WITH CLASS 2 Or 3 PIPNWG

E. C. Rodabeugh®
ABSTRACT

The fatigue evelnation pronsdure used im the ASMF Boiler
and Pressure Vesoesl Code, Sect. III, WNuclear Pover Plant Com=
ponents, for Claes 1 piping 1s differect from the procedure
used for Clase 2 or 3 piping. The basis for each prucedure
is desorided, and correlations between the two procedures are
presented. Conditions under which either procedure or both
By be umcomservetive are noted,

Potentiel changes im the Cless 2 or 3 piping procedure
to oxplicitly cover all losdings ere discussed. However, the
Teport is imtended to be informative, and while the contents
of tho report may guide future Code changes, specific recom
mendstions are mot given herein,

1. INTRODUCTION

Fatigue-basred criteris for the eveluation of piping were introdaced
isto the Pipiag Code, then American Stendards Association (ASA) R31.1,1
is the 1955 edition. These eriteris were based on moment fatigue tosts
os piping compoments by Markl,® Merk! and George,® end Markl.® The cri-
teria imvolve use of stress intensification factors (i~factors) amd stress
limites related to cold ('o’ and hot "l) allowable stresses, molified by

8 fector £, which depends mwpon the sumber of design cycles. ‘

The American Society for Mechanical Emgimeers (ASME) Boller and Pres-
nwre Vesssl Code, Sect. III, Wuclear Vessels, was initinted inm 1963, It
covered Class A, B, and € vessels, mow called Classe 1, 2, end 3 vessols.
This Code, for Class A vessels, wsed o fatigue evalustion method that s
based on fotigue tests of polished bars. It uses dosign fatigue curves
in whick the silowabie dorign streoss '. is plotted agaimet the sumber of
design cycles N, Stress indices were introduced in the 1963 Code for the
partionler case of mozzles with eyclie pressure loading,

In 1969, ANSI B31.7, Fuolear Pover Piping was published. It covered
Clase 1, 2, snd 3 piping. For Class 1 piping, B31.7 adopted a fatigue

*E. C. Rodabaugh Associates, Ime., Eilliard, Ohio,

T1s 1955, B31.1 covered all imdustrisl piping. Later, it was split
into American Natiomsl Stendards Isstitute (ANSI) B31.1, Power Piping;
ANST B31.3, Chemioal Plamt and Petrolews Refinery Piping; ANSI B31.4,
Refrigeration Piping; anmd ANSI B31.8, Gas Tranemiseion and Distribution
Piping.




enelysis method anslogous to thet msed i2 the Nuclear Vessel Code. The
coscepy of "stress indices"” wes expended to cover pressure, moment, and
thermal g "dient loads for commonly ueed piping compoments., For Class I
and P pipimg, ANBI B31.7 contimusd to use the fatigue evalustion method
originally introduced im ASA B31.1 ia 1938,

In 1971, Bect. III of the ASME Code wae expanded to imclude vessels,
pumps, velves, and pipieg; the title was changed from Nuolear Veseels to
Fuolsar Pover Planmt Compomente. With respect to the fatigne evaluation
methof» .« piping, Sect. III sdopted, with one differemce, the rules
cont 5.4 ‘m ANSI B31.,7-1969. Tts difference concerns the aéjustment for
strecsey it exceed 38  (comceptually, exceed the shakedown !imit)., This
sdjustment, o9 will becOme apparent im this report, ie highly significant
is correlations between Clase 1 and Clase 2 or 3 piping fetigue evaluation
methods, The method uwsed im ANSI B31.7 is described in Appendiz A, along
with & backgromnd discussion of the equivalent l factor imtroduced in
Seot. ITI-1971 and currently used.

The present (1982) status of fetigue evalustion methods wused in
Sect. III cam be Hriefly sumsmarized se follows:

Class components Fatigue evilustion basis

Clase ] vessels, pumps, valves, Dosign fatigue curves derived
and piping from polished bar fatigue test
date, with l. sdjustment

Class 2 and 3 vessels,® pumps, None
and valves

Cilass 2 end 3 piping Piping component fatigne tests,
using otreess intensification
factors, moment losding only

The objective of this roport is to show how the fatigue evaluaticn
method for Class 1 piping correlates with that for Class 2 or 3 piping.
The moethods for Clese 2 and 3 piping sre ‘dentical. For brevity, ve will
fdentify those methods as "Code 2"; those for Clasc 1 piping sre identi~
fied ac "Code 1."

Chapters 2 and 3 of this report deseribe the fatigue evealuation
procedurer for Code 1 and Code 2, respectivuly., Chapter 4 indicates the
correlations between Codes 1 and 2. These correlations are pecessarily
limited to moment loadings, becavee Code 2 covers only moment loading.

Chepter 5 or high-=yocle fotigue is treatnd separstely, because it is
sot apperent that either Ccde 1 or Code 1 sdeguately covers the fatigue
evaluation of scemmulated oycles of 107 or more. Chapter 6 discusses &
difforence botween Codes 1 and 2 that is applicable only to tees. Chapter
7 containe ar expioratory discussion of the possibility of extending Code
2 fatigxy evelwation to cover (or more explicitly cover] loadimge other
than moments.

®A fatigee ovaluetion mey be required for vessels decigned to the
sl tersetive rules of NC-3200 (equivalent to ASME Boiler and Pressure Ves-
sel Code, Bect. VIII, Div, 2).




Chapter 8 summarizes the observationms contaiased in Chaps. 2-7. The
report is intended to be informative and mey provide a basis for future
Code changet. However, no recommendstions for such changes are included
horein,

In reading the snbsequent sectioms of this report, the expert om
fatigne evaluation methods will recognize that, im both Code 1 and 2
methods, many eimplifying approx!mations are involved., For example, use
of the limear cumulative damsuge hypothesis can be insccurate for certain
scquances of loading., However, in addition to and perbeps justifying the
simplifying spproximstions, the opersting history of the piping systems
sust be postuleted. Beciuse the operating history extemds 20 to 40 yenrs
into the future, its postulated dutsils are deemed to be the most uncer-
tain sepect of the fatigue evaluation method. The fatigue evaluation
methods are based on test detsa im an enviromment 1ike dry sir., Euvirono~
mental effecte, such as corrosiom or stress-csorrosion-cracking, are not
ooversd or, st best, are only partially covered by factors of safety on
the test data.



2. CODE 1 BASIS

The Code 1 fatigue evalustion method® involves the calculation of the
primery-plus-secondary stress range l. by the equatien:

P D ¥
B eC——4C —4CE laT - T | (1)
BN T s Z sab ata %! e

and the peak stress renge by the equation:

PD " 1
8 o R0 = ¢LC Jw-—-——xulnl
P i T " 2 ME =e) *¥ :

1
1~y

+XKCE l..r.-cbr.l +

LS E . ulrr'l . (2)

if 3- £ !l- (conceptually, zs’. the shakedown limit), § is divided by 2

to coevert from stress range to stress amplitude. The Code 1 design fa-
tigue curvee (Fige. I-9.1, I-9.2, or 1-9.3, depending wpon the materiel)
are entered with 8 /2, and design cycles N are read from the curves, If

the enticipated mumber of comulative fatigue oycles inm operation is less
than N, thes the piping product (e.g., girth butt weld, elbow) is doemed
to be acceptable.

It 8 ) 38, the strain range corresponding to the elastic-based
caloulatide of 'troln range may be too low., Witk primary-plus-secondary
stresses that exceed 28 , shakedown to elastic response may not occur snd

plastic straims, in addition to the calculated elastic strains, may occur
during esch cycle. To provide & simple way to deal with thiv conditior,
Code 1 (NB-3228.3) permits the use of & simplified elastic-plastic ansly-
#is that imvolves mul tiplying l’ by l.. where l. is given by

3 ™ea 8
n
l. -1+ o(e = 1) (;’. - ;) ;i for 38. < 8- £ !lS. ’ (3)

l. = 1/s for l. > 3-8. >

®Code 1 permits the use of the more gemeral rules given in NB-3200;
this report is restrioted to the rules given in NB-3650, "Analysis of
Pipirg Produots.”
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Velues of » and o are

Material = I

Carbon stesl 3.0 0.2
Lov-alloy steel snd mertemsitic staimless steel 2.0 0.2

Austenitic steimless steel, mickel-chrome-iron, 1.7 0.3
snd nickel-copper

Tagart has preparsd s description® of the basis of Eq. (3), which is
inciuded herein as Appendix A,

Code 1 Figs., I-%.1, 1-9.2, sad I-9.3 are bassd on straizm-controlled,
gero mesn strainm, fatigue tests of polished bars. The design fatigue
curves vere derived from the failure curves by imcorporatinmg s factor of
safety of 2 on stress or 20 on cycles, whichever is wore conservative.
{The 20 on cycles contr low cycles, the 2 on utress comtrols at
high cycies.) An adjusic or the effect of mean stress is included
in Fig. 1-9.1 for ultimate tensile stremgth (UTS) ¢ 80 kei. Appendiz B
contains s detsiled Ciscussion of Figs. I-9.1 and I-9.2.

Code 1 uses the linear cemulative damage hypothesis as expressed by:

i =
u-Z-'-;-gx.O. (4)
g %

vhere

L pumber of cycles with smplitude § ,
N‘ = allowsble number of cycles feom Code I Fig. I-9.9 for 8‘.

Esck type of stress cycle with amplitude § must be jdentified from the
postulated opersting history of the piping system, There are uvsuslly ten
or more of such identifisble cycles, sach occurring n‘ times. The totsl
pumber of types of cycles is §.




The Code 2 fatigue svaluation method involves the caloulation of the
strecs range l' by the equation

l‘ - u‘/z . (3)

It l. satiefies the eyuation

‘. £ !(1.2’(!. + l.) . l‘l ’ (6)

and l.s

» the piping component is deemed to be acceptable from »

fatigue evalwation standpoint.

The Code 2 method is based on the results of moment-loading fatigue
tests gives by Markl,* Markl end George,® and Markl.® The test srrange-
ment for various piping products is indicsted im Fig. 1. Test assemblies
vere “ovated im the f-tigue tost mechine end subjected to & preliminary
losd-teflection calibration. The sssemblies weore filled with vater to

ORNL -DWG 834895 €TD
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P: GIRTH BUTT WELD P: ELBOW
PLAIN PIPE PIPE BEND
FLANGED JOINT (filiet weld) MITER
CONCENTRIC REDUCER TEE, MOMENT THROUGH BRANCH

TEE, MOMENT THROUGH RUN

MARKL/GEORGE CORRELATION EQUATION:

iM/Z = 420,000 N, ©2

STRESS INTENSIFICATION FACTOR, i = 1.0 FOR TYPICAL GIRTH BUTT WELD
MCOMENT RANGE, ELASTICALLY CALCULATED FROM TEST LOAD Vs
DISPLACEMENT CALIBRATION

SECTION MOLULUS OF PIPE

CYCLES-TO-FAILURE, THROUGH WALL CRACK

Fig. 1. Displecement-controlled, completely reversed cyclic moment
tests on 4~in. nomimal size, SAL106 Grade B piping products at room tem—

pesrature.

Source: Refs. 1-3,




provids & resady means for Getecting failure and were then flexed oycli-
oslly (completely reversed displacements) through & predetermined dis-
pPlecement wutil & leak tlat indicated & oreck through the wall developed,
The results wore reported ae points on 'l ve Nf plots, N' is the
1.

awmuber of cyoles to failure (erack through the wal The corresponding
nominel stress was computed by the ordimary bess formuls, § = VL/Z. The
l1oad renge ¥ was taken from the load-deflection calibration, or for loads
ceusing plestic deformation, from straight-line ext.apolation of the elas~
tic portion of the load-deflection calibration. The lever arm L was mes-
sured from the point of load azplication to the point of initial feilure.

The tost method is consistent with an elastic enalysic of a piping
system, even though calculated stresses may be above the materisl yield
strength and some plastic deformetion Wy ocour. Accordimgly, an sdjust-
ment analogous to the l. ueed ia Code 1 is mot meeded.

All tests were run'on 4~ia, sominal sixze piping components at room
temperature, The materisl wsed to make the test specimens was American
Soedety of Testing Materials (ASTH) A106 Grade B. Ths tensile stremgths
ranged from 62,400 to 86,300 pei; yield strengths ranyed from 38,900 to
56,200 pei; and elongatios for i-in, gage section ranged from 32 to 55%.
All welding was dome menvelly using Fleetweld No, § electrodes. Most
specimens vere tosted "as welded." A fev girth butt weld specimens were
stross relieved after welding and befors testing with mo detectable dif-
Teremces in the test results.

To make the test information useful to the piping designer, Markl
developed a correlstion of the form

" -b
!8‘ IN‘ ’ (7

vhere a and b are comstants developed from the test data. Fesults of
tests for g/. 1z butt velds are shown in Fig., 2, in which 8, and N‘ are
plotted on log scales. Bguationm (7) is shown in Fig, 2. It 4s & best
fit of the test data with b = 0.2. The value of b = 0.2 was selected
after ovaluating test dats for all types of piping prodwcts. Individual
tost series gave valuwes of b ranging from 0.1 to 0.3, but most velves
vere within 20% of 0.2, whick represents & fair everage. PFor gizrth bett
welds, the best fit value of & is 490,000. Accordingly, Bq. (7) for a
girth butt weld 4o

If = 490,000 N"°" (ped, range) . (8)

Markl's more gemeral equation is

l!, = 490,000 N"?-' (ped, ranmge) , (9)

vhere 1 ® 1.0 for o girth butt weld and { is the fatigue-based stress
intensification factor for piping products other tham girth butt welds,
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2 300 T l T ' T ' L
200 P
- N
« €y » 490,000 N.-0 2
é 120 b= ._
% b
80 b . \‘ .\.O . -
§ ol i3 \? .l o
g g ?[\.
g w b s.. N p—
30 4 l ' l 1 l
102 103 104 108 108

CYCLES TO FAILURE, N,

Fig. 2. Besults of moment fatigue tests om girth butt welds.
t Ref, 3.

