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primary—-plus—secondary
primary-plus—secondary
primary-plus—secondary
primary—plus—secondary
primary—plus—secondary
pipe OD

modulus of elasticity

Code 2 cycle—dependent
0.5 for 100,000 cycles

elbow parameter, tR/r?

stress
stress
stress
stress

stress

factor ranging from 1.0 for 7,000 cycles to

or more

indices for pressure

indices for moment

indices for thermal gradients

index, moment loading,

index, moment loading,

Code 2 stress intensification factor

peak stress

peak stress indices for

peak stress
peak stress

peak stress

elastic—plastic adjustment factor,

moment

moment

index, moment loading,

index, moment loading,

range of resul tant moment

range of resultant moment caused by thermal expansion

number of design cycles

number of cycles to fai

lure

range of service pressure

internal pressure

indices for pressure

indices for thermal gradients

tee branch
tee run

see Eq. (3)

mean radius of pipe, branch pipe for tees

mean radius of pipe,

run pipe for tees,

Code 1 fatigue design stress amplitude

Code 2 allowable stress at cold (100°F) temperature

design stress with factor of safety of 2 on Sf

endurance limit (fatigue strength at ~1011 cycles)

Code 2 calculated stres

failure stress,

Code 2 allowable stress at hot (maximum) temperature

s range

correlated with N

f

tee branch

tee run

or bend radius for elbows
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Code 1 allowable stress intensity

calculated primary-plus—secondary stress range,
see Eq. (2)
see Eq. (6)

calculated peak stress range,

Code 2 sustained load stress,

see Eq.

ultimate tensile strength of material

yield strength of mater

ial

wall thickness of pipe, branch pipe for tees

wall thickness of pipe,
fatigue usage factor
(1 — n)/[n(m — 1)], see

section modulus of pipe

section modulus of tee branch pipe

section modulus of tee
coefficient of thermal
thermal gradients, see
thermal gradients, see
thermal gradients, see
thermal gradients, see

Poisson's ratio

run pipe for tees

Eq.

(19)

run pipe

expansion

Code
Code
Code
Code

1 for
1 for
1 for
1 for

detailed definitions
detailed definitions
detailed definitions

detailed definitions



COMPARISONS OF ASME CODE FATIGUE EVALUATION METHODS FOR
NUCLEAR CLASS 1 PIPING WITH CLASS 2 OR 3 PIPING

E. C. Rodabaugh*

ABSTRACT

The fatigue evaluation procedure used in the ASME Boiler
and Pressure Vessel Code, Sect. III, Nuclear Power Plant Com-
ponents, for Class 1 piping is different from the procedure
used for Class 2 or 3 piping. The basis for each procedure
is described, and correlations between the two procedures are
presented. Conditions under which either procedure or both
may be unconservative are noted.

Potential changes in the Class 2 or 3 piping procedure
to explicitly cover all loadings are discussed. However, the
report is intended to be informative, and while the contents
of the report may guide future Code changes, specific recom—
mendations are not given herein.

1. INTRODUCTION

Fatigue-based criteria for the evaluation of piping were introduced
into the Piping Code, then American Standards Association (ASA) B31.1,t
in the 1955 edition., These criteria were based on moment fatigue tests
on piping components by Markl,* Markl and George,? and Markl.® The cri-
teria involve use of stress intemsification factors (i—factors) and stress
limits related to cold (Sc) and hot (Sh) allowable stresses, modified by

a factor f, which depends upon the number of design cycles.

The American Society for Mechanical Engineers (ASME) Boiler and Pres-
sure Vessel Code, Sect. III, Nuclear Vessels, was initiated in 1963. It
covered Class A, B, and C vessels, now called Class 1, 2, and 3 vessels,
This Code, for Class A vessels, used a fatigue evaluation method that is
based on fatigue tests of polished bars. It uses design fatigue curves
in which the allowable design stress Sa is plotted against the number of
design cycles N. Stress indices were introduced in the 1963 Code for the
particular case of nozzles with cyclic pressure loading.

In 1969, ANSI B31.7, Nuclear Power Piping was published. It covered
Class 1, 2, and 3 piping. For Class 1 piping, B31.7 adopted a fatigue

*E., C. Rodabaugh Associates, Inc., Pilliard, Ohio.

tIn 1955, B31.1 covered all industrial piping. Later, it was split
into American National Standards Institute (ANSI) B31.1, Power Piping;
ANSI B31.3, Chemical Plant and Petroleum Refinery Piping; ANSI B31.4,
Refrigeration Piping; and ANSI B31.8, Gas Transmission and Distribution
Piping.



analysis method analogous to that used in the Nuclear Vessel Code. The
concept of "stress indices" was expanded to cover pressure, moment, and
thermal gradient loads for commonly used piping compomnents. For Class 2
and 3 piping, ANSI B31.7 continuned to use the fatigue evaluation method
originally introduced in ASA B31.1 in 1955,

In 1971, Sect. III of the ASME Code was expanded to include vessels,
pumps, valves, and piping; the title was changed from Nuclear Vessels to
Nuclear Power Plant Componente. With respect to the fatigue evaluation
methods for piping, Sect. III adopted, with one difference, the rules
contained in ANSI B31.7-1969. The difference concerns the adjustment for
stresses that exceed 3Sm (conceptually, exceed the shakedown limit). This
adjustment, as will become apparent in this report, is highly significant
in correlations between Class 1 and Class 2 or 3 piping fatigue evaluation
methods. The method used in ANSI B31.7 is described in Appendix A, along
with a background discussion of the equivalent K factor introduced in
Sect. III-1971 and currently used. €

The present (1982) status of fatigue evaluation methods used in
Sect. III can be briefly summarized as follows:

Class components Fatigue evaluation basis
Class 1 vessels, pumps, valves, Design fatigue curves derived
and piping from polished bar fatigue test

data, with Ke adjustment

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

Class 2 and 3 piping Piping component fatigue tests,
using stress intensification
factors, moment loading only

The objective of this report is to show how the fatigue evaluation
method for Class 1 piping correlates with that for Class 2 or 3 piping.
The methods for Class 2 and 3 piping are identical. For brevity, we will
identify those methods as 'Code 2"; those for Class 1 piping are identi-
fied as "Code 1."

Chapters 2 and 3 of this report describe the fatigue evaluation
procedures for Code 1 and Code 2, respectively. Chapter 4 indicates the
correlations between Codes 1 and 2. These correlations are necessarily
limited to moment loadings, because Code 2 covers only moment loading.

Chapter 5 on high—cycle fatigue is treated separately, because it is
not apparent that either Code 1 or Code 2 adequately covers the fatigue
evaluation of accumulated cycles of 107 or more. Chapter 6 discusses a
difference between Codes 1 and 2 that is applicable only to tees. Chapter
7 contains an exploratory discussion of the possibility of extending Code
2 fatigue evaluation to cover (or more explicitly cover) loadings other
than moments.

*A fatigue evaluation may be required for vessels designed to the
alternative rules of NC-3200 (equivalent to ASME Boiler and Pressure Ves—
sel Code, Sect. VIII, Div. 2).



Chapter 8 summarizes the observations contained in Chaps. 2—7. The
report is intended to be informative and may provide a basis for future
Code changes. However, no recommendations for such changes are included
herein.

In reading the subsequent sections of this report, the expert on
fatigue evaluation methods will recognize that, in both Code 1 and 2
methods, many simplifying approximations are involved. For example, use
of the linear cumulative damage hypothesis can be inaccurate for certain
sequences of loading. However, in addition to and perhaps justifying the
simplifying approximations, the operating history of the piping systems
must be postulated. Because the operating history extends 20 to 40 years
into the future, its postulated details are deemed to be the most uncer-
tain aspect of the fatigue evaluation method. The fatigue evaluation
methods are based on test data in an enviromment like dry air. Environ-
mental effects, such as corrosion or stress-corrosion—-cracking, are not
covered or, at best, are omnly partially covered by factors of safety on
the test data.



2. CODE 1 BASIS

The Code 1 fatigue evaluation method* involves the calculation of the
primary-plus—-secondary stress range Sn by the equation:

PD M

o o0 i
+ —
n 1 2t Cz A

+ - »
CzEabluaTa abTbI (1)

and the peak stress range by the equation:

PD
oo

=

. 1

S = K,C,

o + K,C = K,EalaT,|

1
2t 227 Y aa =)

+KCE . leT —aT/ | + EalAaT | . (2)
3 3 ab a a b 2

b 1—v

If Sn < 3Sm (conceptually, ZSy, the shakedown limit), S is divided by 2

to convert from stress range to stress amplitude. The Code 1 design fa—
tigue curves (Figs. I-9.1, I-9.2, or I-9.3, depending upon the material)
are entered with S_/2, and design cycles N are read from the curves. If

the anticipated number of cumulative fatigue cycles in operation is less
than N, then the piping product (e.g., girth butt weld, elbow) is deemed
to be acceptable.

If S > 3S , the strain range corresponding to the elastic-based
calculatidn of Stress range may be too low. With primary—plus—secondary
stresses that exceed 2S , shakedown to elastic response may not occur and

plastic strains, in addition to the calculated elastic strains, may occur
during each cycle. To provide a simple way to deal with this condition,
Code 1 (NB-3228.3) permits the use of a simplified elastic-plastic analy-
sis that involves multiplying Sp by Ke’ where Ke is given by

1 —n Sn
Ke =1 + o — 1) 3Sm —-1] ; for SSm < Sn < 3mSn , (3)
K =1/n for S > 3mS .
e n m

*Code 1 permits the use of the more general rules given in NB-3200;
this report is restricted to the rules given in NB-3650, "Analysis of
Pipirg Products."”



Values of m and n are

Material m n

Carbon steel 3.0 0.2
Low—alloy steel and martensitic stainless steel 2.0 0.2

Austenitic stainless steel, nickel-chrome—iron, 1.7 0.3
and nickel-copper

Tagart has prepared a descriptiont of the basis of Eq. (3), which is
included herein as Appendix A.

Code 1 Figs. I-9.1, I-9.2, and I-9.3 are based on strain-controlled,
zero mean strain, fatigue tests of polished bars. The design fatigue
curves were derived from the failure curves by incorporating a factor of
safety of 2 on stress or 20 on cycles, whichever is more conservative.
(The 20 on cycles controls at low cycles, the 2 on stress controls at
high cycles.) An adjustment for the effect of mean stress is included
in Fig. I-9.1 for ultimate tensile stremgth (UTS) { 80 ksi. Appendix B
contains a detailed discussion of Figs. I-9.1 and I-9.2,

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

- 3o @
~ N, L '
i i
where
n, = number of cycles with amplitude Si'
N =

allowable number of cycles from Code 1 Fig. I-9.0 for Si'

Each type of stress cycle with amplitude S must be identified from the
postulated operating history of the piping system. There are usually ten
or more of such identifiable cycles, each occurring n, times., The total
number of types of cycles is j. 1



3. CODE 2 BASIS

The Code 2 fatigue evaluation method involves the calculation of the
stress range SE by the equation

SE = 1Mc/Z . (5)

If S satisfies the equation

E

SE £ f[1.25(Sh + Sc) - Ss] ’ (6)

and Ss < Sh’ the piping component is deemed to be acceptable from a
fatigue evaluation standpoint.