Bquetion (9) does mot appear iz Code 2. The basis for the criteris
contained in Code 2 was disomssed by Marki.’ Bis comcept wes that the
oslonlated stress range l' should be limited to

Sy S 1.6(8 + 8, (10)

vhere l. is the allowable stress at the misimes temperature in the cycle
and 8. i» the allowsble stress at the mazimus temperaturs in the cycle.

At that cime (1955), the allowable stresses is the Power Piping Code were
limited to (5/8)8 , where is the materinl yield strength at operatisg

3
temperature. Accordimgly, ‘|. (10) 14 conceptually eguivalest to
l. £ SI’. . (11)

wvhere 8 a is the sverage of the hot and cold yield streagths. Users of

Code 1 will recognize that Bq. (11) is the equivalent of the shekedows
exiterie implied by 8 ¢ !!.. Nowever, the equivalemecs is mot that
streightforvard, decallse I! incindes peak stresses, wheress l. does mot.

Further, becanse the 1's sre referenced to the fatigue stremgth of o
typiesl girth butt weld, “ is not equal to either !. or 8§ (as discunssed
lster, 1 = C.K /2), ’

Equation hl) ie an interesting step on the vay to the Code 2 cri-
toris, Bq. (6). Nowever, the writers of the piping code in 1955 were
feced with the brosd problem of iategrating room temperaturs test dats
on the fatigus 1ife of ALOS Grade B piping compoments inte denign guidence
for mamy matericie amd temporatures. Bow to limit susteimed (momecyclic)
stresses, sveh as those cansed by presswre and veight, woe ome aspect.



Applicability of the dosipn guidanoe at olevated temporstures, vhere sig~
sificant ereep ocenrs, was & major comcersn. Bvestuslly, after consider-
Stion of seversl proposed eriteria, the oriteris indicated by Bg. (6)
vere published in ASA B31.1-1938, Code for Presswrs Piping.

Beuations (6) end (9) are compared im Fig. 3. Notimg that Bq. (9) is
for oyolos to fallure, o factor of safety ie needed for design guidance.
Figere 3 incindes ¢ "Sosiga™ 1ime representing Bg. (9) with & factor of
safety of 2 on stress, enslogows to the factor of safety of 2 on stress
sed im Code 1. (The factor of 20 os eycles is also satisfiod because
2% = 52.) The desige equation is thea

ll‘ = 245,000 N-* % (pai, rasge) . (12)

Asswming, ae in Code 1, thet fotigae st tempsratures ep to 650°F s
sot sigeificantly differest from thet at room temperature, them Fig, §
indicates that eves for 8 =« 0, Bg. (6) for ALOS Grade B materia]l at
temperatures wp to 650°F l. - l‘ = 15,000 pei) has o factor of ssfety of
2 or greater wp to ~400,000 eyeles. The f-factor, which varies between
1 for 7,000 cycles to 0.5 for 100,000 or more cycles, gives the stepped
variation between 7,000 snd 100,000 eyeles. The factor of safety is high

at lov oycles (e.g., 5.2 at 100 cyecles). Comparisons betwess Eqe. (9) and

(12) for meteriels other tham SAL06 Grede B sre discuseed in Sects, 4.3
and 4.4,

ORNL -OWG 834897 ETD
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EQ. 19), CYCLES-TO-FAILURE
EQ. (9), WITH FACTOR-OF -

2 100 b

- S0 b= s’ =0

I <

o 7f s‘

S 10h= EQ. (8), CODE 2 SYRESS RANGE LIMITS

. FOR A108 GRADE B UP TO 8500F

b3 sk Se * Sy = 15 kei PER 9311 i
10 102 103 104 10°% 10¢

CYCLES

Fig. 3. Comparison of Eq. (9) with Code 2 allowabie ttresses for
SALO6 Grade B materiel,
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Code 2, 1ike Code 1, wses the lisear esmunlative damage hypothesis s
expressed by the oquation givem im NC-3611.2(e)(3):

Ne= % * t:(l.) + t:(ﬂ.) * tenee t;(l.’ ’ (13)

where

= number of cyeles st run tompersture chamge A‘l‘. for
which the expansios stress l. has been calenlated;

1 . N ¢ sse N = pumber of oycles for smaller temperature chamges,
n‘ » A‘r.. A‘!’.:

r . f ’ sae t.- lT /‘Tn. ‘T "t sew ‘T l‘t

The sxposent of the r's, cesuming 8. is groportioms]l teo A‘l‘.. followe from

the expoment of N ia Bg. (%). Note that Bg. (13) does mot include cyeclic
moments cavsed by other tham restraimt of free thermal expansion (e.g..
cyclic moments cauvsed by relief velve discharge). Bguatios (13) implies
that there is mo endurance limit (stress below which fetigue damage does
not oceunr)., This is deemed to be alright provided the N's are mot grester
then 10¢ oycles. Eguation (15), of comree, does mot explicitly cover
Josdings such as pressure o1 thermal gradiemts (Sect. 7.4).

Bquation (6) represents the fatigwe evalustion imtroduced into the
piping code im 1955, The right-hand side of Eq. (6) iscludes the ceol~
oulated stroess l. that was defined as "... the suw of the lomgitudimal

stresses due to pressure, weight and other sustainmed loads.” As equstion
wae gives for celeulating the lomgitudinal pressure stress: l. - pd*/
(D* = 4%), where p = intermal presswre, d = pipe ID, and D = pipe OD,
This equation is reasonably correct for streight and curved pipe; it is
mot defined for reducing ontlet tess. (Are the brasch pipe or the rua
pipe dimensions to be wsed?) Az appropriste method to be used in calew
lating the "lomgitudins] stresses due to weight end other sustained loads”
was sot given. BExcept for straight pipe, the lomgitwdimsl stress cansed
by & momest loading is not given by WZI. Indeed, for elbowe Jubjected to
en iw plane Bending moment, the meximum stress cawsing fotigee failwre io
in the hoop direction. To quantify how to salenlate O.. Cofle 2 now wnans
the eriteris equation:

PD.ICT + 0.13“‘/! + llcll £ l‘ * ﬂl.l’l. + 0.133‘) . (14)

where

P = desiga pressure,
M, = resultent noment ceused by weight and other sustained loede,
4 = grenge of rescltant moment csnsed by therwmal expamsion.
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The intent was that .. “ ﬂ /4T + 0.754m Il. Witk that oquivalence,

Bes. (6) and (14) aze the same (u f=1.0, h mott applications, f is
taksn to be waity. The sigaificance of l. in o fotigue evalustion is dis~
ensoed fucther in Soets. 4.6 and 4.7,
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4. CORRELATIONS® BETVEEN CODES 1 AND 2

4.1 Relationship Between 1 and C.E,

Note wader Bq. (9) that § is snity for e girth butt weld. The welds
tosted by Markl wore typical of industrisl practice for welds in carbon
steel piping. The roots of the welds were mot smooth, and the weld over-
lay on the outside surfooe was typieelly irregular and presmmebly imcluded
minor ucdercutting. BSuch welds sre mot the equivalent of polished bars
that form the basis for Code 1 fatigue ovalwation with the sssociated c,
and K, moment~loading strese indexes. Accordingly, to compere Code 2 and
Code 1 fatigue evaluations, & relationship betwees | and C,K, must be
establ ished,

For elbows sudjected to in-plase moment, tie mazimwm srincipal stress
e is given by theory (for the elbow peremeter kb less than sbowt ome) as

o, = (1" ywz (18)

The validity of Eg. (15) has been confirmed by nwmerouws tests im which
strainm geges were placed on elbows subjected to in-plene moment. The
i-fector for eldows, with 4 = 1.0 for @ typicel girth butt weld, s

1=0.9n"", (16)

The fatigue tests' that led to Bq. (16) were i-plane moment tests., The
fatigue failure locations and directions agreed very well withk the theo-
retical location and direction of ite mazimus primoipal stress. However,

i is sxactly ome~half of !.lll. % C,. Becanse the feilures ocourred i
tas body of the elbows remote from ufdo. E, = 1.0 and

i=CKJ/2. (17)

Equation (17) is imcluded im Cods 2, NC-3673.2(»).

The elbow theory end fatigue tests provide the fundamental baeis for
Eq. (17). Bowever, other evidesce exists to coxfirm its gemeral wvalidity
as discussed in the following,

If 4= 1.0 for a typical gizth butt weld and Eq. (17) is gemerally
spplicable, them we would oxpect that § = 0.5 for fatigue tests rus om &
straight pipe with polished surfaces, bocsuse C,= K, = 1.0, BSuch tests
&re mot availeble, but Markl® imcluded tests of “plain streight pipe.”
The resulting i~f  “or was 0.64. Fatigue tests of & plais straight pipe,
with the fatigwe - _chime wsed by Markl, poses & problem becavse simost

*Correletions are restricted to moment loedings, becense Code 2
sovers only moment loadimge. See Chep. 7 for discussios of this sspect.
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any foasible vay of an.horinmg the Pipe to the test frame will istroduce
& stress comcentratios, Merki solved the problem by wsing & tapered-wall
forging, with abowt s 1:10 teper soing from 0,237-4a, Bominel wall to
~“0.6-4n, momimc] wall enchored-end. The surface of the test section was
left "n-!ouo‘" to simuiste @ typical carbom steel Pipe surface. Oth-
*rs, %" weing resonant bomding testing im which the pipe i vibrated {a
the “free-free” wode with the pipe supported st the node points, alse
obteined i-factors for cerbor steel pPipe of about 0,65, Reforence 7
also tosted type 304 sustenitic stesl pipe and obteined en i-fector of
0.55, perhaps becanse of the better surface finish of sustenitic steel
pipe,

Noment fatigue tests' O% girth butt welds with fusion root pasy
and/or the weld overlay grownd flusk also 8ave i-factors less than one,

Rofereaces 10-15 sive results of tests on braschk commections or tees
in whick stresses Savsed by bramch moment 1oads were measurcs vith strain
Beges, after which the brasch commections Or tees were subjected to bramch~
losding cyolie Woment fatigue tests. These tests also indicate that § &
€K, /2 (more specifically, § & CoKp/2) .

4.2 MWM
BAIO6 Grade B wp to 400°F

Heving the relationship § = C,E, /2 and l. 85 defined by Eq. (3),
Somparisons cam be made betveen Code 1 and Eq. (12). The Code 1 8 vs N
CRIVes oun be edjusted for the K factor as described in the roudu.
paragraph. Wa start with the q‘ntlo-

l.l, - 28. (ranges) , (18)

vhere 8 is obteined from Code 1 Fige. I-8.3, 1-9.2, or 1-9.3 for the
given ber of cycles N. For exemple, for N (design oycles) = 10, § =

380 kei for cerdos steels with UTS ( 80 Rey. Becacuse l, - I‘B. and v:th
l. Gofined by Bq. (3), Bg. (18) bdevomer:

{1+ X(I.ISI- - l”l.l. - 18. i for ll. £ 8. £ !-8. ' (19)

vhore X = (1 ~ a)/[(n(m ~ 1)]. Bolvimg By, (19) for 8. gives

P 1/
l. - {(x l)l. + [(x=-1) l. + ln.l.ﬂl-l mm./ss_) « (20)

Al so,

l. - lll.ll.: for I. ) !IS. . (21)



14

l- - II.Il.s for I. < !l. . (22)

After dotermining l. by Bq. (20), the peak stress is
i’ - l.l. . (23)

Figeze 4 shows the Code 1 l. ve N curve, Cods Fig. I-9.1, for UTS ¢

80 kod. Also shows, as dashed lines, are the sdjustod (for £ ) curves
for & corbon steel with § = 20 ked, m* 3, n = 0.2, X = 2.0,"snch as
SA106 Grade B at u.”ut‘tu ep te 400°F., As example of the development
of the dashod ourves, for N = 10* T = 2.0, fa:

1. At N = 10%, l. = 83 kel (from Code Teble 1-9.1),

2. HEquatiom (20) with X = 2.0, K, = 2.0, and ”. = 60 ket gives l. -
(2+ (4+322800/60 " 1/(8/60) « 67.1 xai.

5. Because 8 ) !l.. Bq. (20) applies; mot By. (21) or (22).

4, BEquatiom (29): 8 = 2 x 67.1 = 134 kei.

5. 8_is plotted st l = 10% to establish o poist on the dashed line
labelod K, = 2,

This procedure is repeated to obtaim other points on the dashed lises in
Fig. 4. The l. sdjnctment stops to the right whes 3. “ ”. end there s &

portion of the deshd curves at the extreme left where Bg. (21) coatrols.

ORNL - OWG 834508 £TD
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Fig. 4. Comperison of Bq. (24) with Code 1 imeluwding l. sdjustaent,
SALOf Grade B up to 400°F,
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Bquation (12), for Code 2, 4o &« design cycles equation with ¢ fac-
tor of sefety of 2 o stress. However, because of the relstionship of

Bq. (17), 4 = C,K,/2, the sppropriate comparison is Betveen 218‘ and 8’ .
| 9%
' e

lll‘ = 490,000 N**+* (psi, ramge) . (24)

Figure 4 incindes Bq. (24). It 49 apparent in Fig. 4 that sgreewent
bitwesn zna‘ and l’ for K, = 2 is good up to ~20,000 cycles, K, =2 is

approzimately that wsed for s girth butt weld. For K, =1, Code 1 is more
conservative thes BEq. (24). K, = 1 s wsed for elbows; direct comparison
of elbow fetigue tests with Code 1 fetigue eveluation elso indicates that
Code 1 is comservative as applied to carbom steel elbows.?,3?

The bigh-cycle end of Fig. 4 will be discussed in Chap. §5.

4.3 Other Fexzitic Matezials sad Temperatures

Figure 4 comstitutes the most sigaificent on 'relation botween Codes 2
end 1, becanse Markl's fatigne tests were runm ou pipirg components mede of
SBAL0€ Grade B carbon steel et room tempersture and because Codc 1 design
fatigee curves in Fig. 1-9.1 for UTS { 60 kei, as discussed in Appendix B,
are based on tests at room tempersturc of materials 1ike SA106 Grade B.

Table 1 shows correlations between Codes 2 and 1 iz the form of rea-
tios of design fatigue stresses to Bq. (24). For Code 2, Eq. (24) is mul~
tiplied by (3. ¢ .h)lt,('c + l‘)'. vhere the subscript "mt" sndicates the

valwes of i. end O. for the indicsted material and temperatvre; subscript
“r" indicates the reference SAL06 Grade B at 100°F (8, = 8 =15 ket),

Code 1 basic dosign fatigue ourves group materials (e.g., SAL06
Grades A, B, and C) do mot depend on temperature.® However, the design
fatigwe stresses are material and temperature dependent when the l. fac-
tor is iavolved, becawse K is o function of 8§ , which is material end

"
temperature depondant.

Teble 1 ratios sr> mwmerical snmsloge of eight graphs 1ike Fig. 4. We
previously moted that Fig., 4 showed that the agrosment between Eq. (24)
and 8_ for K, = 2.0 for A106 Grade B carbom steel wes good up to ~20,000

cyeles. Ia Teble 1 the ratios ere shown: 0.96, 0.97, 1.09, and 0.98 for
N= 10, 10%, 10%, and 104, respectively.

Code 2 retios are independent of cycles N whereas the Code 1 ratios
depend wpon N. For small N, £ may be equal to 1/m, i» which case the
ratios are imdopendent of 8 add thus independent of the meterisl (within
the growp) and ton,otntlto.' For large N, l. = 1.0, is which case the

ratios are slso indepondent of 8§ and thus independent of the materiel
(vithin the growp) and to-'otltu,o. Within the range between t. = 1/n and

Provided B used in calculating the stresses s the same as those
shown in Code 1 Fig. 1-9.0.,
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Toblo 1. Ratiee®* of desige fotigee strenses to Bg. (24) for forritic materiats

Tewperaturs Tenperature
w . 1000y 1000

- 8A672-

SAIO6A  saro6s  masosc Ji00 SMOEA  Bm06s  sasoec 3100

19 Cods 2 0.80 1.00 1.17 1.67 0.79 0.9 1.1¢ 1.67

(3609)  Code 1.8, 01 o158 gyed 0359  o6s o1 o4 0759  o.¢4

Code 1. K, =2 0.8 0.9 1.0¢ 1.00 0.80 0.8 0.9 1.00

104 Cods 2 0.80 1.00 1.17 1.67 0.79 0.98 1.14 1.67

(195)  Code 5,8, 1 .9y 0.63 0.71 0.7 0.54 0.39 0.64 0.72

Code 1,8, 2 o.89 0.9 1.07 1.1y 0.%0 0.0 0.95 1.9

10+ Code 3 .80 1.00 117 1.47 0.79 0.98 1.16 1.67

(123)  Code 3,8, =1 0.3 0.71 0.7 0.90 0.58 0.64 0.9 0.90
Code 1, K, ~2 o0.98 1.09 1.20 1.30° o 0.9 1.06 1.30°

10¢ Codw 2 0.50 1.00 1.7 1.6 0.7y 0.98 1.14 1.67
(M) Cotat,x,«1 o1y 0.84 0.9 1.0 o, 0.73 0.82 1.07*
Code 1. K, 2 0.98° ¢ gg¢ 0.9 107" 098" g gge 0.9¢* ;.07

10¢ Code 2 0.80 1.00 1.17 1.67 0.79 0.9 1.14 1.67
(49.0) Code 1,8, =1 o3¢ 0.82%  0.82° 09" g'gye 0.82°  0.82° o.g¢
Code 1. K, 22 0.82° o g3 0.82°  0.96° 053¢ ¢ g3¢ 0.82¢  0.94*

10¢ Code 2 0.80 1.00 1.7 1.67 0.79 0.98 1.14 1.67
(90.9) Code 1,8, -1 o3¢ 0.81°  0.01° 309* g g 0.80%  0.81' 5.0
Code 1. K, 22 0.01° om® ogy* 1.00°  0.01® 0.41¢ gy 1.09*

“Retios to 8 o 28, = 490,000 N***, me. (24).
. a0 Nt e

oo 2, B, (30) 4 (8 ¢ 8)0e/(8, ¢ 80, see tent.

Code 1, l' by Bq. (29),

Isdicates that l. ) h‘.. l. = 1/, and l' . h‘.. l. = fotigue dorign stross from
Code 1 Teble 1-9.3 for listed M, isterpoluted for BAS72-7100,

“Iadicates taae Bo €38, K, « 1.0, oue =18,

l; * 1.0, Codes 2 and 1 give similar changes in dosign fatigue stresses o8
¢ function of Baterial amd temperature,

SA672-7100 is & lov-slloy steel, velded pipe materie], It 49 seldom
used is suolear power plasnt piping but was included to illustrate & poten-
tial Bazard in the Code 2 fetigue evalustion procedure. SA672-J100 has @

specifiod minimum l. of 100 kei, 8 of 83 ksi, 'c - I. = 25 ked, and 8- "

33.3 kai, Being listed o5 o low-alloy Steel, m= 2, pn = 0.2, end X = 4 44
contrasted to SALO6 Grades A, B, apd C for which m = 3. 8= 0.2, snd X =
2. Valwes of l. were obtained frowm Code Table 1-9.1 by limeer interpola-

tion betvees values sives for UTS ¢ 80 end UTS = 115-130 (§ of 80 and 115
were used in the interpolation). .

It can be seen in Table 1 that Code 2 permits » fatigue design stress
for SA672-7100 thet is 1.67 times that siven by Eq. (24) for SA106 Grade B
ot 100°F, 1p contrast, Code 1, for K, = 2.0 (e.g., o girth butt weld),
permites o fatigue dosign stress that is, for most N, sbout equsl to thet
for SA106 Grade B ot 100°F, Unfortunstely, mo tests are aveilsbie on
girth butt welds in SA672-J100 pipe. As mentioned previously, Markl‘y
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tests wore run on pipirg compoments made of materisls with 8 ringing from
62.4 to 86.3 kel, and 8 ramging from 38.9 to 56.2 kei. Howbver, fatigue

fallures im girth butt welds mey be related to the properties of the weld
metal or heat-affected xome rather them the base metal., Ve would specu-
lete that girth butt welds in SA672-7100 pipe would mnot be much better
then gizth butt welds in SA106 Grede B, and is this perticular respect,
Code 1 is probably more sccurate thas Code 2. Note, however, that ratios
in Tebie 1 are to the basic piping product fatigue curve, Eg.(24), and
that Cods 2 allowsble fatigue design stresses, as illmstrated inm Fig. 3,
comtein 2 large margin for o lov nwmber of cycles.

A somevhet snsiogows situation exists im ANSI B31.3-1980, Chemiocal
Plant and Petrolewm Refinery Piping, where changiag the sllowsble stress
basis from a factor of 1/4 to 1/3 on 8_ incressed sllowsble design fatigue
stresses by & factor of 4/3 for some l’t.tllll and temperatures (e.g..
for ALO6 Grade B from 15 to 20 kei for temperatures up to 400°F),

4.4 Anstenitic Steels, Allovs 600 gad 800

Aveilable fotigue test dats om pipisg componsnts mede of type 304
sustonitic staimless stee]l and dimenmsioms]l eguivaiest piping components
wade of BAIO6 Grade B carbom steel are abstracted in Appendix C., These
dats indicate that SAI06 Grade B compoments sre sl ightly stromger than
type 304 compoments. Accordismgly, it is pertinent to contimue compari~
soms with Eq. (24),

Figure § shows comparisons between Bq. (24), 218, = 490,000 i

end Eq. (23), 8 =K S . Figere S ie for an sustenitic steel with § =

=
20 kei (e.g.. dnz :110 304 st 100°F), For sustenitic steels (and :llqs
600 and 800), m = 1.7, a = 0.3, end X = 3,333,

ORNL -DWG 834599 ETD
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SA312 type 304 at 100°F,
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Figrre 5 indicetes that fair Agreement exists between Eq., (24) and
8 for K, = 2,0 up to 10* cycles. Bowever, for N ) 104, Code 1 allowable

stresser are 1.5 to 1.7 times those given by Eq. (24), If, as suggested
by the data in Appendix C, Eq. (24) is about right or slightly uncomser-
vative for 304 materisl at 100°F, them Code 1 is unconservetive, A simi-
laz relationship is spparent for K, = 1.0 for N greater thes ~10* cycles,
Teble 2, 1ike Table 1, shows correlations between Code 2 and Code 1
in the form of retios of design fatigue stresses to Eq. (24). VWe pre-
viously moted that Fig. 5 showed agreewment between Eq. (24) and 8 for 304

at 100°F and K, = 2,0 up to 10* cycles. Inm Table 2 the ratios are shown:
1.26, 0.92, anrd 1.14 for N = 10, 10%, and 10* cycles, respectively,

Jt is spparent in Tebic 2 that Code 2 also assigns higher allowslle
fatigoe design stresses to 304 than to SALI06 Grade B, by a factor of 1,25,
This i contradictory to the test deta oa piping products shown in Appen-
diz C.

Table 2. Ratios® of design fatigue stresses to Eq. (24) for 304
sustonitio steinlecs stoels snd slloyes 600 and 200

Temperature Tempereature
W g 100°F 800°F
s Basic

Alloy Alloy Alioy Alloy

304  304L s e Sod  sen T ee

10 Code 2 1,35, 1.05 1.83 1.28  1.13, 0.96, 1.18. 1.24
(309) Code 1, K, =1 1,264 126§ 1.2¢¢ 1.2¢4 1267 1264 126 1036
Code 1, K, »2 1269 1.2¢¢ 1269 1269 10269 3126 126 5 26

100 Code 2 1,25, 1.05 1.33, 1,28, 1.5, 0.96, 1.18. 1.24
(195)  Code 1, K, =1 0749 0,949 o0.74¢9 o0.747 0.74¢ .74 0.749 o0.744
Code 1, K, =2 092 082 0.92 092 077 0.74° o092 0.8

10° Code 2 1.25 1,05 1.3 1,25 1.3 0.96 1.18  1.24
(1)  Code 1, K, =1 071 063 071 071 0.59 .84 071 071
Code 1, K, =2 134 1,00 1.3¢ 1,04 094 0.84 1.34 114

10¢ Cods 2 1.2 1.05  1.33  1.25 1.3 0.9 1.8 1.24
(77.7) Code 1, K, =1 092 081 092 092 0.7 069 092 092
Code 1, K, =2 1.52° 134 1.52° 1.52° 135 1.11  1.52° 3 82°

104 Coda 2 1.35 1,08 133 1.2 1,13 0.9 1.8 1,34
(4> 0) Code 1, K, =1 1,29 113 1.29 1,29 1.06 0.9 1.29 1.29
Code 1, K, =2 1.53° 1.99% 1.93° 1.59° 1.59° 1.59° 1.53° 3 43¢

104 Code 2 1,25 1,05  1.33 1.25 1.3 0.96 1.8 1.4
(30.9) Code 1, K, =1 1.68% 1,64 1.60° 1.68° 1.2  1.35 1.68° 1. 68°
Code 1, K, =2 1.60° 1.68° 1.60° 1.68° 1.68° 1.68° 1.68° 1 68°

“Retios to 8 248, = 490,000 N***, F,. (24).

by« 490 N*°, nat,

“Code 2, Bq. (24) 2 (8, 4 80, /(8, + 8) . see tent.

Code 1, l’ by Bq. (23),

‘l“tuuo that I. b lnl-. K, = 1/a, and !’ = 2a8_. 8~ fatigwe denign stress
from Code 1 Teble I-9.1 for listed N,

“Indicates that 8, ¢ 38, K, = 1.0, and s, = 28,.