The Code 2 method is based on the results of moment—loading fatigue
tests given by Markl,® Markl and George,? and Markl.3? The test arrange-
ment for various piping products is indicated in Fig. 1. Test assemblies
were mounted in the fatigue test machine and subjected to a preliminary
load—-deflection calibration. The assemblies were filled with water to

ORNL-~DWG 83—-4595 ETD
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PLAIN PIPE PIPE BEND
FLANGED JOINT (fillet weld) MITER
CONCENTRIC REDUCER TEE, MOMENT THROUGH BRANCH

TEE, MOMENT THROUGH RUN

MARKL/GEORGE CORRELATION EQUATION:

iM/Z = 490,000 N, 02

i STRESS INTENSIFICATION FACTOR, i=1.0 FOR TYPICAL GIRTH BUTT WELD

M MOMENT RANGE, ELASTICALLY CALCULATED FROM TEST LOAD VS
DISPLACEMENT CALIBRATION

Z SECTION MODULUS OF PIPE

CYCLES—TO-FAILURE, THROUGH WALL CRACK

Fig. 1. Displacement—controlled, completely reversed cyclic moment
tests on 4—in, nominal size, SA106 Grade B piping products at room tem—
perature. Source: Refs. 1-3.



provide a ready means for detecting failure and were then flexed cycli-
cally (completely reversed displacements) through a predetermined dis-
placement until a leak that indicated a crack through the wall developed.

The results were reported as points on Sf vs Nf plots. Nf is the

number of cycles to failure (crack through the wall). The corresponding
nominal stress was computed by the ordinary beam formula, S, = WL/Z. The
load range W was taken from the load-deflection calibration, or for loads
causing plastic deformation, from straight—-line extrapolation of the elas—
tic portion of the load—deflection calibration. The lever arm L was mea—
sured from the point of load application to the point of initial failure.

The test method is consistent with an elastic analysis of a piping
system, even though calculated stresses may be above the material yield
strength and some plastic deformation may occur. Accordingly, an adjust-
ment analogous to the K wused in Code 1 is not needed.

All tests were run on 4-in. nominal size piping compoments at room
temperature. The material used to make the test specimens was American
Society of Testing Materials (ASTM) A106 Grade B. The tensile strengths
ranged from 62,400 to 86,300 psi; yield strengths ranged from 38,900 to
56,200 psi; and elongation for 2—-in. gage section ranged from 32 to 55%.
All welding was done manually using Fleetweld No. 5 electrodes. Most
specimens were tested "as welded.” A few girth butt weld specimens were
stress relieved after welding and before testing with no detectable dif-
ferences in the test results,

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

. _ -b
lsf - aNf F (7)

where a and b are constants developed from the test data. Results of
tests for girth butt welds are shown in Fig., 2, in which Sf and Nf are
plotted on log scales. Equation (7) is shown in Fig. 2. It is a best
fit of the test data with b = 0,2, The value of b = 0.2 was selected
after evaluating test data for all types of piping products. Individual
test series gave values of b ranging from 0.1 to 0.3, but most values
were within 20% of 0.2, which represents a fair average. For girth butt
welds, the best fit value of a is 490,000. Accordingly, Eq. (7) for a
girth butt weld is

Sf = 490,000 Nf‘°" (psi, range) . (8)

Markl’s more general equation is

iS, = 490,000 N.~°-2 (psi, range) . (9)

where 1 = 1.0 for a girth butt weld and i is the fatigue~based stress
intensification factor for piping products other than girth butt welds.
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Fig. 2. Results of moment fatigue tests om girth butt welds.
Source: Ref. 3.

Equation (9) does not appear in Code 2. The basis for the criteria
contained in Code 2 was discussed by Markl.® His concept was that the
calculated stress range SE should be limited to

SE < 1.6(Sc + Sh) ’ (10)

where Sc is the allowable stress at the minimum temperature in the cycle
and Sh is the allowable stress at the maximum temperature in the cycle.

At that time (1955), the allowable stresses in the Power Piping Code were
limited to (5/8)S , where S_ is the material yield strength at operating

temperature. Accordingly, . (10) is conceptually equivalent to

SE < ZSya s (1)

where S a is the average of the hot and cold yield strengths. Users of

Code 1 will recognize that Eq. (11) is the equivalent of the shakedown
criteria implied by S < 3S . However, the equivalence is not that

straightforward, because SEmincludes peak stresses, whereas Sn does not.

Further, because the i's are referenced to the fatigue strength of a

typical girth butt weld, S, is not equal to either S or S (as discussed
Lo E n P

later, i = C,K,/2).

Equation (11) is an interesting step on the way to the Code 2 cri-
teria, Eq. (6). However, the writers of the piping code in 1955 were
faced with the broad problem of integrating room temperature test data
on the fatigue life of Al106 Grade B piping components into design guidance
for many materials and temperatures. How to limit sustained (noncyclic)
stresses, such as those caused by pressure and weight, was omne aspect.



Applicability of the design guidance at elevated temperatures, where sig-
nificant creep occurs, was a major concern. Eventually, after consider-
ation of several proposed criteria, the criteria indicated by Eq. (6)
were published in ASA B31.1-1955, Code for Pressure Piping.

Equations (6) and (9) are compared in Fig. 3. Noting that Eq. (9) is
for cycles to failure, a factor of safety is needed for design guidance.
Figure 3 includes a "design' line representing Eq. (9) with a factor of
safety of 2 on stress, analogous to the factor of safety of 2 on stress
used in Code 1. (The factor of 20 on cycles is also satisfied because
25 = 32,) The design equation is then

iSd = 245,000 N~°+2 (psi, range) . (12)

Assuming, as in Code 1, that fatigue at temperatures up to 650°F is
not significantly different from that at room temperature, then Fig. 3
indicates that even for Ss = 0, Eq. (6) for A106 Grade B material at

temperatures up to 650°F (Sc = Sh = 15,000 psi) has a factor of safety of

2 or greater up to ~400,000 cycles. 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 and 100,000 cycles. The factor of safety is high
at low cycles (e.g., 5.2 at 100 cycles). Comparisons between Eqs. (9) and
{12) for materials other than SA106 Grade B are discussed in Sects. 4.3
and 4.4,

ORNL-DWG 83-4597 ETD

500 — [ T ] I
EQ. (9}, CYCLES—-TO-FAILURE
_~EQ.(9), WITH FACTOR-OF -
— 100 SAFETY OF 2.0 ON STRESS
2
§ 50 f-
< )y Sg = S
N é/’ 4"‘“——L__1___1
?_— 10— EQ. (6), CODE 2 STRESS RANGE LIMITS
'y FOR A106 GRADE B UP TO 650°F
n 5L S¢ = Sp = 15 ksi PER B31.1 |
1 L 1 L L \
10 102 103 104 105 106

CYCLES
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10

Code 2, like Code 1, uses the linear cumulative damage hypothesis as
expressed by the equation given in NC-3611.2(e)(3):

N=N_+ r5(N) + r5(N) + ..... r5(N ) , (13)
E 11 2 2 n n
where
NE = pnumber of cycles at run temperature change ATE for
which the expansion stress SE has been calculated;
N, N, ... Nn = number of cycles for smaller temperature changes,
2 AT , AT , ... AT ;
1 2 n
T, r, «.. v =AT /AT, AT /AT_ ... AT /AT_.
1 2 n 1 E 2 E n E

The expoment of the r's, assuming SE is proportional to ATE, follows from

the exponent of N in Eq. (9). Note that Eq. (13) does not include cyclic
moments caused by other than restraint of free thermal expansion (e.g.,
cyclic moments caused by relief valve discharge). Equation (13) implies
that there is no endurance limit (stress below which fatigue damage does
not occur). This is deemed to be alright provided the N’'s are not greater
than 10¢ cycles. Equation (13), of course, does not explicitly cover
loadings such as pressure or thermal gradients (Sect. 7.4).

Equation (6) represents the fatigue evaluation introduced into the
piping code in 1955, The right—hand side of Eq. (6) includes the cal-

culated stress S_ that was defined as "... the sum of the longitudinal

stresses due to pressure, weight and other sustained loads." An equation
was given for calculating the longitudinal pressure stress: Ss = pd?/

(D2 — d2), where p = internal pressure, d = pipe ID, and D = pipe OD.
This equation is reasonably correct for straight and curved pipe; it is
not defined for reducing outlet tees. (Are the branch pipe or the runm
ripe dimensions to be used?) An appropriate method to be used in calcu-
lating the "longitudinal stresses due to weight and other sustained loads
was not given. Except for straight pipe, the longitudinal stress caused
by a moment loading is not given by M/Z., Indeed, for elbows subjected to
an in-plane bending moment, the maximum stress causing fatigue failure is
in the hoop direction. To quantify how to calculate Ss’ Code 2 now uses
the criteria equation:

PD /4T + 0.75iM,/Z + iM_/Z ¢ S, + f(1.258 + 0.25S)) , (14)
) A C h c h

where

P = design pressure,
resul tant moment caused by weight and other sustained loads,
range of resultant moment caused by thermal expansion.

o
>
]

B
[
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The intent was that Ss = PDOI4T + 0.75iMA/Z. With that equivalence,

Eqs. (6) and (14) are the same for f = 1.0. In most applicatiomns, f is
taken to be uwnity. The significance of S in a fatigue evaluation is dis—
cussed further in Sects. 4.6 and 4.7.
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4, CORRELATIONS* BEIWEEN CODES 1 AND 2

4.1 Relationship Between i and C,K,

Note under Eq. (9) that i is unity for a girth butt weld. The welds
tested by Markl were typical of industrial practice for welds in carbon
steel piping. The roots of the welds were not smooth, and the weld over-
lay on the outside surface was typically irregular and presumably included
minor undercutting. Such welds are not the equivalent of polished bars
that form the basis for Code 1 fatigue evaluation with the associated C,
and K, moment—loading stress indexes. Accordingly, to compare Code 2 and
Code 1 fatigue evaluations, a relationship between i and C,K, must be
established,

For elbows subjected to in—plane moment, the maximum principal stress
o is given by theory (for the elbow parameter h less than about one) as

2/3
o = (1.8/n " YM/Z . (15)

The validity of Eq. (15) has been confirmed by numerocus tests in which
strain gages were placed on elbows subjected to in—plane moment. The
i-factor for elbows, with i = 1.0 for a typical girth butt weld, is

. 2/3
i=0.9/n . (16)

The fatigue tests3® that led to Eq. (16) were in—plane moment tests. The
fatigue failure locations and directions agreed very well with the theo—
retical location and direction of the maximum principal stress. However,

2 ~
i is exactly onme—half of 1.8/h = C,. Because the failures occurred iz

the body of the elbows remote from welds, K, = 1.0 and

i=CK,/2 . (17)

Equation (17) is included in Code 2, NC-3673.2(b).

The elbow theory and fatigue tests provide the fundamental basis for
Eq. (17). BHBowever, other evidence exists to confirm its general validity
as discussed in the following.