4.5 Xemperaturs Effect. Pivins Product Tests

Ae discuzsed in Appendiz B, Code 1 design fatigue curves are depen-
dent on temperature through the dependence om moduluns of elasticity E,
Code 1, NB-3222.4(0)(4), indicates that the calculated velue of stress
smplitude should be multiplied by E/E', where B is the modulus used in
the calonlation and E is the modulus given onm the design favigue curve.
Iz Class 1 piping (NB~3672.5), the Piping system analyses sre based on
the hot modulaus E , but calculations of expansion stresses are multiplied

by lall‘. where !. is the cold modulus, To the extent that E given on
the design fatigue curves is l.'.c. NB-3222.4(e)(4) and NB-3672.5 agree with

each other. However, this is not quite the case at present (1982), for
example, for 304 stainless steel at 70°F, E = 28.3 3 10¢ psi, whereas the
value of E shown on the dosign fatigue curve is 26.0 x 10¢ pai,

References 18-20 include 8 fev fatigue tests of girth butt welds and
elbows at room temperature and at SS0*F, There is mo apparent effect of &
temperature of SSOCF with Fespect to room temperature tests. The ratios
of room temperature modulus to the S50¢F modulus are about 1.1 for both
SA106 Grade B end type 304 stainless steel,

4.6 Mean Stresses

As discussed in Appendix B, Code 1 design fatigue curves include en
adjustment for the mazimum effect of meen stress. The S term in Eq. (6)

might also be comsidered as & moan stress adjustment. However, if so0 con-
sidered, it would apply for all cycle stress levels and would be more e
vere than Code 1. For example, as indicated in Fig. 3, if S' = s. (the

maximum permissidle value of § ), the ellowable design fo- stresses
are reduced to 60% of those permitted with 8. = 0,

In piping systems, each time there is & start-up and shutdown, which
produces the (nsually) major cycle of expansion stress range, the pres-
sure also cycles from zero to the opersting pressure and back to zero
and there is 2lso o cycle of thermal gradients. Noting that 8' includes

weight loading, and that at each start-up and shutdown cycle, the com
teined fluid weight might change significantly, that portion of § might
also "eycle." Accordingly, S might be vieved as & crude allowanls for
eyclic loads other than cycliC moments. The role of § in & fatigue eval~
uation is discussed further in Chap. 7. .

Most fatigue test data on piping products have been run on specimens
with the welds "ss-welded" end, hence, had high mean stresses from resid-
val weld stressss. To the extent that failures cocurred at welds (girth
butt welds, girth fillet welds, and welds in fabricated tees), these tests
(even though compietely reversed displacement or load) mey have included
some effect of mean stress.

fome moment piping product fotigue tests have been run wvith 2 con~
stant pressure inside the test specimen, 2?,34,38-32 In these tests, in-
ternsl pressures were epprozimately equal to the meximum design pressure.
The constant pPressure produces a mean stress, sl though the mazimue stress
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caused by pressure wvas usually sigaificantly less tham that caused by the
Boment range, and the mazinwm Pressure-stress location end direction does
BCt coimcide with the mazimum Boment-strece location and direction., Ac-
cordingly, the effect of Bean stress caused by intermal pressure vould be
expected to be small, and indeed, the test dats indicate 80 sigeificant
difference betwoon tests with and without imtermsl pressure,

Reference 22 also includes tosts on carbom steel bramch comnections
in which simulated mical ignment stresses of N/Z = 10, 18, 20, or 25 ksi
Jere imposed slomg with *yelic stress amplitudes of 3 te © ksi. These
were high-cycle fatigue tests (N between 5 x 10 gnd 10'), and mear
Stresses were high compared with oyclic stresses. Nevertheless, there
was no significant difference between results with the lovest snd highest
mosn stress,

Is summery, aveilable test date ox piping produsts do st indicate
that mean stressec ere siguificant. In all cases the Stresr range wes
the sigaificant sspect im the piping product test fotigue fallures.
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3. PIGE-CYCLE FATIGUE

A significent sember of fotigue failures (loaks) bhave occurred jao
smell-sized muwclear pover plant piping. These have been releted to vi-
bration of the piping where the number of scoumulated cycles can be very
large in & relatively short period of calender time. For exsmple, at o
vibration frequency of 100 B, 3.2 x 10* cycles sccumulate in 1 yonr,
Large numbers of tcounruleted cycles cam be ceused by turbulent mizing of
bot and cold fluids or by flow-induced ftructural vibration (e.5.., in
Etean generator tubes),

The conditions leading to high sccumulated cycles are difficult to
anticipate and have mot been incinded iz routine evalustions of nuclesr
pover plant piping. Bowever, if vibration is observed in preoperational
testing or in service, eppropriate decigs fetigue stross limits are meeded
to sssess the significance of such vibrations.

Code 1 design curves provide values for alloweble stress amplitude
l. for wp to 10¢ eycles. NB-3222.4 and NB-3653.5 contain implications

that 8 at 10* oyoles is & design endurance 1imit. Furthermore, the foot-
note to NB-3222.5 seys, "The endurance limit shali be taken as two times
the 8 velue at 10¢ cycles in the spplicable fatigue curve of Fig. 1-9.0."
The tfctor of 2 hero removes the safety factor in Fig. I1-9.0.

Using 8§ ot 10¢ cycles as an ondurance 1imit leads to s usage factor
U of zere fo Eny stress amplitude less then § 8t 10%, regardiess of the
aumber of cycles. For sxample, if 8 were eal!llntod to be 50,000 pei in

® 304 stainless steel piping component, then U = @ ever for 10* cycles.
Ae discussed in Appendiz B, & more defensible value of sllowveble design
stress amplitude § for 304 material at 10° cycles (Curve C) 1s 12,900
pei. By weing 8 it 100 eycles = 26,000 psi as sn vadurence 1imit, the
factor of safety of 2 on stress might be fully wsed p and failure (leak)
would be sbont & 50% probability for this example with 8§ « 50,000 psi,

N = 10* cycles, 304 material, ’

Code 2 allowable design stresses for N ) 10¢ are gives by Eq. (6)
with f = 0.5, Comparisons between Codes 1 and 2 (ramge basis) are shown
in Table 3. The last column of Table 3 shows our estimate of am appro-
priate valune of the endurasce limit § for an effectively infinite sumber
of cycles (N = 10%2), where 8 is nngntod for the maximum effect of mean
stress and contains a factor safety of 2 on stress. For type 304
stainless steels, the estimate comes from Appendix B.* OQur estimats of
l. for ferritic steels is discuseed in the following paragraphs,

Equation (9) is bdased on Markl's test data that covered s range of
eycles from 10 to 10¢, Merkl moted that his data on piping products,
other than plain straight pipe, gave no evidence at sll of trending to
&R asymptotic value (endurance limit) within the range of cycles covered.
Fatigue test results on branch conuections im Ref. 22 indicate that Eq.
(%) 1s valid uwp to 107 eycles, with some indicetion of an endurance 1imit

*The estimated value s the value at 1022 cyoles on the proposed
Curve C,



22

Table 5. Comperisoms of allowable decign stress ranges at
high eyeles and estimate of endurance limit 8,

Allovable doaign

stress rasge Eadurance
(kei) range
Hatorial an:;;tuo b estimate,
a Code 2 8,
Code 1 (Fst)
Bg=0 g, = LY
BAI06 Grade B (6% 25.0 37.5 22.5 14
BALO6 Grade A £650 25.0 30.0 18.0 14
BALO6 Grede € 6% 25.0 4.8 26.2 14
BAE72-7100 L65 40.0 62.5 7.5 147
BAS12 type 504 100 52.0 47.0 8.2 27
800 52.0 4.5 1.3 27
SAS12 type SO4L 100 so.s: $9.2 28.6 27
800 4.8 5.9 22.9 27
.Vclnn of ll. ot 10° cycles. The factor of 2 comverts amplitude

to ramge.

.'n-u of ZI. by Eq. (6). The factor of 2 incorporates the

relstionship 24 = C.K, and the Code 2 f-factor for N ) 100,000 is 0.5,
henoe 28, = 1.25 (8, ¢+ 8) -8,

‘l. edjnstmont fo applicable.

erownd 10° cyoles. At 10° oycles, Eq. (9) gives ll‘ « 12.3 kei. Dividing

this by 2, to obtein & factor of safety of 2 on stress, and sultiplying
by 2, %o scoomat for 2i = C,K,, leads to an estimate of l. (range) of
12.9 kei.

Nigh-cyele fotigue for awstemitic steels is disensned in Appendiz B,
One of the proposed curves (Curve A) is simply am oxtrapoletios of the
present Code 1 weimg the equation (for E = 28.8 2 10¢ psi):

5, - P159/W + 47.35 . (25)

In this extrapoletion, tdjustmont for mean stress vas mot comsidered
necsasary, because l. wae preswmed to be grester thae the yield stremgth
of the meteriel.

If we cimilarly extrapolate the present Code 1 curve of Fig. I-%.1
for UTS 80 ki and spply the adjumstment for mazimwm effect of mean
stress (see Appendiz B, Teble B.1), then we obtais l. * T7.43 ksi at 1022




eyeles. Thio leads to asm estimate of i. (range) of 2 x 7.4 = 14.8 kei ve
12.5 kel by lig. 9) ot 10* gyeles.

Sone sdditionel guidemce can be obteined frem fatigue tests of butt~
veldod jeinte in plates. Reference 19 contains o sonpiletion of ewch
date. In partionlar, Fig. B6 of Ref. 2J covers butt welds (reinforeement
left on) iz structurel cerbon steels, with failure points ont to 2 = 10°
eyeles. The date, like nm". show m0 evidenes of an esdurasce limit,

Exprossed in the form l‘ - ll' + the best~/it comstants & and ¥ give

I‘ - 920 R;’"" ked . (26)

Reference 23 date ecover from 10¢ to 2 x 10°¢ eycles; whereas Markl’s date
esover from 2 x 10" to 4 x 10* gyecles. l1s the region of overlep, Eqe. (9)
and (26) agreo tairly well witk cach other ever thowgh & butt veld ir
piate 1o mot the same 28 » girth batt weld in pipe. Reference 23 date
erce heavily weighted by resuits between l‘ = 5 x 10 and !‘ =2z 10°,
For l' = 107, it gives " = 10.8 Xsi, which corresponds to l. = 10.% ksi,
sfter dividing by 2 for the factor of safety amd mul tiplying by 2 for

i = CK,.

l:lnuu 24 gives date on fotigue properties for butt-welded jointse
in S50 B high temeile structural stesl plates ll. “ 82.7 ksl end §_ o
71 ksi). These data cover the ramge from ll‘ = 104 to I(‘ = 107, vith ¢ fow
"rumout™ poimts st 2 x 10" cycles. These tests also give lower stresses
thas Eq. (9) ot 10" cycles [~14.5 kei ve the Bg. (9) vaiwe of 19.5 keil.
Reforeuce 24 dats sugoost o valwe for 8 of ~14.5 ksi.

References 23 and %4 tests were ruf in reverced tension; bemce, they
include & mwean strose effect. Markl's tests were roversed bending. Pos
eibly this wean stress effect is & major resson for lover fatigue fallure
stress ramges ot high cycles in Refe. 23 and 24 then obtaimed from Bg.
(9.

BAE72-7100 is & high-stromgth, low-alloy ferritic steel with speci~
fied minimmm l‘ * 100 kei end 8_ = B3 Rei., Referomce 235, is particular

Fig. 5 therein, indicates the varistion in lf at 2 x 10° gycles with UTS

for butt welds (reinforcement left on) is ferritic stesl piates. The dats
cover & ramge of l. from 55 to 150 kei. There is, on the average, sz ip-

croase im l‘ wvith l‘ of ~60% betweon l. of 55 and 100 kei and porsibly »
decrense ‘x l‘ with further increases in l‘. Bowever, the scatter of the
dats at l. = 100 kei is swech thet it might be imprudest to depend uwpor anmy
irorense in l‘ with !.. Reference 25 dats indicnte that, for 0 to temsion
losding, 2 x 10 eycles, 8, is not lese thas 17 bei for all UTS velwmes

covered. Whes divided by 2, for a factor of safety, and nultiplied by 2
for 21 = C.K ., the valwe of 28, 0t 2 x 19° cycles 40 17 kai. Our estimete

that 8 = 14 kei, in relation to Ref. 25 data, implies & reductions im fa-
tigue ‘tumtt by & factor of 14/17 = 0.82 betwern 2 x 10° and 10%* oy
eles., In view of Ref. 25 date, we have shown l' for BAET2~J100 in Teble 3}
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a0 14 kei, with s question mark to isdicnte thet Code 1, Fig, 1-9.1 indi-
sates that high-stremgth stoel s 20/12.5 = 1.6 times ss strong as low-
strength steels ot 10° eyeles.

The reletive values of 8 in Teble § for fezritie and 5304 aumstemitic
etools {0 werthy of ecmment il view of Appendiz C, which izdicates that
girth butt wvolde in oarben stesl Pipe nre at lesst as good as girth butt
velds in type 304 staimless pipe. Unfortumately, the dats im Appesdiz C
are for relstively low-eyele and do mot resolve the 8 question. Refer-
onee 7 gives results of resomames bending tests on ’l,o and girth butt
welde in the pipe. These results indicete that girth butt welds in type
504 stainles. stesl pipe are slightly (10 to 20%) stromger thes girth butt
welde in carbes steel pipe, sostrary to the dats i= Appendix €. but mot by
the faster of 27.2/14 = 1.94 indicated by the retios of 8 is Tebls 5.

It is spparest frem the preciding discussion thet ovleideradbleo we-
eertainty exiote eomeerning ae eppropriste valwe for the eméws sace 7amge
limit §_ for evalwation of high-cyele fatigue of piping compoments. Fow-
over, t8 the extent that the 8 estimates are valid, Table 3 indicates

thet (1) Code 1, wmsing 23. at :0‘ eyeles fos 8.. is wmconservative; ard

(2) Code 2 is mmcomservative for ferritic metorielc end glso for amsion-
itie materinle if l. is taken &8 sero.