If i = 1.0 for a typical girth butt weld and Eq. (17) is generally
applicable, then we would expect that i = 0.5 for fatigue tests run on a
straight pipe with polished surfaces, because C, = K, = 1.0. Such tests
are not available, but Markl?® included tests of "plain straight pipe."
The resulting i—factor was 0.64. Fatigue tests of a plain straight pipe,
with the fatigue machine used by Markl, poses a problem because almost

*Correlations are restricted to moment loadings, because Code 2
covers only moment loadings. See Chap. 7 for discussion of this aspect.
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any feasible way of anchoring the pipe to the test frame will introduce
a stress concentration., Markl solved the problem by using a tapered-wall
forging, with about a 1:10 taper going from 0.237-in. nominal wall to
~0.6-in., nominal wall anchored-end. The surface of the test section was
left "as-forged" to simulate a typical carbon steel pipe surface. Oth-
ers,®,7 using resonant bending testing in which the pipe is vibrated in
the "free—free' mode with the pipe supported at the node points, also
obtained i—factors for carbon steel pipe of about 0.65. Reference 7
also tested type 304 austenitic steel pipe and obtained an i—factor of
0.55, perhaps because of the better surface finish of austenitic steel
pipe.

Moment fatigue tests? % on girth butt welds with fusion root pass
and/or the weld overlay ground flush also gave i-factors less than one.

References 10—15 give results of tests on branch connections or tees
in which stresses caused by branch moment loads were measured with strain
gages, after which the branch connections or tees were subjected to branch-
loading cyclic moment fatigue tests. These tests also indicate that i =
C,K,/2 (more specifically, i = C K /2).

4.2 Comparison of Code 1 with Code 2 Basis,
SA106 Grade B up to 400°F

Having the relationship i = C,K,/2 and Ke as defined by Eq. (3),
comparisons can be made between Code 1 and Eq. (12). The Code 1 Sa vs N
curves can be adjusted for the Ke factor as described in the following
paragraph., We start with the equation

KS =28 (ranges) , (18)
e’ p a

where S is obtained from Code 1 Figs. I-9.1, I-9.2, or I-9.3 for the
given nimber of cycles N. For example, for N (design cycles) = 10, Sa =

580 ksi for carbon steels with UTS 80 ksi. Because Sp = Kzsn and with
Ke defined by Eq. (3), Eq. (18) becomes:

{1+ X(S /38 —1)IKS =28 ; for 38 S <38 , (19)
n " m 2'n a m n m m

where X = (1 — n)/[n(m — 1)]. Solving Eq. (19) for §, gives

/

7]
]

((X- 1)K + [(X-1)K + 8K s /38 177%3/(2xx /38 ) . (20)
2 2 2 a m 2 m

]
1]

2nS /K ; for S > 3mS , (21)
a2 n m
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and

S =28 /K ; for S < 38 . (22)
n a2 n m

After determining Sn by Eq. (20), the peak stress is

Sp = KzSn . (23)

Figure 4 shows the Code 1 Sa vs N curve, Code Fig. I-9.1, for UTS <

80 ksi. Also shown, as dashed lines, are the adjusted (for K ) curves
for a carbon steel with Sln = 20 ksi, m= 3, n= 0,2, X = 2,0, such as
SA106 Grade B at temperatures up to 400°F, An example of the development

of the dashed curves, for N = 10?, K, = 2.0, is:

1. At N = 103, Sa = 83 ksi (from Code Table 1-9.1).

2. Equation (20) with X = 2.0, K, = 2.0, and 3Sm = 60 ksi gives Sn =
[2+ (4 +32 x 83/60)°/°1/(8/60) = 67.1 ksi.

3. Because Sn > 3Sm' Eq. (20) applies; not Eq. (21) or (22).

4, Equation (23): S =2 x 67.1 = 134 ksi.

5. S is plotted at ﬁ = 103 to establish a point on the dashed line
13beled K, = 2.

This procedure is repeated to obtain other points on the dashed lines in

Fig. 4. The Ke adjustment stops to the right when Sn = SSm and there is a
portion of the dashed curves at the extreme left where Eq. (21) controls.
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SA106 Grade B up to 400°F, ©
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Equation (12), for Code 2, is a design cycles equation with a fac—
tor of safety of 2 on stress. However, because of the relationship of
Eq. (17), i = C,K,/2, the appropriate comparison is between 2iSd and Sp =
KS :

2 n

2iSd = 490,000 N-°-2 (psi, range) . (24)

Figure 4 includes Eq. (24). It is apparent in Fig. 4 that agreement

between 2iSd and S_ for K, = 2 is good up to ~20,000 cycles. K, =2 is

approximately that used for a girth butt weld. For K, = 1, Code 1 is more
conservative than Eq. (24). K, =1 is used for elbows; direct comparison
of elbow fatigue tests with Code 1 fatigue evaluation also indicates that
Code 1 is conservative as applied to carbon steel elbows.16,17

The high—-cycle end of Fig. 4 will be discussed in Chap. 5.

4.3 Other Ferritic Materials and Temperatures

Figure 4 constitutes the most significant correlation between Codes 2
and 1, because Markl's fatigue tests were run on piping components made of
SA106 Grade B carbon steel at room temperature and because Code 1 design
fatigue curves in Fig. I-9.1 for UTS £ 80 ksi, as discussed in Appendix B,
are based on tests at room temperature of materials like SA106 Grade B.

Table 1 shows correlations between Codes 2 and 1 in the form of ra—
tios of design fatigue stresses to Eq. (24). For Code 2, Eq. (24) is mul-
tiplied by (Sc + Sh)mt/(sc + Sh)r’ where the subscript "mt" indicates the

mt
values of Sc and Sh for the indicated material and temperature; subscript
"r'" indicates the reference SA106 Grade B at 100°F (§_= §, = 15 ksi).

Code 1 basic design fatigue curves group materials (e.g., SA106
Grades A, B, and C) do not depend on temperature.* However, the design
fatigue stresses are material and temperature dependent when the K fac-—
tor is involved, because K is a function of S , which is material and
temperature dependent. n

Table 1 ratios are numerical analogs of eight graphs like Fig. 4. We
previously noted that Fig. 4 showed that the agreement between Eq. (24)
and S_ for K, = 2.0 for A106 Grade B carbon steel was good up to ~20,000
cycleg. In Table 1 the ratios are shown: 0.96, 0.97, 1.09, and 0.98 for
N = 10, 102, 103, and 104, respectively.

Code 2 ratios are independent of cycles N whereas the Code 1 ratios
depend upon N. For small N, Ke may be equal to 1/n, in which case the
ratios are independent of S and thus independent of the material (within
the group) and temperature.m For large N, Ke = 1,0, in which case the

ratios are also independent of Sm and thus independent of the material
(within the group) and temperature. Within the range between Ke = 1/n and

#Provided E used in calculating the stresses is the same as those
shown in Code 1 Fig., I-9.0.
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Table 1. Ratiosa of design fatigune stresses to Eq. (24) for ferritic materials

Temperature Temperature
NP . 100°F 700°F
(s) Basis
SA672- SA672-
SALO6A  SAL06B  SAL06C "y 0" SALOSA  SALO6B  SAL06C I o
10 Code 2 0.80,  1.00 1.17  1.67 0.79 0.98 1.14  1.67
(309)  Code 1, K, =1 0.75 0.75 0.75 0.64 0752 0.154 0.5 0.64
Code 1, K, =2 0.85 0.96 1.04 1.00 0.80 0.87 0.93 1.00
102 Code 2 0.80 1.00 1.17 1.67 0.79 0.98 1.14 1.67
(195) Code 1, K, =1  0.57 0.65 0.71 0.72 0.54 0.59 0.64 0.72
Code 1, K, =2 0.85 0.97 1.07 1.19 0.80 0.88 0.95 1.19
103 Code 2 0.80 1.00 1.17 1.67 0.79 0.98 1.14 1.67
(123) Code 1, K, =1 0.62 0.71 0.78 0.90 0.58 0.64 0.69 0.90
Code 1, K, = 2 0.95 1.09 1.20 1.308  0.89 0.98 1.06 1.30¢
104 Code 2 0.80 1.00 1.17 1.67 0.79 0.98 1.14 1.67
(77.7) Code 1, K, =1 0.73 0.84 0.93 1.07°  0.68 0.75 0.82 1.07°
Code 1, K, =2 0.98% 0.98% 0.98% 1.07° 0.98¢ 0.98¢  0.98¢  1,07°
10¢ Code 2 0.80 1.00 1.17 1.67 0.79 0.98 1.14  1.67
(49.0) Code 1, K, =1 0.82°  0.82° 0.82% 0.96° 0.82° 0.82¢ 0.82° 0.96¢
Code 1, K, =2 0.82° 0.82¢ 0.82° 0.96° 0.82¢ 0.82¢  0.82¢  0.96°
10¢ Code 2 0.80 1.00 1.17 1.67 0.79 0.98 1.14  1.67
(30.9) Code 1, K, =1 0.81° 0.81° 0.81° 1.09¢ 0.81° o0.81°¢ 0.81°  1.09°
Code 1, K, =2 0.81° 0.81°® 0.81° 1,09° 0.81° 0.81° 0.81 1.09
a . : —0 .2
Ratios to S = 21Sd = 490,000 N , Eq. (24),
bs = 490 N7O°%, ksi.
®Code 2, Eq. (24) x (S_ + S,), /(S + S;) . see text.
Code 1, S, by Eq. (23).
dIndicates that S > 3mS, K, = 1/n, and Sp =2nS,. S = fatigue design stress from
Code 1 Table I-9.1 for listed N, interpolated for SA672-J100.
®Indicates that S, < 35_, K, = 1.0, and s, = 28,.
K =1.0, Codes 2 and 1 give similar changes in design fatigue stresses as

aefunction of material and temperature.

SA672-J100 is a low—alloy steel, welded pipe material. It is seldom
used in nuclear power plant piping but was included to illustrate a poten—
tial hazard in the Code 2 fatigue evaluation procedure. SA672-J100 has a
specified minimum Su of 100 ksi, S of 83 ksi, Sc = Sh 25 ksi, and Sm =

33.3 ksi. Being listed as a low—alloy steel, m= 2, n= 0,2, and X = 4 as
contrasted to SA106 Grades A, B, and C for which m =3, n= 0.2, and X =
2. Values of Sa were obtained from Code Table I-9.1 by linear interpola-—

tion between values given for UTS ¢ 80 and UTS = 115—130 (& of 80 and 115
were used in the interpolation). u

It can be seen in Table 1 that Code 2 permits a fatigue design stress
for SA672-J100 that is 1.67 times that given by Eq. (24) for SA106 Grade B
at 100°F, In contrast, Code 1, for K, = 2.0 (e.g., a girth butt weld),
permits a fatigue design stress that is, for most N, about equal to that
for SA106 Grade B at 100°F, Unfortunately, no tests are available on
girth butt welds in SA672-J100 pipe. As mentioned previously, Markl'’s



17

tests were run on piping components made of materials with S ranging from
62.4 to 86.3 ksi, and S ranging from 38.9 to 56.2 ksi, Howéver, fatigue

failures in girth butt welds may be related to the properties of the weld
metal or heat—affected zone rather than the base metal. We would specu—
late that girth butt welds in SA672-J100 pipe would not be much better
than girth butt welds in SA106 Grade B, and in this particular respect,
Code 1 is probably more accurate than Code 2. Note, however, that ratios
in Table 1 are to the basic piping product fatigue curve, Eq.(24), and
that Code 2 allowable fatigue design stresses, as illustrated in Fig. 3,
contain a large margin for a low number of cycles.

A somewhat analogous situation exists in ANSI B31.3-1980, Chemical
Plant and Petroleum Refinery Piping, where changing the allowable stress
basis from a factor of 1/4 to 1/3 on S increased allowable design fatigue
stresses by a factor of 4/3 for some materials and temperatures (e.g.,
for A106 Grade B from 15 to 20 ksi for temperatures up to 400°F).

4.4 Austenitic Steels, Alloys 600 and 800

Available fatigue test data on piping components made of type 304
austenitic stainless steel and dimensional equivalent piping components
made of SA106 Grade B carbon steel are abstracted in Appendix C. These
data indicate that SA106 Grade B components are slightly stronger than
type 304 components. Accordingly, it is pertiment to continue compari—
sons with Eq. (24).

Figure 5 shows comparisons between Eq. (24), 2iSd = 490,000 N °°2%,

and Eq. (23), S = Kzsn' Figure 5 is for an austenitic steel with Sm =

20 ksi (e.g., SA312 type 304 at 100°F)., For austenitic steels (and alloys
600 and 800), m= 1.7, n= 0.3, and X = 3.333,
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Figure 5 indicates that fair agreement exists between Eq. (24) and
Sp for K, = 2.0 up to 103 cycles. However, for N > 104, Code 1 allowable

stresses 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 unconser—
vative for 304 material at 100°F, then Code 1 is unconservative. A simi—
lar relationship is apparent for K, = 1.0 for N greater than ~10% cycles.
Table 2, like Table 1, shows correlations between Code 2 and Code 1
in the form of ratios of design fatigue stresses to Eg. (24). We pre-
viously noted that Fig. 5 showed agreement between Eq. (24) and Sp for 304

at 100°F and K, = 2.0 up to 10% cycles. 1In Table 2 the ratios are shown:
1.26, 0.92, and 1.14 for N = 10, 102, and 102 cycles, respectively.

Jt is apparent in Table 2 that Code 2 also assigns higher allowable
fatigue design stresses to 304 than to SA106 Grade B, by a factor of 1.25.
This is contradictory to the test data on piping products shown in Appen—
dix C,

Table 2. Ratios® of design fatigue stresses to Eq. (24) for 304
austenitic stainless steels and alloys 600 and 800

Temperature Temperature
Nb e 100°F 800°F
(s) Basis
Alloy Alloy Alloy Alloy
304 304L 600 800 304 304L 600 800
10 Code 2 1.25 1.05 1.33 1.25 1.13 0.96 1.18 1.24

(309) Code 1, K, =1 1.260 1.269 1.262 1.263 1.264  1.264 1.26¢ 1.264
Code 1, K 1.269  1.262 1.269 1.269 1.26¢ 1.269 1.264

102 Code 2 1.25. 1,05 1.33_ 1.25_ 1.13_  0.96  1.18  1.24
(195) Code 1, K, =1 0.748  0.749 0.74% 0.749 0.749 0.749 0.749 0.749

Code 1, 0.82 0.92 0.92 0.77 0.74d 0.92 0.92

108 Code 2 1.25 1.05 1.33 1.25 1.13 0.96 1.18 1.24
(123) Code 1, K 1 0.71 0.63 0.71 0.71 0.59 0.54 0.71 0.71
Code 1, K 1.00 1.14 1.14 0.94 0.84 1.14 1.14

104 Code 2 1.25 1.05 1.33 1.25 1.13 0.96 1.18 1.24
{(77.7) Code 1, K 0.81 0.92 0.92 0.76 0.69 0.92 0.92
Code 1, K 2 1.52¢ 1.34 1.52¢  1.52¢ 1.25 1.11 1.52¢  1.52€

104 Code 2 1.25 1.05 1.33 1.25 1.13 0.9  1.18 1,24
(49.0) Code 1, K, =1 1,29 1.13  1.29  1.29  1.06 0.94  1.29 1,29
Code 1, K, 1.53¢  1.53° 1.53% 1.53¢ 1,53¢ 1,53¢ 1,53¢

10¢ Code 2 1.25  1.05 1.33 1.25 1.13  0.96 1.18  1.24
(30.9) Code 1, K, =1 1.68° 1.64 1.68° 1.68° 1.52 1,35 1.68° 1.68°
Code 1, K, =2 1.,68% 1.68¢ 1.68° 1.68° 1.68° 1.68° 1.68¢ 1.68°
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%Ratios to S = 2iS, = 490,000 N'°"?, Eq. (24).
bg - 490 N°*2, ksi.
®Code 2, Eq. (24) x (Sc + sh)mt/(sc + Sh)r' see text.
dCode 1, Sp by Eq. (23).
Indicates that S > 3mSm. K, = 1/n, and Sp = 2nSa. Sa = fatigue design stress
from Code 1 Table I-9.1 for listed N,

“Indicates that S, < 3S,, K, = 1.0, and S, = 25,.
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4.5 Temperature Effect, Piping Product Tests

As discussed in Appendix B, Code 1 design fatigue curves are depen—
dent on temperature through the dependence on modulus of elasticity E.
Code 1, NB-3222.4(e)(4), indicates that the calculated value of stress
ampl itude should be multiplied by E/E', where E’ is the modulus used in
the calculation and E is the modulus given on the design fatigue curve.
In Class 1 piping (NB-3672.5), the piping system analyses are based on
the hot modulus Eh, but calculations of expansion stresses are multiplied

by Ec/Eh' where Ec is the cold modulus. To the extent that E given on
the design fatigue curves is Ec, 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 x 106 psi, whereas the
value of E shown on the design fatigue curve is 26.0 x 106 psi.

References 18-20 include a few fatigue tests of girth butt welds and
elbows at room temperature and at 550°F, There is no apparent effect of a
temperature of 550°F with respect to room temperature tests. The ratios
of room temperature modulus to the 550°F modulus are about 1.1 for both
SA106 Grade B and type 304 stainless steel.

4,6 Mean Stresses

As discussed in Appendix B, Code 1 design fatigue curves include an
adjustment for the maximum effect of mean stress. The Ss term in Eq. (6)

might also be considered as a mean stress adjustment. However, if so con—
sidered, it would apply for all cycle stress levels and would be more se-—

vere than Code 1. For example, as indicated in Fig. 3, if SS = Sh (the

maximum permissible value of S ), the allowable design fatigue stresses
are reduced to 60% of those pe%mitted with § = 0.

In piping systems, each time there is asstart—up and shutdown, which
produces the (usually) major cycle of expansion stress range, the pres—
sure also cycles from zero to the operating pressure and back to zero
and there is also a cycle of thermal gradients. Noting that Ss includes

weight loading, and that at each start-up and shutdown cycle, the con-
tained fluid weight might change significantly, that portion of S might
also "cycle." Accordingly, S might be viewed as a crude allowanée for
cyclic loads other thanm cyclic moments. The role of S in a fatigue eval-
uation is discussed further in Chap. 7. s

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

Some moment piping product fatigue tests have been run with a con—
stant pressure inside the test specimen,®3,14,18-22 Ty these tests, in—
ternal pressures were approximately equal to the maximum design pressure.
The constant pressure produces a mear stress, although the maximum stress
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caused by pressure was usually significantly less than that caused by the
moment range, and the maximum pressure—stress location and direction does
not coincide with the maximum moment—stress location and direction. Ac-—
cordingly, the effect of mean stress caused by intermnal pressure would be
expected to be small, and indeed, the test data indicate no significant
difference between tests with and without internal pressure.

Reference 22 also includes tests on carbomn steel branch connections
in which simulated misalignment stresses of M/Z = 10, 15, 20, or 25 ksi
were imposed along with cyclic stress amplitudes of 3 to 5 ksi. These
were high—cycle fatigue tests (N_. between 5 x 10% snd 107), and mean
stresses were high compared with cyclic stresses. Nevertheless, there
was no significant difference between results with the lowest and highest
mean stress.

In summary, available test data on piping products do not indicate
that mean stresses are significant. In all cases the stress range was
the significant aspect in the piping product test fatigue failures.



21

5. HIGH-CYCLE FATIGUE

A significant number of fatigue failures (leaks) have occurred in
small-sized nuclear power plant piping. These have been related to vi-
bration of the piping where the number of accumulated cycles can be very
large in a relatively short period of calendar time. For example, at a
vibration frequency of 100 Hz, 3.2 x 10° cycles accumulate in 1 year.
Large numbers of accumulated cycles can be caused by turbulent mixing of
hot and cold fluids or by flow—induced structural vibration (e.g., in
steam generator tubes).

The conditions leading to high accumulated cycles are difficult to
anticipate and have not been included in routine evaluations of nuclear
power plant piping. However, if vibration is observed in preoperational
testing or in service, appropriate design fatigue stress limits are needed
to assess the significance of such vibratioms.

Code 1 design curves provide values for allowable stress amplitude
Sa for up to 106 cycles. NB-3222.4 and NB-3653.5 contain implications

that S at 106 cycles 1s a design endurance limit. Furthermore, the foot-
note to6 NB-3222.5 says, 'The endurance l1imit shall be taken as two times
the Sa value at 106 cycles in the applicable fatigue curve of Fig, I-9.0.
The factor of 2 here removes the safety factor in Fig. I-9.0.

Using Sa at 10¢ cycles as an endurance limit leads to a usage factor
U of zero for any stress amplitude less than S at 106, regardless of the
number of cycles. For example, if S_ were cal@ulated to be 50,000 psi in

a 304 stainless steel piping component, then U = 0 even for 10% cycles.
As discussed in Appendix B, a more defensible value of allowable design
stress amplitude S for 304 material at 10 cycles (Curve C) is 13,900
psi. By using S it 106 cycles = 26,000 psi as an endurance limit, the
factor of safetyaof 2 on stress might be fully used up and failure (leak)
would be about a 50% probability for this example with S = 50,000 psi,

N = 10° cycles, 304 material.

Code 2 allowable design stresses for N > 105 are given by Eq. (6)
with f = 0.5. Comparisons between Codes 1 and 2 (range basis) are shown
in Table 3. The last column of Table 3 shows our estimate of an appro-
priate value of the endurance limit S for an effectively infinite number
of cycles (N = 1011), where S is adJasted for the maximum effect of mean
stress and contains a factor Of safety of 2 on stress. For type 304
stainless steels, the estimate comes from Appendix B.* OQOur estimate of
S for ferritic steels is discussed in the following paragraphs.