Is sddition to the differences betvoen Codes 1 and 2 fatigue ovelma-
tion methods disenssed in the preceding, there is & differesce im the way
Biresses are ealeulated for tees. Is Code 1 emalysis, the stress rasge
cansed by 2 set of momesnt Fanges oo dofined in Pig, 6 is celonlated by:

.; " l..c..l‘ll‘ 4 ‘ucu.t’zr . an

“The term "Teos" weed hore includes fabriceted brench

connsctions
6.4 ANEI B14.9% manufecturod teos.

ORNL -DWG 834000 ETD

CODE 1
o 1087 o 287 o aa? %
H. m.ou.ou".
2 2.,%
"!.'uzc."«.un' :

IF M, AND M . HAVE DIFFERENT SIGNS,
THEN M, IS THE SMALLEN OF M, AND M ,

IF M, AND M . HAVE THE SAME SIGNS.
THEN M« 0 WHERE ii = or, ir, OR 1.

£ODE2
EACH END OF THE TEE 1S EVALUATED SEPANATE LY WITH
et
M= MG, oMY "',vl'“’
Mg = (MG ¢ M1, e ml )%,

Fig. 6. Definitior of moments for tesr und code methods for
ealonlating I‘. l.. l“. and l".
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Is Code 2 amalysis,

I. = maximem of i(t/T) I‘Il.. llnil.. lI"IZt . (28)

Bguations (37) ond (38) should met give the seme calenlated etresses,
but frem the standpoint of fatigee evalwation, they should give equive-
lent results. That equivslemce, on sa individus! monent bosis, is o3~
preceed by 21 = CKye  As will become apparent in the following pare-
graphs, this oquivalenee does mot exist for some moment oombisstions.
The definition of K (Fig. 6) is sweh thet N mey be serc for ome
set of moments in the safe direction (e.g., l.. l:". amd l“ ) but mow

sere for amother set of wements is the sawe direetion (e.g.. 't l“..

nd l“'). Ascordingly, to make comparisons betvsen Codee 1 and 2, it
is mecessery to ezamine the three sets of Romente in the seme direction.
These threo sets of moments are idewtifiod us Ny, Ny, end N, where N,
6ud N, are the momests on the rea, snd N, 1s the moment on the braschk.
Equations (27) and (28) con be exprocsed as:

8o ” Qin l/z, + QE/Z . (29)
sné

8, = meximem of I.ll.ilt‘. Qtll‘llz.. or ctlu.llzt o (30)
where Q = K or 21t/T, Q =K ¢ g °F 24, A letter "p" has boen

“C b (L
added to the u‘oulnl of 8, and 8, to emphasize that the stresses ob-
tained by Bge. (29) and (30) are omly part ~f 8, and B,; the other two
sets of same~dizection moments must slso bo eveimsted.
If the signe of M, and N, are the seme, thes W, = 0 snd Bq. (29)
gives l" = Q.ll.lll.. To shov that Code 2 l” is the same as l". ws

first mote that, from stetic equilibrimm, N, = ~(N, + N,}; hesce, In, 1 2
I, ane In,| 2 In,|. We them introduee the parameter 2':

A !‘O‘I(Z'ﬂ‘) . (31)

and sote thet Z' £ 1.0, becamse l. s 2t (Y™ Q' £ Q. It 2' 1, then
o'll‘ln' and @ [N [/Z_ will e less thes q‘ll.m‘ end Bq. (30) will
give 8 g > l‘ll.ll - l“. Accordiagly, the momequival ence betwees

Codes 1 and 2 osenrs only if the sigas of N, asd K, are different.
For I, asd M, with different signs, vo take IN,| ) (M, |. Thea W =
| and In,| = B, + 0|, Byuation (30) becomes: .

:.' » moziswe of Q.Il.lll. or crl-.ln' . (32)
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The zatio of l.’ll” can thes be calenliated by:

l”l..’ = lesser of (A= W)/Aor A- N , (33)

If N = B/, thes W' io megative and varies between 0 and =1, and
A= (N «1)2 .,
For amy N° betweex O and =1, there is & mazimwm in 8"/3" given by

(l I'”).‘. 1=K atZ' =1+ N , (34)

Notiag that N’ approsches =1 as Z' = 0 for & small branch in & large run,
Bg. (54) iadicates that the mosequivalemce between Codes 1 and 2 canm be
#e auck ae o factor of 2 with Code 1 alwvays being more comservative than
Code 2.

Vhich is more sccursate, Code 1 or Code 27 1In e physical sense, Code
1 implies that the stress camsed by M , reacted by either N, or N, adds
to the strece caused by K, rescted by N,. This is probably too comaer-
vative; it imp. . that the maximum etress csused by the two sources are
at the same poin. end in the same direction. Code 2, om the other hand,
imp. ies that the stresses cauvsed by the two sources do mot add to each
other at all,

The preceding discussion, in whick it wvas shown that Code 1 might be
more comservative thu M 2 by es much a3 & factor of 2, was based on
the oquivalemces :x. 24(t/T) and C K C 2i. However,
this equivalence » 18‘ !ht for rem -uoiu ob® !“rluud tees. The
éifference is illwstrated by the following example.

Consider & 24-in.~0D by 0.375~-1in, mowinal well rus pipe with &
1.515-42.-0D0 by 0.153~is, mowinal wall dreis commection. There are mo
woments on the drain; hemoe, l will be controlled by ll /z - ll /z .

The valwe of 1 48 0.9 (R/T) ,‘ .98, For Code 1, Nuuo M end l

£3
kave the same signs, I‘ - C ‘_! 'lt IZ - C"l“l’ Il‘. The nlu of C

ie 1,15 ((ll‘l‘)(tll)l(tl'!)l » 1.67; the value of l is 1.75, giving
l C = 2.92. I this exanple, 21 ir egqual to 6, 15 C l e hence, Code 2
h !n wore oomsesvative tham Code I,
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7. CODE 2 COVERAGE OF LOADINGS (IEER THAM MOMENTS

As moted i Chap. 1 end several other places in the preceding text,
Code 2 covers only moment loeding. Novever, ss also moted is Chap. 1, mo
fatigue amalysis is required for Class 2 or 3 vessels, pamps, or valves,
end in this sense, Code 2 is more complete thas roquired for other Class
2 or 3 compoments, Despite the preceding sentence, which might be taken
es indicating that Code 2 is sufficientiy complete, im thie chapter we
discuse the extent that the presest zules cover cyelic proseure and ther-
msl gradiests end proceed with as exploretory discussion of how Code 2
might bo oxtended to more explicitly cover loadings other thes moment
loadings,

The significanmce of 8_ im Bg. (6) was discusscd i Sect. 4.6, vhere
it vas comcluded thet 8 if o fatigue eveluation does sot meke muwch sense
88 & mean otrese. Rathér, 8 eppenrs to serve ss av ollowesce for cyelie
loadings other them cyeclic .‘l.l!l.

7.1 Allewance for Cvelic Pressuse

The oquation for 8§ explicitly imcledes preseure loading in the form
l.’ = pd*/(D* =~ @%), whére p = intermsl pressure, 4 = pipe ID, anéd D =

pipe OD. Comsidering the crude approzimetions imvolved im its uee, !.
might weil be celenlated by the simpler form weed in Bg. (14), l. -

pbgllr. vhere D' ~ outside dismoter of pipe and T = somine] well thick-
sess of pipe. Bowever, the significant sspect here is that l. includes

the axiel stress cavsed by istermel pressure is (copped) straight pipe.
As a bound, we will exsmine the gquustion: Ja .. 1 l. sufficient to guard

sgainst fotigue fullure caused by cyclic presenre?

The most semsitive piping product to cyelie preceure is weunlly
bramch commections or tees. Code 1 gives C, and K, stress indexes swch
that the C,K, product is wnlikely to exceed 6. This mesns thet the maxi-
wwm peck strecs l' is wot 1ikely to exceed 12 times ’D'Ilt. If 8. “ 15

ksl (BAL06 Grede B wp to 650°F) o “ p is sweh thet ’D.IJT ® 7.5 ksi cor-

responding to the meximum ealloweble hoop stress of 15 ksi for pressure
dosign, then 8 = 12 x 7.5 = 90 kel range. From Bg. (24), it can be seen

that & poak stress renge of 90 kel corresponds to am slloveble N of ~5000
eycles. Accordingly, it sppears the § = contsinms ow slliovance for
oyclic pressure loading of ~5000 cyclo‘ frol zserc to the msexivem permio-
sible desige pressure and back to sero. If 8 iscludes significent
woight stresoes and the welght (fluié comtestd) ie comstant, thes an sd-
ditional margim is provided for cyclic presseres.

For other matorial emd temperstures, the sllovomce for cyelic pres
sure would vary with the valwe of l.t for example, for SAI0§ Grade C wp

te 650°F, l. * 17.5 ke, |’ “ 6 2 17.5 = 105 kei, ond N [by Ba. (24)] 13

(490/103)* = 2200 cycles from serc to the maxiows design pressure and
back to sero,



7.2 Allewsase fox Thermal Gredients

The oqvation for l doee mot imclude thermal gradiests amalogous to
the last throeo terms in Ig (2). Bowever, ss indicated im Fig. 3, there
is & margin for thermal gradicomts wp to M of about 7000, For ezasple, et
N = 100 of both moment end pressure eycles, the margin between Eq. (24)
and the lime fdentified as l “ 0 is 490/200%% ~ 1,25(15 + 15) = 158

ksd. This margis, for om’h. vould provide am allowamce for the AT,
thermal gradient term of Bq. (2), ocecurr’ag 100 times, of:

AT‘ = 158,000 x (0.7/180) = §14°F ,

vhere (1 = V) = 0.7 and Ba = 180 psi/*F. Of course, for larger nusbers
of eycles (sither of moment, precsure, and therms!l gradiests simul ta-
mously or independsently), the evailable margis for thesrmel gradients be-
comes smeller snd essentinlly vanishes at and sbove 7000 cycles of moment
and/or pressure eyeler.

7.3 Use of Ba. (2) for Combined losdizss

This section, and the followimg Bect. 7.4, comtaims a» exploratory
discnssion of how Code 2 fatigwe evalustion could be ilmproved iz com
pletenes: and comsistoncy. Firm recommendations would reguire further
stedy of sweh swpects as the difference botweon Codes 1 and 2 in the
svalustion of tees, sppropriante valwes of 8 , and the validity of sseump-
tions imvolved in the following discussion.

Code 2 fatigwe evalumation could be improved ia completensss end con
sistency by (1) ecaleoulating O‘ by Bg. (2) and (2) limiting ’l by Bg. (24).

This, in offect, ssswmes that the relationship 24 = C.K, is more gener
ally valid (d.0., 24 = C K, » CE_ = CK,). The advantages of this ap-
proach, as compared witk & Code 1 fatigws evalmation, are thet there is
20 moed to oslenlste l. separately and the l. sdjvstoent is mot meoded,

There are test date on piping preducts that could be used to exzamine
the validity of 24 = C,K, for prossure ioeding. Nowever, test dats on
piping products ere sot eveilable for exemimimg the validity of 21 = C.K,
for thermal yradient loedimg. Also, 2o test dates on piping pooducts are
eveileble im whioch there were ccmbinstioms of oyeclic moments, pressure,
er thernal gradieats.

Byuation (2) imvolves the implied ssswmption that maziswm stresses
cansed by pressure, moments, and thormel grediente ocoemr at the sawe loce-
tion in 2 piping product, and in & direction se that they sdd to sach
other to form the total stress. Im Oeots. 7.1 and 7.2, tast tacit as~
semption vas also mads.

In the e¢sse of combimed pressure anéd moment loadimg on bresch cow
seetions or tees, wenally the strecs cansed by precssxe is relatively low
st the lecation of maxiowm stresy canced by moment; snd vice weres. Ac~
sordingly, the sssumption of stress coimcidomee may costeis sigunificanmt
conservetion. Bowever, im the case of & girth butt weld in straight
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pipe, the axial stress adds directly to the Boment stress,
stresseos Bey Or m

The Code 2 comulative damegs rule is discussed at the end of Chap, 3
[eeo Bq. (17)]. If Code 2 were changed along the lines suggested in
Bect. 7.3, » corrssponding comulative damage rule could be

i=k

& '
L] N' + § (l‘/I‘) N‘ ’

vhere

in operation, which
range reduotion feotor

f in Bq. (6);
ut * nwmber of aatied

If l‘_ or l‘ ie less then tvice l.. thea N or N ®ay be taken as sero.
For fotigus evalnation Sccaptability, Bq. (36) &ust be satisfied:

Mg mo/:’)‘. vith 8 s kei , (36)

Talwes of 8. vould have to be included is Code s l‘ and l‘ voul d
be calenlated b Eq. (2).

The following example ilinstrates the procedure. Asswme 8. - 14
kei, l' = 30 kui, l‘ * 200, amd the following values for l‘ and N‘:

Cyele »
type i

90 400
@ 6000

For this szample,

N= 200+ (130/%)" x 100 « (90/30)" x 400 + (40/30)"
x 6000 + (13/%0)" o,

K= 200 « 11881 + 7558 « 1967 + 0 = 21608,
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From Bg. (36), (490/50)° = 20390, and because 11605 < 90390, the partice
lar piping product imvolved in this erxemple would be scceptable from &
fetigue evaluation standpoint,

7.5 Pximacy Stxess Protection. Mish Temperatures

Throughout this report, end partioularly im Seots. 7.3 asd 7.4, the
foous hee beon on fatigue evaluations. Note that Code 2, NC/ND-3640,
contains rules for pressure design and mothing im this report is intended
to suggest amy chamges im NC/ND-3640. Code 2 (VWimter 1981 Addends) Eqs.
(8) and (9) fumction to evoid gross plastic deformations mander combined
pressure and moment loeds, wsinmg the B, ond B, indezes. No change in
these Code 2 equations is intended by this report. Indeed, with the po-
tontial changes discwssed in 7.3, Code 2 Ege. (8) and (9) become even
more significent and mey oftes be the comtrolliamg factor rather thas the
fetigue evalumatios.

Iséustrial piping codes (e.g., ANSI B31.1 ard B31.3) cover tempere
tures higher than 700°F for ferritic stecls and B00°F for suwstenitic
steele and other high alloys. The suggestios im Sect. 7.3 imvolves the
implicit sssmmption thet Bq. (24) is valid for all materisls and tempera-
tures up to 700 or B00°F for stresses dows to S.. This sssmmption is not
valid for higher temperatures, henmce industrial pipieg codes should mot
follow the suggestios im Sect. 7.5 for all of their temperatures. Also,
isdustrial piping codes would have to mske sure they have sdeguate prc-
tection againet gross plestic deformations equivalent to Code 2 Eqs. (8)
and (,)o
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8. SUMMARY

$.1 Chaptezs 2-4, Fatigne Evalwation up to 10 Cycles

Considering the entirely different spprosches used in Codes 1 and 2,
the agroement between ths tvo approaches is gretifyingly zood. The K
factor is meisly respomsible for this reletively good agreement. Hows
ever, Code 2 appears to be potentislly usconservative for bigh-strenmgth
materiale like FA672-7100. Code 1 appesrs tou be potentially uncomserva-
tive for type 304 material for N 2 104, K, = 2, and for N ) 10¢, K, =1,

®.2 Chepter 5, High-Cvele Fstigue

Both Code 1 (using S at 10° cycles as an endurance 1imit ampl itude)
and Code 2 (uweing 8 with'f = 0.5) appesr to be potentielly uncomserva~-
tive for evalustion of sccmmulated eycles of about 107 or more. Table 3
s.ows our esiimeted value of 8 (enduramce limit range) for an effec~
tively infisite sumber of cyol:c.

8.3 Cheptex 6, Tees

Stresees in toes are evalunated difforently in Codes . and 2. Under
certain combisations of moments, Code 1 can be more conservetive than
Code 2 by s factor of uwp to 2. However, for evaluating stresses caused
by rua moments, Code 2 can be much more conservetive tham Code 1.

8.4 Chapter 7, Loadimgs Other than Moments

Chapters 26 are concerned with correlstions between fatigne evalua-
tion for moment loadimge, because Code 2 explicitly covers only moment
losdings. It eppears that Code 2 ruies, as presently written, have a
subotantial sllovanmce for cyclic pressure and, for & low number of de-
sige oycles (e.g., 100), & substantial allowance for thermal gradients,

Is Sects. 7.3 and 7.4, exploratory comments and suggestions are
siven comcerning Code 2 modifications that would explicitly cover pres
sure and thermal gradionts s well &s moments., The major sdditional work
involved im routine fatigue evalustions would comsist of the determine~
tios of the therasl gradiesmts, AT,, AT,, 1;. ond T.. Im Sect. 7.5, nmote
is made thet this report is comcerned with fatigue evaluation and that
Code rules for pressure designs and Code equations for protection against
sross plastic deformetioa must be observed as well.
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Appendixz A
BACKGROUND OF THE K, FACTOR

The purpose of the 38 limit om the rasge of primary-plus-secondery
strose 8_ is to enswre the validity of the § valws msed in the fatigue
evaluatida, Comceptually, the limit is the Shakedown limit of 28  be~-

ceuse l. = (2/8)8 aud IS. = 28 . Actually, for most materisls u:l tom~
peratures, the vaI-o of 8. is not (2/3)3". vhere 8 " is the Code-tabu~

lated or expected (st temperstures sbove room temperature) minimom yield
stremgth. Exzamples are (1) l. for BA106 Grade B at 100°F = 20 ki,

e -
c
35 kei, 8= 0.57 8 ; and (2) 8_ for SAS'2 type 304 at SOOF = 17.8 bui,
l’. “ 19.4 ksi, %. = 0.90 l’°.
The shakedown eoriteria of l. £ 28 are based oz an ideslized, elas

tic perfeotly plastic meterial; wost ’lplng materials sre not really
such idealized materials. Purthermore, is & minimom; typical yield

5
strengths are about 20% higher tham S e 'ihorc!oro. it is apperent thet

the 38 limit is only s rough lp’coxlznt!on of the shakedown 1imit.

lor to the start of work om Class 1 pipisg for ANSI B31.7, & sim-
plé procedurc for fetigue evaluation when 8 ) 38 did sot exist. Wris-
ers of ANSI B31.7, at that time, moted that? .

1. BStresses cansed by & linear through-the-wall tempersture gradieat AT,
should be comsidered to de part of l.. Indesd, in the Bree® shake~

down evaluation, AT, is the source of bending stresses that, is com
binstion with o membrane stress (e.g., from pressure), car cause
eyclic plasticity or retchetting,

2. Test data on piping products wero available (e.g., Marki?) to clearly
show that, evem for l. > 38 _, the product could withstand a signifi-
cant mwmber of cycles withoSt failwre. Equation (24) of the text as
epplied to sn elbow illustrates this. For am elbow, K, = 1; hence,

118‘ is equivalent to 8.. Vith 1&8‘ - l. L3 68. = 180 kei, Eq. (24)
gives N of 150 cycles; N‘ = 32 x 150 = 4300 oycles.

Making AT, stresses pert of 8§ incressed the frequency of 8. b Sl.
iz dosigned piping systems. lnco;ﬂltlon that, even if l. > 38.. sig~
pificant fatigue cycles could be withstood motivated the development and
scoeptance of & “simplified elastic~plastic” evaluation procedure for
8 )88,

n o
ANSI B31.7-1969 for 8. > ’8. roquired that:

Bw C M /2 % ity (A.1)

vhere l‘ wer the resultant moment range cauvsed by restraist of thermal



1
Oxpension. If Bq. (A.1) was met, them:
l." - (lll)(l’ * Ml, - l.)l(l.ln.) . (A.2)

where l." vas the salonlated stross enplitude to be used to enter the

Cods design fatigue owrves. The value of A was obtaimed from ANSI B31.9
Fig. D201, imelnded hore os Fig., A1, The wse of Bq. (A.2) was re
strioted to (250 oyeles of l. > ’l.. Tegart® discusses the devel opment

ORNL --DWG 834801 ETD

20

. .
.-
(o)
i s I CARBON STEEL
" P-NUMBER 1
ASME X
o' 2 3 4
10
20
(®)
. 2 1/4 Cr-1 Mo STEEL
P-NUMBER §
ASME IX
10
0
3 &
TH g s Av07
(e}
A 04 304 STAINLESS STEEL
P-NUMBER 8
) ASME IX
1 2 3 <

sn in)
,73s,, on ol
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of Nechanical Bagiseers, Pucloar Power Piping, USAS B31.7-1969,
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of By. (A.2) end the 250-cycle limit. Tae beein for By. (A.1) ie more
sebulons; it came ia large part from the desire to Limit expension
stresses to the same "ball park™ as those permitted im imduwetrial piping
ocdes.

Cods Cose 1441, "Veiving of 38_ Limit for Section III Comstrewction,”
was published in 1970, It gave rui®s that are slmost the same ss those
sow in Code 1 (see Chap. 2 of the text). Tvo exceptioms were: (1) the
staber of coyeles with l- > ”. was limited to 1000, (2) tho valwe of w,

for asstenitie stoinless steele, was ©.9 rather tham the present a = 0.3,

Table A.1 shows comparisons between Code Case 1441 (1970) and Code 1
(1980) for staimlese steels; Case 1441 weos m = 0.5 rether thes the pree
et a = 0.5, It san be ssen that wae of u =~ 0.5 gives very high allow-
able fatigue desige stresses for low cycles; the a = 0.5 was soos (1¥71)
changed to its presest valwe of 0.3,

Table A.2 shows comparisons betwean ANSI B31.7~-1969 and Code 1.
Considering the order of scewrecy izvolved, the method msed in ANSI B31.7-
1969 for ferigue ovalustion for § ) 385 is eguivaleat to the K factor
wsed in Code 1. . - .

Tegart® has propared n doscription of the basis for the K factor.
Because, to our kmowledge, it has mot been published and becsule gues-
tions regarding the basis for the l. fector frequently arise, Tagart's
discnssion fe guoted is full in the following paragrephs. Iz sddition

Table A.1. Comparisons of allovable valess
of l' (ksi), Code Case 1441 and Code 1

SAS12 type 304 ot 100°F

N K =1 K, = 2
Case 1441 Code 1 Case 1441 Code 1

10 650 s90° 650° 39%0°

100 240° 144° 240° 179

100 109° 8.1 155 140

10¢ 0.0 1.6 1 1s?

160 €5.8 6.3 75.0° 75.0°

100 s2.0° s2.0°  s.0® s1.0°
“Iandicates thet 8 ) 3uS , K_= 1/a,

8 = a8, . ..
Dradicates thet 8 ¢ 38, K = 1.0,

' ® E 3 o



Table A.2. Comparisons of sllovedle velues of 8 (kei),

ANSI BS1.7-1969 and Code 1 P
BAI06 Grade B at 100°F BA12 type 304 at 100°F
] ‘. -1 ‘. -2 ‘. -1 ‘. = 2

1.7 Code 1 B81.7 Code 1 B31.7 Code 1 Bm31.7 Code 1

10 264 232% 288 296 279 390% 340 390°
100 3187 127 181 190 170 144° 207 179
100 99,8 $7.0 121 134 114 87.1 139 140

100 3 60 16.0°  16.0® s 1 et
10 40.0° w.o® w.0® 4.0 67.1 633 15.0°  9s.oP
100 25,0  25.0®  25.0®  2s.0° 52.0°  s2.0° 2.0 s3.0b

a
’ll‘lﬁ‘COQ thet l- > lll.. l. i/m, l' o z-s..
Indicates that l. < ”-. l. - 1.0, l’ > za..

to the referemces ofted by Tegart, Refe. 5 and 6 contain more extemsive
and direct correletions betwoen fatigus tosts o piping products end the
Code 1 with l. mothod of fatigue evalumation.

RARLE FOR PARAGRAPE N0 3228.3 OF <
‘-m-‘mm.{tm“nn

The rules eurrently Sppearing in the ASME Sectios III
Code ecomseraing simplified elastio-plastie analysis have their
origis in the development of Getailed stresse enslysis for me-
elear pover piping tomponents wader the former USAS BS1.7 Ne
eloar Pover Piping Code. In the process of developimg that
sode, the froquestly otcurring lerge primary ples secondary
stresses wvhich resslt in piping compoments gave need for a
simpl ified procedusre to evelmate these offects. A detailed
procedure vas implemented into the B31.7 oode and referenced
by Paper 60-PYP-3, listed as Reforesce 1 [Ref. 3 of this Ap-
pendix]l. This development relied oa tests of motched bar
specinens vhich measured the strain concestrating effect when
the ’l. limit wae oxcoeded, Although it was semerally agreed

“Original text by 8. V. Tagart.



that the recommended procedures presested im this paper were
ssfe and comservative by those who revieved them is detsil,
fucibher developments of simpiified formulas occurred whes the
piping eode was combimed into ASHE Bection III. Duwe to the
complexity of the olastic~plestic behavior, meo simple formule
could be developed which vould acourately represest everythimg
vhich goes on,

Iz simple terms, the struim comcemtratios phemomens whi~h
ocours {9 illustrated by Figure 1 [Fig. A.2 of this Appendix).
Here we cee a plot of the peak streim comcemtratios fsctor im
either » motohed member or & member with some other type of
stress ocomcomtration. The pesk strals comcenmtretion remains
constant from O to A where the meierial behevior is perfectly
elestieo, A: Poist A, the strais comcemtrat.os begime to ex-
ceod the elastic strese comcemtretion, ‘t' and contimwes to

rise wutil some Point B is resched st vhich & meziswm strain
concentration cccurs.,

If defloction is contimwed, the strain comcemtration be~
gins to drop off ss showa by Point C. Laager, in Referesce 2
[Ref. 7 of this Appendiz], hae estimated the gemerel ized maxi-
wwn streim comcestratiom which cam ocomr et & poimt such as B.
Fy illustrateos that the straim comcestretion factor ‘l is ap-

progimately 1/m, where m is the straim hardening expomest of
the materiel. This meximwm valwe of streais comcemtration is
the basis for the asswmed shape of the correctios factorx
vhiok sppears in the Code. The specific formule showa
here oo oquatioa 1 which quantitatively expressees this strainm
concentration, comtaine tvo material terms, n and . The
term vas istroduced into the formuls in order to prodewce snmy

ORNL -OWG 814602 ETD
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Fig. A.2. Schematic illustration of peak-strais comcentration iz &
sotched bDeam ae & function of deflection, Sowrce: Ref. 4.
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dasized slope en the l. fester in reglom A of Figure 2 [Fig.
3 of this Appendiz].” Thus, the form of eguation 1 ves se-
looted in order to provide tve festures: 1) & maximwm correc~
tien for the strais ecomcentration of 1/a and 2) amy experi-
sentally observed slopes of the l. sorrection in regionm A.