Equation (9) is based on Markl’s test data that covered a range of
cycles from 10 to 106, Markl noted that his data on piping products,
other than plain straight pipe, gave mno evidence at all of trending to
an asymptotic value (endurance limit) within the range of cycles covered.
Fatigue test results on branch connections in Ref. 22 indicate that Eq.
(9) is valid up to 107 cycles, with some indication of an endurance limit

*The estimated value is the value at 10! cycles on the proposed
Curve C.
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Table 3. Comparisons of allowable design stress ranges at
high cycles and estimate of endurance limit S,

Allowable design

stress range Endurance
, Temperature (ksi) r?nge
Material estimate,
(°F) b
Code 1a Code 2 Se
(ksi)
S =0 Sg = Sy
SA106 Grade B €650 25.0 37.5 22.5 14
SA106 Grade A £650 25.0 30.0 18.0 14
SA106 Grade C £650 25.0 43 .8 26.2 14
SA672-J100 €650 40.0 62.5 37.5 14?7
SA312 type 304 100 52.0 47.0 28.2 27
800 52.0 42.5 27.3 27
SA312 type 304L 100 50.52 39.2 23.6 27
800 41.8 35.9 22.9 27

aValues of ZSa at 10¢ cycles. The factor of 2 converts amplitude
to range.

bValues of 2SE by Eq. (6). The factor of 2 incorporates the

relationship 2i = C,K, and the Code 2 f-factor for N > 100,000 is 0.5,

hence ZSE = 1,25 (Sc + Sh) - S,.

cKe adjustment is applicable.

around 10% cycles. At 108 cycles, Eq. (9) gives iSf = 12.3 ksi. Dividing

this by 2, to obtain a factor of safety of 2 on stress, and multiplying
by 2, to account for 2i = C,K,, leads to an estimate of Se (range) of
12.3 ksi.

High-cycle fatigue for austenitic steels is discussed in Appendix B.
One of the proposed curves (Curve A) is simply an extrapolation of the
present Code 1 using the equation (for E = 28.3 x 106 psi):

S, = 9159/VN + 47.35 . (25)

In this extrapolation, adjustment for mean stress was not considered
necessary, because Sa was presumed to be greater than the yield strength
of the material.

If we similarly extrapolate the present Code 1 curve of Fig. I-9.1
for UTS € 80 ksi and apply the adjustment for maximum effect of mean
stress (see Appendix B, Table B.1), them we obtain Sa = 7.43 ksi at 102
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cycles. This leads to an estimate of 8 (range) of 2 x 7.43 = 14.8 ksi vs
12.3 ksi by Eq. (9) at 10* cycles. €

Some additional guidance can be obtained from fatigue tests of butt-
welded joints in plates. Reference 23 contains a compilation of such
data. In particular, Fig. B6 of Ref. 23 covers butt welds (reinforcement
left on) in structural carbon steels, with failure points out to 2 x 10¢
cycles. The data, like Markl's, show no evidence of an endurance limit.

Expressed in the form Sf = aNf > the best-fit constants a and b give

Sf = 920 N}°°’7‘ ksi . (26)

Reference 23 data cover from 104 to 2 x 106 cycles; whereas Markl's data
cover from 2 x 103 to 4 x 105 cycles. In the region of overlap, Egqs. (9)
and (26) agree fairly well with each other even though a butt weld in
plate is not the same as a girth butt weld in pipe. Reference 23 data
are heavily weighted by results between Nf = 5 x 10% and Nf = 2 x 10¢,

For Nf = 107, it gives Sf = 10,8 ksi, which corresponds to Se = 10.8 ksi,
after dividing by 2 for the factor of safety and multiplying by 2 for
2i = C,K,.

Reference 24 gives data on fatigue properties for butt-welded joints
in SM50 B high tensile structural steel plates (Su = 82,7 ksi and §_ =

y
71 ksi). These data cover the range from Nf = 104 to Nf = 107, with a few

"runout" points at 2 x 107 cycles. These tests also give lower stresses
than Eq. (9) at 107 cycles [~14.5 ksi vs the Eq. (9) value of 19.5 ksil.
Reference 24 data suggest a value for Se of ~14.5 ksi.

References 23 and 24 tests were run in reversed tension; hence, they
include a mean stress effect., Markl's tests were reversed bending. Pos-—
sibly this mean stress effect is a major reason for lower fatigue failure
stress ranges at high cycles in Refs. 23 and 24 than obtained from Eq.
(9)‘

SA672-J100 is a high—strength, low—alloy ferritic steel with speci-
fied minimum S‘1 = 100 ksi and S = 83 ksi. Reference 25, in particular
Fig. 5 therein, indicates the variation in Sf at 2 x 106 cycles with UTS
for butt welds (reinforcement left on) in ferritic steel plates. The data
cover a range of Su from 55 to 150 ksi, There is, on the average, an in—
crease in Sf with Su of ~60% between Su of 55 and 100 ksi and possibly a
decrease in Sf with further increases in Su' However, the scatter of the
data at Su = 100 ksi is such that it might be imprudent to depend upon any
increase in Sf with Su. Reference 25 data indicate that, for 0 to tension
loading, 2 x 106 cycles, Sf is not less than 17 ksi for all UTS values
covered. When divided by 2, for a factor of safety, and multiplied by 2
for 2i = C,K,, the value of ZSd at 2 x 106 cycles is 17 ksi. Our estimate
that S = 14 ksi, in relation to Ref. 25 data, implies a reduction in fa-
tigue gtrength by a factor of 14/17 = 0.82 between 2 x 106 and 1011 cy-
cles. In view of Ref. 25 data, we have shown Se for SA672-J100 in Table 3
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as 14 ksi, with a question mark to indicate that Code 1, Fig. 1-9.1 indi-
cates that high-strength steel is 20/12.5 = 1.6 times as strong as low-
strength steels at 10¢ cycles.

The relative values of S in Table 3 for ferritic and 304 austenitic
steels is worthy of comment ifi view of Appendix C, which indicates that
girth butt welds in carbon steel pipe are at least as good as girth butt
welds in type 304 stainless pipe. Unfortunately, the data in Appendix C
are for relatively low—cycle and do not resolve the S question., Refer—
ence 7 gives results of resonance bending tests on pipe and girth butt
welds in the pipe. These results indicate that girth butt welds in type
304 stainless steel pipe are slightly (10 to 20%) stronger than girth butt
welds in carbon steel pipe, contrary to the data in Appendix C, but not by
the factor of 27.2/14 = 1.94 indicated by the ratios of S in Table 3.

It is apparent from the preceding discussion that cohsiderable un-
certainty exists concerning an appropriate value for the endurance range
limit § for evaluation of high—cycle fatigue of piping components. How—
ever, to the extent that the Se estimates are valid, Table 3 indicates

that (1) Code 1, using ZSa at 106 cycles for Se' is unconservative; and

(2) Code 2 is unconservative for ferritic materials and also for austen-
itic materials if Ss is taken as zero.
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6. TEES*

In addition to the differences between Codes 1 and 2 fatigue evalua-
tion methods discussed in the preceding, there is a difference in the way
stresses are calculated for tees. In Code 1 analysis, the stress range
caused by a set of moment ranges as defined in Fig, 6 is calculated by:

Sx = bicszb/Zb + Kzrcerr/Zr ¢ (27)

*The term "Tees" used here includes fabricated branch connections
and ANSI B16.9 manufactured tees.
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In Code 2 analysis,

S = maximum of i(t/T) M /Z , iM /Z , iM /Z . (28)
a b rLa r r2 r

Equations (27) and (28) should not give the same calculated stresses,
but from the standpoint of fatigue evaluation, they should give equiva—
lent results. That equivalence, on an individual moment basis, is ex—
pressed by 2i = C,K,. As will become apparent in the following para-
graphs, this equivalence does not exist for some moment combibations.
The definition of M (Fig. 6) is such that M may be zero for one

set of moments in the same direction (e.g., Mo' M:r1' and Mtr ) but non-
2
zero for another set of moments in the same direction (e.g., M,, M,

ira’
and Mirz)' Accordingly, to make comparisons between Codes 1 and 2, it
is necessary to examine the three sets of moments in the same direction,
These three sets of moments are identified as M1’ M,, and M,, where M,
and M, are the moments on the run, and M, is the moment on the branch.
Equations (27) and (28) can be expressed as:

7]
It

QlMm l/z, + aM/z , (29)
ip b s b rr r

and

S
2p

maximum of lemal/zb. ermll/zr, or erlelzr , (30)

where Q = K bC b °F 2it/T, Qr = Kerzr or 2i. A letter "p'" has been

added to the subscripts of S, and S, to emphasize that the stresses ob-
tained by Egs. (29) and (30) are omly part of S, and S,; the other two
sets of same—direction moments must also be evaluated.

If the signs of M, and M, are the same, then Mr = 0 and Eq. (29)

gives S =Q IM |/Z . To show that Code 2 S is the same as S , we
ip b s b 2p ip

first note that, from static equilibrium, M3 = —(M, + M,); hence, |M3| 2
|Mz| and |M,| 2 |M1|. We then introduce the parameter Z':
=20 /(2Q) . (31)
and note that Z' { 1.0, because Zb < Z and Q < Qb' If Z' < 1, then
IM |/Zb and Q lM |/Z will be less than Q |M |/Z and Eq. (30) will
g1ve S QbIM |/Z = S . Accordingly, the nonequivalence between
Codes 1 and 2 occurs onZy if the signs of M, and M, are different.
For M, and M, with different signs, we take IM | pa |M |l. Then M =
IM, | and IM | = IM + M,|. Equation (30) becomes: r
S = maximum of Q IM |/Z_ or @ IM |/Z_ . (32)
2p b 3 b T 2 T
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The ratio of Slp/Szp can then be calculated by:

S /S = lesser of (A— M')/Aor A— M . (33)
1p 2D

If M = M,/M,, then M’ is negative and varies between 0 and —1, and
A= (M + 1)/Z' .
For any M' between 0 and —1, there is a maximum in s1p/Szp given by

(s /s ) =1—M atZ' =1+ M . (34)
1p 2p max

Noting that M' approaches —1 as Z' — 0 for a small branch in a large runm,
Eq. (34) indicates that the nonequivalence between Codes 1 and 2 can be
as much as a factor of 2 with Code 1 always being more conservative than
Code 2.

Which is more accurate, Code 1 or Code 2? 1In a physical sense, Code
1 implies that the stress caused by M,, reacted by either M, or M,, adds
to the stress caused by M, reacted by M,. This is probably too conser-
vative; it implies that the maximum stress caused by the two sources are
at the same point and in the same direction. Code 2, on the other hand,
implies that the stresses caused by the two sources do not add to each
other at all,

The preceding discussion, in which it was shown that Code 1 might be
more conservative than Code 2 by as much as a factor of 2, was based on
the equivalences Q = 2i(t/T) and Q K C = 2i, However,
this equivalence does nog &Xist for run moments on Ttibricated tees. The
difference is illustrated by the following example.

Consider a 24—in.—0D by 0.375-in. nominal wall run pipe with a
1.315~in.-OD by 0.133-in. nominal wall drain connection. There are no
moments on the drain; hence, S2 will be controlled by iMr1/Zr = iMrz/Zr'

2/3
The value of i is 0.9 (R/T) * 8.98. For Code 1, because Mr1 and Mrz

have the same signs, S = C K M /Z =C K M /Z . The value of C
1 2r 21 2T 2r T2 b o 2r

4
is 1.15 [(R/T) (x/R) /(e/D 1" = 1. 67 the value of K is 1.75, giving
Kzrczr = 2,92, In this example, 2i is egual to 6. 15 C K o hence, Code 2
is far more conservative than Code 1.
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7. CODE 2 COVERAGE OF LOADINGS OTHER THAN MOMENTS

As noted in Chap. 1 and several other places in the preceding text,
Code 2 covers only moment loading. However, as also noted in Chap. 1, no
fatigue analysis is required for Class 2 or 3 vessels, pumps, or valves,
and in this sense, Code 2 is more complete than required for other Class
2 or 3 components, Despite the preceding sentence, which might be taken
as indicating that Code 2 is sufficiently complete, in this chapter we
discuss the extent that the present rules cover cyclic pressure and ther-—
mal gradients and proceed with an exploratory discussion of how Code 2
might be extended to more explicitly cover loadings other than moment
loadings.

The significance of Ss in Eq. (6) was discussed in Sect. 4.6, where
it was concluded that Ss in a fatigue evaluation does not make much sense
as a mean stress. Rather, S appears to serve as an allowance for cyclic
loadings other than cyclic moments.

7.1 Allowance for Cyclic Pressure

The equation for Ss explicitly includes pressure loading in the form
Ssp = pd2/(D2 — d2), where p = internal pressure, d = pipe ID, and D =
pipe OD. Considering the crude approximations involved in its use, S
might well be calculated by the simpler form used in Eq. (14), Ss = SP

pD°/4T, where Do = outside diameter of pipe and T = nominal wall thick-
ness of pipe. However, the significant aspect here is that Ss includes

the axial stress caused by internal pressure in (capped) straight pipe.
As a bound, we will examine the question: Is Ss £ Sh sufficient to guard

against fatigue failure caused by cyclic pressure?

The most sensitive piping product to cyclic pressure is usually
branch connections or tees. Code 1 gives C, and K, stress indexes such
that the C,K, product is unlikely to exceed 6. This means that the maxi-
mum peak stress Sp is not likely to exceed 12 times pD°/4T. If Sh =15

ksi (SA106 Grade B up to 650°F) and p is such that pD°/4T = 7.5 ksi cor—

responding to the maximum allowable hoop stress of 15 ksi for pressure
design, then SP =12 x 7.5 = 90 ksi range. From Eq. (24), it can be seen

that a peak stress range of 90 ksi corresponds to an allowable N of ~5000
cycles. Accordingly, it appears the S = S, contains an allowance for
cyclic pressure loading of ~5000 cycleg from zero to the maximum permis—
sible design pressure and back to zero, If S includes significant
weight stresses and the weight (fluid contentS) is constant, then an ad-
ditional margin is provided for cyclic pressures.

For other material and temperatures, the allowance for cyclic pres—
sure would vary with the value of Sh; for example, for SA106 Grade C up

to 650°F, Sh = 17.5 ksi, Sp =6 x 17.5 = 105 ksi, and N [by Eq. (24)] is

(490/105)% = 2200 cycles from zero to the maximum design pressure and
back to zero.
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7.2 Allowance for Thermal Gradients

The equation for Ss does not include thermal gradients analogous to
the last three terms in Eq. (2). However, as indicated in Fig. 3, there
is a margin for thermal gradients up to N of about 7000, For example, at
N = 100 of both moment and pressure cycles, the margin between Eq. (24)
and the line identified as Ss = 0 is 490/100°°% — 1.,25(15 + 15) = 158

ksi. This margin, for example, would provide an allowance for the AT,
thermal gradient term of Eq. (2), occurring 100 times, of:

ATz = 158,000 x (0.7/180) = 614°F ,

where (1 — v) = 0.7 and Ea = 180 psi/°F. Of course, for larger numbers
of cycles (either of moment, pressure, and thermal gradients simulta-
neously or independently), the available margin for thermal gradients be-
comes smaller and essentially vanishes at and above 7000 cycles of moment
and/or pressure cycles.

7.3 Use of Eq. (2) for Combined Loadings

This section, and the following Sect. 7.4, contains an exploratory
discussion of how Code 2 fatigue evaluation could be improved in com—
pleteness and consistency. Firm recommendations would require further
study of such aspects as the difference between Codes 1 and 2 in the
evaluation of tees, appropriate values of S , and the validity of assump-
tions involved in the following discussion.®

Code 2 fatigue evaluation could be improved in completeness and con-
sistency by (1) calculating SF by Eq. (2) and (2) limiting SE by Eq. (24).

This, in effect, assumes that the relatiomship 2i = C,K, is more gener—
ally valid (i.e., 2i = C,K, = C,K, = C,K,). The advantages of this ap-
proach, as compared with a Code 1 fatigue evaluation, are that there is
no need to calculate Sn separately and the Ke adjustment is not needed.

There are test data on piping products that could be used to examine
the validity of 2i = C,K, for pressure loading. However, test data onmn
piping products are not available for examining the validity of 2i = C,K,
for thermal gradient loading. Also, no test data on piping products are
available in which there were combinations of cyclic moments, pressure,
or thermal gradients.

Equation (2) involves the implied assumption that maximum stresses
caused by pressure, moments, and thermal gradients occur at the same loca-
tion in a piping product, and in a direction so that they add to each
other to form the total stress. In Sects. 7.1 and 7.2, that tacit as—
sumption was also made..

In the case of combined pressure and moment loading on branch con-
nections or tees, usually the stress caused by pressure is relatively low
at the location of maximum stress caused by moment; and vice versa. Ac-—
cordingly, the assumption of stress coincidence may contain significant
conservatism. However, in the case of a girth butt weld in straight
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pipe, the axial stress adds directly to the moment stress. Similarly,
thermal gradient stresses may or may not be coincident with locations of
maximum stresses caused by pressure and/or moment.

7.4 Code 2 Cumulative Usage Equation

The Code 2 cumulative damage rule is discussed at the end of Chap. 3
[see Eq. (13)]. If Code 2 were changed along the lines suggested in
Sect. 7.3, a corresponding cumulative damage rule could be

i=k
- 5
N=N_+ ; (5,/5)° N, , (35)

where

N = total number of anticipated cycles in operation, which
determines the value of the stress range reduction factor
f in Eq. (6);

Nr = number of anticipated cycles of an arbitrarily selected
particular load cycle with a calculated stress range Sr;
N. = number of anticipated cycles with the stress range Si'

1

If Sr or Si is less than twice Se, then Nr or Ni may be taken as zero.
For fatigue evaluation acceptability, Eq. (36) must be satisfied:

N < (490/sr)’, with S_ in ksi . (36)

Values of S would have to be included in Code 2. S§ and S, would
be calculated byeEq. (2). r :

The following example illustrates the procedure. Assume S = 14
ksi, Sr = 50 ksi, Nr = 200, and the following values for Si andeNi:

Cyele o N,
type i i
1 130 100
2 90 400
3 40 6000
4 13 10°

For this example,

200 + (130/50)° x 100 + (90/50)° x 400 + (40/50)°
x 6000 + (13/50)° x 0,

N

200 + 11881 + 7558 + 1966 + 0 = 21605,

2z
]
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From Eq. (36), (490/50)% = 90390, and because 21605 ¢ 90390, the particu-
lar piping product involved in this example would be acceptable from a
fatigue evaluation standpoint.

7.5 Primary Stress Protection, High Temperatures

Throughout this report, and particularly in Sects. 7.3 and 7.4, the
focus has been on fatigue evaluations. Note that Code 2, NC/ND-3640,
contains rules for pressure design and nothing in this report is intended
to suggest any changes in NC/ND-3640. Code 2 (Winter 1981 Addenda) Egs.
(8) and (9) function to avoid gross plastic deformations under combined
pressure and moment loads, using the B, and B, indexes. No change in
these Code 2 equations is intended by this report. Indeed, with the po-—
tential changes discussed in 7.3, Code 2 Egqs. (8) and (9) become even
more significant and may often be the controlling factor rather than the
fatigue evaluation.

Industrial piping codes (e.g., ANSI B31.,1 and B31.3) cover tempera-—
tures higher than 700°F for ferritic steels and 800°F for austenitic
steels and other high alloys. The suggestion in Sect. 7.3 involves the
implicit assumption that Eq. (24) is valid for all materials and tempera-—
tures up to 700 or 800°F for stresses down to Se. This assumption is not
valid for higher temperatures, hence industrial piping codes should not
follow the suggestion in Sect. 7.3 for all of their temperatures. Also,
industrial piping codes would have to make sure they have adequate pro—
tection against gross plastic deformations equivalent to Code 2 Egs. (8)
and (9).
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8. SUMMARY

8.1 Chapters 2—4, Fatigue Evaluation up to 10¢ Cycles

Considering the entirely different approaches used in Codes 1 and 2,
the agreement between the two approaches is gratifyingly good. The K
factor is mainly responsible for this relatively good agreement. HowS
ever, Code 2 appears to be potentially unconservative for high-strength
materials like SA672~J100. Code 1 appears to be potentially unconserva—
tive for type 304 material for M ) 104, K, = 2, and for N > 1035, K, = 1,

2

8.2 Chapter 5, High-Cycle Fatigue

Both Code 1 (using S at 10® cycles as an endurance limit amplitude)
and Code 2 (using S with®f = 0.5) appear to be potentially unconserva-—
tive for evaluation of accumulated cycles of about 107 or more. Table 3
shows our estimated value of Se (endurance limit range) for an effec—
tively infinite number of cycles.

8.3 Chapter 6, Tees

Stresses in tees are evaluated differently in Codes 1 and 2. Under
certain combinations of moments, Code 1 can be more comservative than
Code 2 by a factor of up to 2. However, for evaluating stresses caused
by run moments, Code 2 can be much more comnservative than Code 1.

8.4 Chapter 7, Loadings Other than Moments

Chapters 2—6 are concerned with correlations between fatigue evalua-
tion for moment loadings, because Code 2 explicitly covers only moment
loadings. It appears that Code 2 rules, as presently written, have a
substantial allowance for cyclic pressure and, for a low number of de-—
sign cycles (e.g., 100), a substantial allowance for thermal gradients.

In Sects, 7.3 and 7.4, exploratory comments and suggestions are
given concerning Code 2 modifications that would explicitly cover pres—
sure and thermal gradients as well as moments. The major additional work
involved in routine fatigue evaluations would consist of the determina-
tion of the thermal gradients, AT,, AT,, Ta' and T.. In Sect. 7.5, note
is made that this report is concerned with fatigue evaluation and that
Code rules for pressure design and Code equatioms for protection against
gross plastic deformation must be observed as well,
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Appendix A

BACKGROUND OF THE Ke FACTOR

The purpose of the SSm limit on the range of primary—plus—secondary
stress Sn is to ensure the validity of the S value used in the fatigue
evaluation. Conceptually, the limit is the Shakedown 1imit of 2S_ be-

cause Sm = (2/3)S_ and 3S = 28 . Actually, for most materials and tem—
peratures, the value of S is not (2/3)S ve’ where Syc is the Code—tabu-

lated or expected (at temperatures above room temperature) minimum yield
strength., Examples are (1) Sm for SA106 Grade B at 100°F = 20 ksi, S o

35 ksi, Sm = 0,57 S o and (2) Sm for SA312 type 304 at 500°F = 17.5 isi,

S =19.4 ksi, S 4 0.90 S .
yc m c

The shakedown criteria of Sn £ 28 are based on an idealized, elas-—
tic perfectly plastic material; most piping materials are not really

such idealized materials. Furthermore, Syc is a minimum; typical yield
strengths are about 20% higher than S c' Therefore, it is apparent that

the 3S limit is only a rough approxxiatxon of the shakedown limit,

Prxor to the start of work on Class 1 piping for ANSI B31.7, a sim—
ple procedure for fatigue evaluation when Sn > 3S did not exist, Writ-
ers of ANSI B31.7, at that time, noted that:

1. Stresses caused by a linear through—the-wall temperature gradient AT,
should be considered to be part of Sn. Indeed, in the Bree* shake-—

down evaluation, AT, is the source of bending stresses that, in com-
bination with a membrane stress (e.g., from pressure), can cause
cyclic plasticity or ratchetting.