¥hile the strein hasdoning exponsnt o is sseily obtaimed for
the statie case by messuring the mifern clomgetion ot masiowm
load éuring the temsile test, sweh values of n may mot refiect
ssonrately the behavier which vooure in & fotigue situation.
Thorefore, the vaiwee of n which sppear iz the code for this
procodure « ¢ only spprozimate valwes of the streis herdeming
exponent 20 eompared with those from o temsile test. There is
se streightforvard method for messuring m without wsismg the re—
sulte of fatigne tests. The method which was mnsed to esteb~
l1ish the validity of the ecorrectios fector l' suppl fed by

equation 1 for epecific m and = valwee vas through ocmperisom
with fatigue test resuits. Other methods are possible, but &
stendord method has ot been developed at the presest time.
Numerous fatiges tests Reve been rem and the results of these
testes Rave beon published and have demonstrated that the cor-
rection predicted is comservetive for wse with the Code.
References 3 through § [Refs. 713 of this Appendiz] i1~
lustrate some of tho sowrces of verifyimg the ourrest elastic~
plestic dosign formalae, For ezample, Figure 15 of Reference
8 (Ref. 13 of this Appendixz) shows & direct comperisom between

ORNL -OWG 824800 ETD
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Fig. A.3. BSchematic illustration of the variation of l. T
fumetion of primary-plus-secondary stress, Sowrce: Ref. 4.
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the strain comcentration factors weed im the Code and the val-
wee obtained from tests om type 304 staimless steel. In the
eriginal ocomespt of the elastie~plastic correction as pre-
sented in Reforemce 1 [Ref. 3 of this Appendiz], e limit of
250 eyeles is suggested below which 2~ specific accommt was
roquired to aescure that retcheting voald be megligible., The
cerrent rules of ASME Scotion 1II have mo swch limitations;
however, it should be moted that im NB3223.3, Paragreph (a), o
reage of primery plus secondery membrase bendimg stress inten—
eity exeluding thermal bending stresses must always be less
than 38 .

h,un’l (é) requires thet the through wall thermal
gradient offects meot the requirements of NB 3222.5 for ratch~
eting éue to pressmre and thermal effects. In addition, the
comservative valnos of the K, factor drastically reduces the

allowable fatigwe life cycles. Satisfying these reguirements
provides assurance that s negligible emomat of ratcheting cas
osewr, therefore, mo additiomsl requirement {or limiting oy-
cles due to retocheting is mecessary.
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Appendix B
BASIS OF CODE 1 FATIGUE DESIGN CURVES

Basic Teat Deta. Corbon and hov-Alloy Steels

Figure B.1 shows the basic dste wsed to estadlish the design fatigue
ourve in Code Fig. ¥-9.1, UTS C 80 ksi. Figure B.1 comsists of Fige. 9
and 10 of the Criterin.® The date im Fig. B.1 ere from straim-controlled,

sero mean straim, fatiguwe teste of polished bars at (poobably) room tem-
porataze, Am equation of the form

= umﬂ;n is [100/(100 = A)) + B (B.1)

ORNL-DWG 834804 ETD  *
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Fig. B.1, Basic test dsta: (a) carbom end (D) low-alloy steels.
Source: Ref, 33.
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was fitted ¢t: the aversge of the test dste by sel-ctiom of A and B. The
poroent reduction in ares is sometimes weed for A, but in gemeral, A is
simply & ourve fitting parameter. The valwe of B is as endurasce
strength, that ie, & valwe of 8§ below which foatigus fallure will mor oc~
our is & polished ber s dry air or eguivalest enviromment. The desigs
fetigue eurve {0 obtained from Bq. (B.1) by: (1) epplying s2 adjustment
for mean strese offoct, and (1) applying o factor of safety of 2 on
stress or 30 om eyeles, whichever gives the lower fatigwe design stress.

Aesa Btxess Adinstment

Because of residusl stresses &t wolds snd other possible sources of
Bosn otress sweh oo imstallstion miscl igument ia piping, the Code has
takon the approsch of sdjwstimg the test results for the meximms possible
effoet of meen stress. The adjustment procedure is described inm the Cri-
toris.* The procedure is bared on the Goodman diegram and the comcept
that the sum of the mean stross and roversed stress ampl itude cansot ex-
coed the yield stresgth of the materisl. The squivalent completely
roversed strees 8' Qs obtaimed by:

- ll(‘. - l’)l(l‘ = 8], for 8« l’ ; (B.2)

=3, fnl)lys (B.3)

wvhore

8' = equivalent completely reversed stress smplitude,
8 = reversed stress amplitede [Bq. (B.1)],
8_= ultisate temsile stremgth of materisl,

l; = yield streagth of material,

To make the sdjuvstment indioated by By. (B.2), velues of l. snd §

must be selected. These are msot mecessarily the minimws specified
stremgths, and o judgment must be made as to the sppropriste velwmes. The
Criterie does ot identify the valwes of 8‘ and l’ wsed to obtainm the

sdjustments (dashed limes im Fig, B.1), but workisg backward, it appears
that the following velwes were used,

% .

Carbon cteels 80 ksi 40 ksi
Low-alloy steels 100 kei 70 ksi

Reving mede the adjustment for mean stress, the dosigs fatigue curve 8‘
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ve N is obtained by epplying the factor of safety of 2 on stress or 20
on syelss,

The procedure described in the preceding pearsgraphs is illustrated
in Teble B.1. The valwe of the modulus of elasticity E wes takes as 3
107 psi; this 43 the velue shows in Code Fig. I-9.1. The value of E is
siganificent inm that stresses sre equal to Ee, where o is the controlled
strain. s primviple, the valus of E wsed in the anmalysis [e.g.. to e~
termine l‘ in Eq. 1) of the text]! should be the same as E wsed to de-
velop the desiga futigue curve. Al ternstively, the dosign fatigue curves
ean be modified by sultiplying the stresses im the curve by E'/E, where
E' is the modulus used im the enalysis. However, quite oftes the cycles
Ooour over a range of tomperatures, and part of a piping system myy be at
& different temperature than another part of the same system., Accord-
ingly, as approzimstion of an eppropriate E is often necessary. Forte-
Rately, the varietion of E with temperature over the range of tempersture
Sovered is relatively small and therefore is not & major source of uscer-
tainty in o fatigue analysis,

It mey be observed iz Teble B.1 that the Code~tabulated values of
fatigue desige stresses agreo reasonably well with the aversge of the two
sets of § . The Criterie states, "A single design curve is used for car-
bom and l&-—nlloy steel below 80,000 psi ultimate temsile strength be-
eense . . . the adjusted curves for these classes of material were pearly
fdentical ™

Bigk-Alioy Materisls

The Criterie® includes dats for 18-8 stainless steels with an
aversge-fit equation in the fore of Eq. (B.1):

8 = 8.4151 x wMT‘ + 43,500 , (B.4)

where E = 2.6 x 10" pei (the valume shkown on Fig., I-9.2). The correspon
dence betwesz the Criteris equation and Code-tabulated values is shown in
Table B.2. Because § at 10¢ eycles is 51,915 psi, which was sssumed to
be grester than 8’. there is mo mesn stress correction in Code Fig. I-9.2,

As can be seen in Tablo B.2, the valuves of 8 derived from Eq, (B.4) are

in reasonable egreement with the Code~tabulated values,

Although the Criteria? gives dats only for 18-8 stainless steels,
the Code inm its first (1963) edition indicated that Fig., 1-9.2 was ap-
plicable to mickel-chrome-iros elloys. The present (1980) Code indicates
that Fig., I-9.2 ic applicable to austenitic steinless steels, mickel-
chrome-iron slloy (e.g., SB167 Alloy 600), mickel-irom-chrome alloy
(e.5., SB407 Alloy 800), end nickel-copper alloy (e.g., SB16S5 Alloy 400),
The basis for including the other-tham-austenitic steels in Fig, 1-9.2 is
not availeble,

About 1975, the need arose to extend the Code design fatigue curves
to higher than 10* cycles. Jaske and O'Donnell? published the results of
their review of fatigue test dats on 300 series auvetenitic steels, mnickel~



lel. .01 .
from completely reversed fotigue test data (stressess in ksi)
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Illustration of method of developing design fatigue curves

Carbon steel Low-alloy steel
K

P g * 5,2 8f 59 Coae?
10 2761 634 634 2296 543 543 80
20 1959 458 ass 1635 395 395 410
50 1247 296 296 1048 264 264 275
100 88 215 215 752 198 198 208
200 634 159 159 543 151 151 188
300 09 108 108 18 110 10 108
1000 296  #2.9 8£2.9 264 89.0 89.0 83
2000 21s  65.0 65.0 198  74.2 4.2 64
5000 144 49.0 49.0 139 1.1 61.1 48
12100 108 41.0 4.0 110 S48 s4.5, 38
23100 82,9 35.3 35.3,  89.0 49.8 “.s' 31
$x10°  60.4 30.3 30.2 0.4 45.6 3s.2" 2
12100 45,0 27.8 24.5) 61,1 43.5 47.1 2.5 20
23100  41.0 26.0 20,5,  S4.5 42.1 36.0 17.9" 16.8
$ 2100 33,9 24.4 29.4 14.7 48.6 40.8 28.4 14.2  13.8
12100 303 23.6 244 122" 456 0.1 2582 126" 128
12100 244 223 1.5 8.7
12100 22,5 21.8 15.7 7.8
12100 219 21,7 151 7.8
12108 217 207 149 7.46)
12100 21,7 21.7 14.9  7.43

%Equstion (B.1) with E= 3 x 107 pei, A= 68.5, B = 21,645 psi; § =
8,664/VN + 21.645 ki,

Sy = stress for N = 20 times value shown; that is,

of 20 on cycles,
“Equation (B.2) with S, = 80 ked, 5= 40 kui.

d

8, = lesser of 8/2, 8,,, or §'/2,

factor of safety

“Bquation (B.1) with E = 3 x 107 pai, A = 61.4, B = 38,500 psi; § =
7.,139/VK + 38.5 ksi,

flqnntlon (B.2) with 8. = 100 ksi, !’ = 70 kei.

kei.

hracto: of safety of 2 on stress comtrols.

PValue of S, tebulated in Code 1, Table I-9.1 for Fig. I-9.1, UTS < 80
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Table B.2., Comparisons of fatigue design stresses tor
18-8 sustenitic stainless steels (stressees im ksi)

b ¢ d e Proposed
N ¢ S, s, Code” 8,,° oM

10 2705 639 639 650

20 1925 464 464 470

50 1234 310 310 317

100 885 232 232 240

200 639 177 177 185

500 420 128 128 136

1000 310 103 103 109

2000 232 85.6  85.6 89

5000 163 70.1  70.1 70

1 x 104 128 62.3  62.3 59

2 x 104 103 6.8 s1.57 &1

$ x 104 $1.1 s1.9 40.67 42,5

1z 10¢ 70.1 49,5 3519 375

2 x 10* 62.3 41.7 3.2 33.0

$ x 10¢ ss.4 46.2 27.77  28.5

1 x 10¢ s1.9 45.4 26.07 26,0 28.3¢ 283
2 x 10¢ 26.9¥  26.9
s x 10¢ 25,77 25,7
1 x 10* 2819 251
2 x 107 24.79 24.7
s x 107 24,39 243
1z 100 24.17 241
1 x 10° 23.89 23.8
1 x 10%¢ 23,77 23.7
1 x 1032 23,77 23.7

Cpquation (B.1) with E= 2.6 x 107, A= 72,6, B =
43,500 pei; S = 8,415/VN + 43.5 ke/,

bs,, = gtress for N = 20 times value shown; that is,
factor of safety of 20 on cycles.

°8. lesser of 8/2 or 844,
d
1-9.2.
‘8.. is 8‘ sdjusted for E= 2.83 x 107 psi.

Value of 8. tabulated in Code Table I-9.1 for Fig.

fPropoood curve A (see text).
'Fucto: of safety of 2 on stress controls.
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iron-chrome Alloy 800, mickel-chrome-irom Alloy 600, end mickel-chrome
Alloy 718. Ome data poiat at 10¢ cycles was imcluded. The high-etress
date points were strais controlled; some of the low-stress dats points
were load controlled. Teste were rus at various temperstmres wp to
800°F. Accordisg to Langer,® the Criteris date om 18-8 stajnless steel
included tests st temperstures up to 660°F,

The Jaske and O'Donsmell peper gives coparate curves inm the form of
Eq. (B.1) for the 300 series stainmless steels, Alloy 800, Alloy 600, and
Alloy 718. They found that the 300 series stainless stcels, Alloy 800,
and Alloy 600 could be grouped together for the purpose of design guid-
ance. They then applied mesn stress sdjustment in the form of Eq. (B.2)
with I‘ “ 94 kei and §_ = 44 kai. They used E = 2,83 x 10" pei rather
then E'= 2.6 x 10° pcl’cl uwsed in Code Fig. 1-9.2. Numerical comparisons
for the three materisls and the combined three materials are shows in
Teble B.3,

For N £ 10° cycles (presemt Code coverage), /t cam be seen in Teble
B.3 that the Jaske and O'Donmell design fatigue stresses are generelly
lower then the preseat Code (adjusted for E= 2,83 5 10" {nstead of E=
2.6 x 107), As ap extreme example, for 300 series staimless steels ot
N =2 x 10* cycles, the Code allowable stress is 1.39 times the Jaske and
0'Donnell best-fit curve. However, comsidering the comservatisms th:.
usually exist im estimating the operating history esd im calenlation of
stresses, this possible wnconservatism is relatively emall,

At present (July 1982), » proposed modification to Code Fig. 1-9.2
is under comsideration by the ASME Boiler snd Pressure Vessel Committee.
This proposal® maintains the presest Code curve for N £ 10° cycles.