2. Test data on piping products were available (e.g., Markl?) to clearly
show that, even for 8§ > 3S , the product could withstand a signifi-
cant number of cyclesnwithout failure. Equation (24) of the text as
applied to an elbow illustrates this. For an elbow, K, = 1; hence,
2iS_, is equivalent to Sn' With 2iSd S 6S = 180 ksi, Eq. (24)

d
gives N of 150 cycles; N_. = 32 x 150 4800 cycles.

f

Making AT, stresses part of S increased the frequency of Sn > 38
in designed piping systems. Recogn1t1on that, even if S > 3S , sig-
nificant fatigue cycles could be withstood motivated thendevelgpment and
acceptance of a "simplified elastic—plastic" evaluation procedure for
Sn > 3Sm'

ANSI B31.7-1969 for Sn > 3Sm required that:

S = C,M;/Z < 3Sy , (A.1)

where Mi was the resultant moment range caused by restraint of thermal
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expansion. If Eq. (A.1) was met, then:

salt = (1/2)[8p + A(Sp - Sn)](Sn/3Sm) s (A.2)

where salt was the calculated stress amplitude to be used to enter the

Code design fatigue curves. The value of A was obtained from ANSI B31.7
Fig. D-201, included here as Fig. A.1. The use of Eq. (A.2) was re—
stricted to <250 cycles of Sn > SSm. Tagart? discusses the development
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of Eq. (A.2) and the 250-cycle limit. The basis for Eq. (A.1) is more
nebulous; it came in large part from the desire to limit expansion
stresses to the same "ball park" as those permitted in industrial piping
codes,

Code Case 1441, "Waiving of 3S_Limit for Section III Construction,"
was published in 1970. It gave rules that are almost the same as those
now in Code 1 (see Chap. 2 of the text). Two exceptions were: (1) the
number of cycles with Sn > 3Sm was limited to 1000, (2) the value of n,

for austenitic stainless steels, was 0.5 rather than the present n = 0.3.

Table A.1 shows comparisons between Code Case 1441 (1970) and Code 1
(1980) for stainless steels; Case 1441 uses n = 0.5 rather than the pres—
ent n = 0,3, It can be seen that use of n = 0.5 gives very high allow-
able fatigue design stresses for low cycles; the n = 0.5 was soon (1971)
changed to its present value of 0.3.

Table A.2 shows comparisons between ANSI B31.7-1969 and Code 1.
Considering the order of accuracy involved, the method used in ANSI B31.7-
1969 for fatigue evaluation for S > 3S is equivalent to the K factor
used in Code 1, = " € |

Tagart*® has prepared a description of the basis for the Ké factor.
Because, to our knowledge, it has not been published and because ques—
tions regarding the basis for the Ke factor frequently arise, Tagart's
discussion is quoted in full in the following paragraphs. In addition

Table A.1. Comparisons of allowable values
of Sp (ksi), Code Case 1441 and Code 1

SA312 type 304 at 100°F

N K, =1 K; = 2

Case 1441 Code 1 Case 1441 Code 1

10 650% 390% 650% 390%
102 240% 144 240¢ 179
108 109° 87.1 155 140
104 80.0 71.6 1187 118?
10% 65.8 63.3 75.07 75.07
108 52.0° 52.0° 52.0° 52.07

aIndicates that S > 3mS , K = 1/n,
n m e

S = 2nS .
P a
Pipdicates that s <35, K_=1.0,
S =28 .
P a
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Table A.2. Comparisons of allowable values of S_(ksi),
ANSI B31.7-1969 and Code 1

SA106 Grade B at 100°F SA312 type 304 at 100°F

N Kz=1 K2=2 K2=1 K2=2

B31.7 Code 1 B31.7 Code 1 B31.7 Code 1 B31.7 Code 1

10 264 232% 288 296 279 390% 340 390%
102 157 127 181 190 170 1444 207 179
10° 99.8 87.0 121 134 114 87.1 139 140
104 €7.5 65.0 76.0°  76.0° 84.1 71.6 118P 118?

b b b b B b
108 40.0 40.0 40.0 40.0 67.1 63.3 75.0 75.0
106 25.02 2562  25.0°  25.0° 52.0°  s52.0” s2.00  s2.0P

aIndicates that S > 3mS , K =1/n, § = 2nS .
n m’ e P a

brndicates that S <3S, K =1.0, § = 2§ .
n m’ e p a

to the references cited by Tagart, Refs. 5 and 6 contain more extensive
and direct correlations between fatigue tests on piping products and the
Code 1 with Ke method of fatigue evaluation.

BASIS FOR PARAGRAPH NB 3228.3 OF
ASME SECTION III SIMPLIFIED ELASTIC-PLASTIC ANALYSIS*

The rules currently appearing in the ASME Section III
Code concerning simplified elastic—plastic analysis have their
origin in the development of detailed stress analysis for nu-
clear power piping components under the former USAS B31.7 Nu-
clear Power Piping Code. In the process of developing that
code, the frequently occurring large primary plus secondary
stresses which result in piping components gave need for a
simplified procedure to evaluate these effects. A detailed
procedure was implemented into the B31.7 code and referenced
by Paper 68-PVP-3, listed as Reference 1 [Ref. 3 of this Ap—
pendix). This development relied on tests of notched bar
specimens which measured the strain concentrating effect when
the 3Sm limit was exceeded. Although it was generally agreed

I.Ox'iginal text by S. W. Tagart.
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that the recommended procedures presented in this paper were
safe and conservative by those who reviewed them in detail,
further developments of simplified formulas occurred when the
piping code was combined into ASME Section III. Due to the
complexity of the elastic-plastic behavior, no simple formula
could be developed which would accurately represent everything
which goes on,

In simple terms, the strain concentration phenomena which
occurs is illustrated by Figure 1 [Fig. A.2 of this Appendix].
Here we see a plot of the peak strain concentration factor in
ecither a notched member or a member with some other type of
stress concentration. The peak strain concentration remains
constant from O to A where the material behavior is perfectly
elastic. At Point A, the strain concentration begins to ex—
ceed the elastic stress concentration, Kt’ and continues to

rise until some Point B is reached at which a maximum strain
concentration occurs.

If deflection is continued, the strain concentration be—
gins to drop off as shown by Point C. Langer, in Reference 2
[Ref. 7 of this Appendix], has estimated the generalized maxi-
mum strain concentration which can occur at a point such as B.
He illustrates that the strain concentration factor KE is ap—

proximately 1/n, where n is the strain hardening exponent of
the material. This maximum value of strain concentrationm is
the basis for the assumed shape of the correction factor
which appears in the Code. The specific Code formula shown
here as equation 1 which quantitatively expresses this strain
concentration, contains two material terms, n and m., The m
term was introduced into the formula in order to produce any

ORNL—DWG 83-4602 ETD
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Fig, A.2, Schematic illustration of peak—strain concentration in a
notched beam as a function of deflection, Source: Ref. 4.
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desired slope on the factor in region A of Figure 2 [Fig.
A.3 of this Appendix]. Thus, the form of equation 1 was se-—
lected in order to provide two features: 1) a maximum correc-—
tion for the strain concentration of 1/n and 2) any experi-
mentally observed slope of the KF correction in region A,

While the strain hardening exponent n is easily obtained for
the static case by measuring the uniform elongation at maximum
load during the tensile test, such values of n may not reflect
accurately the behavior which occurs in a fatigue situation.
Therefore, the values of n which appear in the code for this
procedure are only approximate values of the strain hardening
exponent as compared with those from a tensile test. There is
no straightforward method for measuring m without using the re-
sults of fatigue tests. The method which was used to estab-
lish the validity of the correction factor KE supplied by

equation 1 for specific m and n values was through comparison
with fatigue test results. Other methods are possible, but a
standard method has not been developed at the present time.
Numerous fatigue tests have been run and the results of these
tests have been published and have demonstrated that the cor—
rection predicted is conservative for use with the Code.
References 3 through 8 [Refs. 7—13 of this Appendix] il-
lustrate some of the sources of verifying the current elastic-
plastic design formulas, For example, Figure 15 of Reference
8 [Ref. 13 of this Appendix] shows a direct comparison between

ORNL-DWG 83-4603 ETD
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Fig. A.3. Schematic illustration of the variation of K as a
function of primary—plus—secondary stress. Source: Ref. 4.
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the strain concentration factors used in the Code and the val-
ues obtained from tests on type 304 stainless steel. In the
original concept of the elastic—plastic correction as pre-
sented in Reference 1 {Ref. 3 of this Appendix], a limit of
250 cycles is suggested below which no specific account was
required to assure that ratcheting would be negligible. The
current rules of ASME Section III have no such limitations;
however, it should be noted that in NB3223.3, Paragraph (a), a
range of primary plus secondary membrane bending stress inten-
sity excluding thermal bending stresses must always be less
than 3S .

Pa?agraph (d) requires that the through wall thermal
gradient effects meet the requirements of NB 3222.5 for ratch-
eting due to pressure and thermal effects. In addition, the
conservative values of the KE factor drastically reduces the
allowable fatigue life cycles. Satisfying these requirements
provides assurance that a negligible amount of ratcheting can
occur, therefore, no additional requirement for limiting cy—
cles due to ratcheting is necessary.
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Appendix B

BASIS OF CODE 1 FATIGUE DESIGN CURVES

Basic Test Data, Carbon and Low—Alloy Steels

Figure B.1 shows the basic data used to establish the design fatigue
curve in Code Fig. I-9.1, UTS 80 ksi. Figure B,1 consists of Figs. 9
and 10 of the Criteria.? The data in Fig. B.1 are from strain-controlled,
zero mean strain, fatigue tests of polished bars at (probably) room tem—
perature. An equation of the form

S = [E/(4\’N_f)] 1n [100/(100 — A)] + B (B.1)
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was fitted to the average of the test data by selection of A and B. The
percent reduction in area is sometimes used for A, but in gemeral, A is
simply a curve fitting parameter. The value of B is an endurance
strength, that is, a value of S below which fatigue failure will not oc-
cur in a polished bar in dry air or equivalent enviromment. The design
fatigue curve is obtained from Eq. (B.1) by: (1) applying an adjustment
for mean stress effect, and (2) applying a factor of safety of 2 on
stress or 20 on cycles, whichever gives the lower fatigue design stress.