Above N = 10¢, three curves, identified s A, B, and C are proposed.

The A curve is simply an extrapolation of the presest Code using the

equation

g = (msnm; + 43.5) x (2.83/2.60) .

Values are shown iz Table B.2 on the two right colwmns for N ) 10¢,

The B curve is faired-in betweon the present Code stress at N = 10¢
end Jaske and 0'Donsell "combined” curve, withost amy sdjustment for mean
stress,

The C curve is faired-in betwesn the present Code stress at N = 10¢
and the Jaske and O'Donnell "combined” curve, with adjustment for the
mazimem offect of meanm stress. A comparison is shown in Table B.3 on the
tvo right colwmns for N ) 10¢,

The question erises as to which of the three proposed curves is most
appropriate for piping evalustion in conjunction with Eqs. (1) snd (2) of
the text. The question is mot trivial becawse for N = 10°, the C curve
sives stresses thet are ~60% of those from the A curve. Operations]l cy-
clee that add wp to 10* or more do pot come from the kinds of tranmsients
normally considered im the evaluation of piping. Bowever, whez vibration
occurs, the number of cycles canm easily edd uwp to >10°,

*The propossl includes the formalistic step of changing E from
2.6 x 10" to 2.83 x 10" psi; hence present Code~tabulated stresseos for
Fig. I-9.2 would be sultiplied by 2.83/2.60,
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Teble B.3. Jaske and O'Donmel]l design fatigue stresses
for high-alloy steels {stresses in ksi)

300 Serie b e d
mm".l Alloy 800 Alloy 600 Combined 2
N Code
! N ! N ! "] ! g
'. '. s. s. “ ’. " 8;
10 647 644 774 674 708
20 486 466 559 486 512
50 119 309 368 119 348
100 288 230 272 236 261
200 178 174 204 176 201
500 122 124 143 124 148
1000 95.8 99.0 113 97.1 119
2000 17.0 81.3 91.2 78.3 96.9
5000 63.7 65.8 72.1 61.7 76.2
104 51,9 5.6, 62.4 53.3 64.2
100 45.9, 49.5" $5.6, a4, 558
104 38.8 38.4 2.8 36.8 46.3
104 so.z: u.:: u.o: 3o.:: 40.8
100 25.9) 28.8) 31.2 26.7" 5.9
100 22.2 25.3 5.9 22.9 1.0
10¢ 30.3: 19.1 n.s: u.a: zx.x: 20.3  28.3
100 19,00 17.0 22.3, 23.3) 19.77 181 22.8

10¢ 17.8°7 15,3 21.2° 20.5 21,9 21.9 18.6 16,3 18.4

107 17.1: 14,5 20.6, 19.5 2!.2: 20.¢ 1..0: 15.5 16.4
107 li.lh 13.9 30.2,' 18.9 zo.th 19.8 11.5,. 14,9 15.2

107 16,47 13.4 12,97 18,3 20,37 19,1 17.2° 14,4 143

100 u.z: 13.2 u.1: 1.0 zo.1: 18.7 11.02 141 14.1
100 arsh 12,8 9.4 1705 19.8) 180 167, 137 1.9
1000 15?1207 193 14 190 180 166 136 137

M AN RN AN AN
oM MM MMM MK N NN MR e

102+ 18.8° 12,7 19.3" 17.4 19.6° 17.9 16.5 13.6 13.6

% = 9,081/VN + 31.59 kei.
bg w 8,557/VN + 38.50 ksd.
®s = 10,393/VN + 39.2 Lei,
dg = 9,058/VK + 33.05 kei.

®crom Table 1-9.1 for Fig. I1-9.2, wultiplied by 28.3/26.0 for E
change. Fox N ) 10°, from proposed C ourve,

fLesser of 8/2 or |
'Mjutu for mean stress, Eq. (B.2) with 8‘ = 94 ksi, 8’ = 44 ksi.
hhetot of safety of 2 on stress comtrols.



Becsuse Jaske and 0'Donnell ianclude considerable data in the range
of 10° to 10° cycles ané use & more complete set of date than the origi-
#al Criteria, the wse of the proposed A curve eppears gquestionsble.

The cholce between the B end C corves depends on whether mear stresses
will exist. Welds thet are sot ansesled after welding will have yield-
strongth lovels of residual stross. Futhermore, becawse of instellation
misaligmments, it would be difficult to establish that emy pert of & pip-
ing system is free of mean strecs "as imstelled.” Accordimgly, it appears
that the C curve chould be wsed i piping system fatigue evaluation (e.g.,
for evalustion of precperationsl testing).

Iempezatuze Devendence

The Criteria® does mot indicete what temperatures were imvolved in
the fetigue tests. Bowever, Langer’ imdicates that tests at tempera-
tures wp to 650°F were inciuded for 18-8 stein)ess eteels. Jeuske and
0'Donsell® imclude tests at temperatures up to BOO*F. They comverted
straims to stresses by usimg the following room tempersture moduli:

500 series steinless steels 28.3 x 10¢ pei
Alloy 800 27.6 x 10° psi
Alloy 600 31.7 = 10% psi

They used E = 2,83 x 10" psi in their combimed curve. In principle, the
design fatigue curves are temporature dependent becauvse E is temperature
éependent,

Jaske! prosents polished bar, fotigue test data on carbonm steel
[American Irom and Steel Isstitute (AISI) 1010), which suggest that fa-
tigue stremgth imcresses slightly between 70 and 400°F, then decresses
between 400 and 700°F. Bowever, conridering the gemeral order of sccu~
racy imvolved im the fatigue evalustions, it appesrs appropriate to com-
sider design fatigue stresses for cerbon steels to be independent of tem—
perature uwp to TOO'F except as modified by E.
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Appendiz C

COMPARISONS OF CARBON STEFL AND AUSTENITIC STAINLESS
STEHL PIPING PRODUCT MOMENT FATIGUE TESTS

References 1-3 give results of moment fatigee tests on piping prod-
wete made of carbos steel end type 304 staimless steel. The tests wore
similar to Marki’s tests* im that displacements vere controlled. All
tests vere run on 6-in. sominel size products. Results of these tests
are swmmurized im Teble C.1.

Tadble C.1 comtaine siz sets of comparsble results. Becawse the tests
vere rua at different sominel stress levels, ther have besr "sormal ized"”
by the use of Eq. (9) to obteism i-factors. The fatigue stremgth, of
comrse, is imvereely proportiossl to the i-fectors. The last colums shows
everage ratios, 1 /4 . If this ratio 4s <1.00, it means that carbon stes!
products were -::8..8: thas type 304 stoimless stesl products. It canm
be rteen in Table C.1 that l./l‘ is <1.00 for all six sets of date.

Tedle C.2 ahows Code 1 carbom steel to steinless steel ratios of fo-
tigee design stresses and the ratios implied by the dats im Table C.5. In
the regiom eof 10* to 10¢ design cycles, the K factor edjusts the basic
ratios 80 ss to be im better fgreement with Tible C.1. Ve heve shown the
rotios from Table C.1 as epplying to N = 10° gad 10¢, Notimg that Table
C.1 is related to failure cycles N,, wheress Code 1 data are design cycles
N, the retios from Table C.1 might more sppropristely be takes as apply-
ing to N = 10% gad 10*, Algo, the Jaske and O'Dommell’ base data for
stainiess steel indicate cerbom to staimless retios closer to mmity (see
Appendixz B). Bowever, the snomely still existe: test dats on piping
products indicate carbonm stesl is stromger thanm steimless steel, whereas
Code 1, even with the K sdjustment, gomerally isdicates the opposite.

Yhile the ’tocodt-; corstitutes the mais ressos for including this
Appendiz, the following is & more detailed discussion of Table C.1.

Sixth Bats Yolds

Marki’s tests® were on "typical™ girth butt welds is 4.5-in.-0D by
0.237-in.~wall pipe. Teble C.1 tests were om girth butt welds in 6.625-
i9.~0D pipe with 0.280-, 0.432-, or 0.718~4p.~wall pipe. Detaiis of the
welds are pot aveilable. That the i-factors are close to uwnity indicates
that Markl’'s § = 1.0 is rather brosdly applicable.

Elbows

The Code 2 i-fector for 6.625-1n.-0D by 0.280-is.~well by 6~is.-bend
radine elbows s

1= 090" /em)*" = 0.9(3.2725%/0.280 5 6)*/" « 2,97 . (c.1)
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Table C.1. Comparisons of carbos stoel with sustemitic
steinless steel pipimg product eyclic moment fatigue
tosts (data from Refs. 1-9)

d
a Tost c 8 . s g
Product t‘ontltyb Material (tgl) N‘ i lcll.
40 Weld Bv-1 C 58.2 35,740 1.03
B-3A S 61.1 6,950 1.37 0.75
160 Weld CC-160~1 C 101.6 7.456 0.81
p > 1050 psi CS-160-1 S 95.8 7.724 0.85 0.95
80 Veld N-15 C 117.6 3,209 o0.83
SS50°F W-14 £ 97.3 7.278 0.95%
w-12 s 93.8 2,694 1.06
W-11 8 64.2 14,858 1.3
.-‘o 8 7’.0 ’.200 1.00 0..4
40 SR Klbow CaLS~1 = 43 .6 1,176 2,713
P~ 1050 psi CaLs-2 C 42.6 7.899% 1.91
CSLS-1 8 42.2 6,838 1.9%
CSLS~2 s 44.2 907 2.84 0.96
40 SR Elbow BQLS~1 s 43.5 760 .99
S50ep HCOLS~2 C 43.1 26,100 1.4%
HELS~1 8 28,0 2,200 8.715%
HSL§-2 8 42.2 1,870 2.57 0.71
40 6 x 6 Yo oCTs-1 C 68.2 21,079 0.9¢
CCTrs-2 C 70.6 9,367 1.11
CITH~1 3 68.7 4,575 1.%2
C3T18-2 8 67.8 3,510 1.43
C8Ts~-3 8 72.7 3,675 1.0 0.7

%0 VWeld: girth butt veld is sched.~40 pipe; 160 weld: girth

butt weld in sched.~160 pipe; 80 Weld: girth butt wold inm sched.
pipe; 40 BR slbow: scked.~40 short redius (R 6 is.) elbow, 6-in,

-80

sominsl size: 40 6 x 6 tee: sched.~40 ANSI B19.9 teo, moment through

brasch. Ualess othervise indicated, tests were rus &t room tempe
vith sero intersal pressure. DMoments were "ia-plane™ for both el
cend tees.

bl‘.ltlf!.ltl&.l vsed in Refs. 1-3,

‘c: carbon steel, SAIO06 Grade B; S: stainmless steel, SA312
type 504,

‘I' * W/Z, = moment range (completely reversed).
N, - eycles to failure (throwgh-vall crack).
f

fia 490/(8, M%), 8, in ket (see Bq. (9],

Pi_ = average of $u ior carbon steel; i, = average of {s for
-tnlnlo'o steel .

rature
bows



Table C.2. Code 1 ruties of fetigwe
fesign ostrocses for sarbenm steel
and austenitic staimless stesl

Ratios

% Vith l. l““h‘lt.

luu. From

eurves E, =1 K, =2 Table C.1
10 0.8 0.60° 0.176°
10*  0.85 0.88° 1.08
100 0.76 1.00 0.96 1.04 teo 1.41
104 0.64 0.9 0.647 1.04 te 1.41
10 0.58 o.6¢? 0.5
100 0.48 o.ae? 0.

“Ratios obtained frem Code 1 Table I-9.1;
Fig. I-9.1, UTS £ 80 ket for carbos >teel;
Fig. 1-9.2 for sustenitiec stainless steel.

bhtlu are specifiesily fer BALO6 Grade B ot

100°F te BAS12 type 504 ot 100°F,
’l. > ld. for ose or both materials.

‘l. < !l. for ome oz both meterials.

Table C.1 indicates that the average velwe of | is 2.55, sbout 89% of

the velwe given by Bg. (C.1). This is essenticlly the seme os Mackl's
fr-plons moment resuits for 4.5-1e.~0D by 0.072~ or 0.241~in.~wall,
4-in.~bond redins elbows; that is, the experimesnte] i was sbout 0.89
times the i givem by Bq. (C.1). Thio slight reduction frem “thooroticel™
io doomed to e melnly cansed by oend offects of the pipes wvelded to the
elbovs,

pCTT]

The Code 2 i-faotor for €.625-in.-0D by 0.200-is.~wall, full ostlet
ANBI B16.9 tee s

L= 0.9(s/4.4¢)" " = 0.9(3.1725/4.4 5 0.200)"'" « 1.69 . (c.2)
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Table C.1 indicates thet the sversge value of 1 4s 1.29, abosut 79% of the
valus given By By. (C.2). Merki's resulte geve i-fastors for is—plame
senests reaging frem 78 to 1098 of { given by Bg. (C.2), the ratic de-

ponding en detaile such s the transitien rodii asd wall thicksosses of
the CTTW
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