Mean Stress Adjustment

Because of residual stresses at welds and other possible sources of
mean stress such as installation misalignment in piping, the Code has
taken the approach of adjusting the test results for the maximum possible
effect of mean stress. The adjustment procedure is described in the Cri-
teria.? The procedure is based on the Goodman diagram and the concept
that the sum of the mean stress and reversed stress amplitude cannot ex-—
ceed the yield strength of the material. The equivalent completely
reversed stress S' is obtained by:

§' = SI(S — 8. )/(s_—8)] , for S <SS ; (B.2)
u y u y

and

S =8, for S8 > Sy ; (B.3)
where

S’ = equivalent completely reversed stress amplitude,

S = reversed stress amplitude [Eq. (B.1)],

S = ultimate tensile strength of material,

S; = yield strength of material.

To make the adjustment indicated by Eq. (B.2), values of Su and Sy

must be selected. These are not necessarily the minimum specified
strengths, and a judgment must be made as to the appropriate values. The
Criteria does not identify the values of Su and S used to obtain the

adjustments (dashed lines in Fig. B.1), but working backward, it appears
that the following values were used.

Sy Sy

Carbon steels 80 ksi 40 ksi
Low—alloy steels 100 ksi 70 ksi

Having made the adjustment for mean stress, the design fatigue curve Sa
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vs N is obtained by applying the factor of safety of 2 on stress or 20
on cycles.

The procedure described in the preceding paragraphs is illustrated
in Table B.1. The value of the modulus of elasticity E was taken as 3 x
107 psi; this is the value shown in Code Fig. I-9.1. The value of E is
significant in that stresses are equal to Ee, where e is the controlled
strain. In principle, the value of E used in the analysis [e.g., to de-
termine Mi in Eq. (1) of the text] should be the same as E used to de-
velop the design fatigue curve, Alternatively, the design fatigue curves
can be modified by multiplying the stresses in the curve by E’/E, where
E' is the modulus used in the analysis. However, guite often the cycles
occur over a range of temperatures, and part of a piping system may be at
a different temperature than another part of the same system. Accord-
ingly, an approximation of ap appropriate E is often necessary. Fortu-
nately, the variation of E with temperature over the range of temperature
covered is relatively small and therefore is not a major source of uncer-
tainty in a fatigue analysis.

It may be observed in Table B.1 that the Code—tabulated values of
fatigue design stresses agree reasonably well with the average of the two
sets of S . The Criteria states, "A single design curve is used for car—
bon and lsw—alloy steel below 80,000 psi ultimate tensile strength be—
cause . . . the adjusted curves for these classes of material were nearly
identical."?

High—-Alloy Materials

The Criterial includes data for 18-8 stainless ‘steels with an
average—fit equation in the form of Eq. (B.1):

S = 8.4151 x 106/VN; + 43,500 , (B.4)

where E = 2.6 x 107 psi (the value shown on Fig. I-9.2). The correspon-
dence between the Criteria equation and Code—tabulated values is shown in
Table B.2. Because S at 10 cycles is 51,915 psi, which was assumed to
be greater than Sy' there is no mean stress correction in Code Fig. I-9.2.

As can be seen in Table B.2, the values of Sa derived from Eq. (B.4) are

in reasonable agreement with the Code—tabulated values.

Although the Criteria® gives data only for 18-8 stainless steels,
the Code in its first (1963) edition indicated that Fig. I-9.2 was ap—
plicable to nickel-chrome-iron alloys. The present (1980) Code indicates
that Fig. I-9.2 is applicable to austenitic stainless steels, nickel-
chrome—iron alloy (e.g., SB167 Alloy 600), nickel-iron—chrome alloy
(e.g., SB407 Alloy 800), and nickel-copper alloy (e.g., SB165 Alloy 400).
The basis for including the other-than—austenitic steels in Fig. I-9.2 is
not available.

About 1975, the need arose to extend the Code design fatigue curves
to higher than 106 cycles. Jaske and 0'Donnell? published the results of
their review of fatigue test data on 300 series austenitic steels, nickel-
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from completely reversed fatigue test data (stresses in ksi)

Jllustration of method of developing design fatigue curves

Carbon steel

Low—alloy steel

s s5,F s s¢ ¢ s, sf 5,2 coaef
10 2761 634 634 2296 543 543 580
20 1959 455 455 1635 395 395 410
50 1247 296 296 1048 264 264 275
100 888 215 215 752 198 198 205
200 634 159 159 543 151 151 155
500 409 108 108 358 110 110 105
1000 296 82.9 82.9 264 89.0 89.0 83
2000 215 65.0 65.0 198 74.2 4.2 64
5000 144 49.0 49.0 139 61.1 61.1 48
1 x 104 108  41.0 41.0 110 54.5 54,5, 38
2 x 104 82.9 35.3 35.3, 89.0  49.8 4457 31
5 x 104 60.4 30.3 30.2 70.4  45.6 35.2" 23
1 x 10¢ 49.0 27.8 24.52 61.1 43.5 47.1 23.52 20
2 x 105 41.0 26.0 20.5, 54.5 42,1 36.0 17.9" 16.5
5 x 10¢ 33,9 24,4 29.4 14.7 48.6 40.8 28.4 14.2  13.5
1 x 106 30.3  23.6 24.4 12.2hh 45.6 40.1 25.2 12.6" 12.5
1 x 107 24.4 22,3 17.5  8.77;
1 x 108 22,5 21.8 15.7  17.83
1 x 10° 21,9 21.7 15.1  7.55"
1x 1030 21,7 21.7 14.9  7.46,
1 x 1021 21.7 21.7 14.9  7.43

%Equation (B.1) with E= 3 x 107 psi, A = 68.5, B = 21,645 psi; S =
8,664/VN + 21.645 ksi.

bs

20

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

of 20 on cycles.
cEquation (B.2) with Su

d

S
a

eEquation (B.1) with E= 3 x 107 psi, A= 61.4, B = 38,500 psi; S

lesser of 8/2, S, ,, or §'/2.

7,139/YVN + 38.5 ksi.
quuation (B.2) with S“ = 100 ksi, Sy = 70 ksi.

ksi,

80 ksi,

= 40 ksi,
y

factor of safety

gValue of Sa tabulated in Code 1, Table I-9.1 for Fig. I-9.1, UTS < 80

h
Factor of safety of 2 on stress controls,
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Table B.2. Comparisons of fatigue design stresses for
18-8 austenitic stainless steels (stresses in ksi)

a b c d ¢ Proposed
N S S,0 S, Code Saa coapo®s

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 56.8 51.59 51

5 x 104 81.1 51.9 40.69 42.5

1 x 108 70.1 49.5 35.19 37.5

2 x 10% 62.3 47.7 31.29 33.0

5 x 105 55.4 46.2 27.79 28.5

1 x 106 51.9 45.4 26.09 26.0 28.39  28.3
2 x 106 26.99 26.9
5 x 106 25.79 25.7
1 x 107 25.19 25.1
2 x 107 24.79 24.7
5 x 107 24,39 24.3
1 x 108 24 .19 24.1
1 x 10° 23 .89 23.8
1 x 1010 23.719 23.7
1 x 1012 23.79 23.7

%Equation (B.1) with E= 2.6 x 107, A= 72.6, B =

43,500 psi; S = 8,415/YN + 43.5 ksi.
szo = stress for N = 20 times value shown; that is,
factor of safety of 20 on cycles.

csa lesser of S/2 or S,,.

dValue of Sa tabulated in Code Table I-9.1 for Fig.
I-9.2.

esaa is S_ adjusted for E = 2.83 x 107 psi.

f

Proposed curve A (see text).

gFactor of safety of 2 on stress controls.
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iron~chrome Alloy 800, nickel-chrome—iron Alloy 600, and nickel-chrome
Alloy 718. Onme data point at 10% cycles was included. The high-stress
data points were strain controlled; some of the low—stress data points
were load controlled. Tests were run at various temperatures up to
800°F. According to Langer,?® the Criteria data on 18-8 stainless steel
included tests at temperatures up to 660°F.

The Jaske and O’'Donnell paper gives separate curves in the form of
Eq. (B.1) for the 300 series stainless steels, Alloy 800, Alloy 600, and
Alloy 718. They found that the 300 series stainless steels, Alloy 800,
and Alloy 600 could be grouped together for the purpose of design guid-
ance. They then applied mean stress adjustment in the form of Eq. (B.2)
with S8 = 94 ksi and S = 44 ksi. They used E = 2.83 x 107 psi rather
than E%= 2.6 x 107 psiyas used in Code Fig. I-9.2. Numerical comparisons
for the three materials and the combined three materials are shown in
Table B.3.

For N 106 cycles (present Code coverage), it can be seen in Table
B.3 that the Jaske and O’'Donnell design fatigue stresses are generally
lower than the present Code (adjusted for E = 2.83 x 107 instead of E =
2.6 x 107). As an extreme example, for 300 series stainless steels at
N =2 x 105 cycles, the Code allowable stress is 1.39 times the Jaske and
O0'Donnell best—fit curve. However, considering the comnservatisms that
usually exist in estimating the operating history and in calculation of
stresses, this possible unconservatism is relatively small,

At present (July 1982), a proposed modification to Code Fig. I-9.2
is under consideration by the ASME Boiler and Pressure Vessel Committee.
This proposal® maintains the present Code curve for N { 10% cycles.

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

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

equation

S = (8415/\’13; + 43.5) x (2.83/2.60) .

Values are shown in Table B.2 on the two right columns for N > 106,

The B curve is faired—in between the present Code stress at N = 10§
and Jaske and O'Donnell "combined" curve, without any adjustment for mean
stress.

The C curve is faired-in between the present Code stress at N = 106
and the Jaske and O'Donnell "combined' curve, with adjustment for the
maximum effect of mean stress. A comparison is shown in Table B.3 on the
two right columns for N ) 106,

The question arises as to which of the three proposed curves is most
appropriate for piping evaluation in conjunction with Eqs. (1) and (2) of
the text. The question is not trivial because for N = 10%, the C curve
gives stresses that are ~60% of those from the A curve. Operational cy-
cles that add up to 10% or more do not come from the kinds of transients
normally considered in the evaluation of piping. However, when vibration
occurs, the number of cycles can easily add up to >108.

*The proposal includes the formalistic step of changing E from
2.6 x 107 to 2.83 x 107 psi; hence present Code-tabulated stresses for
Fig. I-9.2 would be multiplied by 2.83/2,60.
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for high—~alloy steels (stresses in ksi)

Jaske and O'Donnell design fatigue stresses

300 Series b e ) d
stainless Alloy 800 Alloy 600 Combined e
N Code
sf 9 sf g9 f g9 Ff g9
a a a a a a a a
10 647 644 774 674 708
20 486 466 559 486 512
50 319 309 368 319 345
100 235 230 272 236 261
200 175 174 204 176 201
500 122 124 143 124 148
1000 95.8 99.0 113 97.1 119
2000 77.0 81.3 91,2 78.3 96.9
5000 63.7 65.5 72.1 61.7 76.2
1 x 104 51.9 57.6, 62.4 53.3 64.2
2 x 104 45.9. 49.5, 55.6, 47.4, 55.5
5 x 104 38.5 38.4 42.8 36.8 46.3
h h h h
1 x 105 30.2, 32.8; 36.0, 30.8; 40.8
2 x 10% 25.9, 28.8, 31.2, 26.7, 35.9
5 x 105 22.2 25.3 26.9 22.9 31.0
1 x 10¢ 20.32 19.1 23.52 24.82 21.12 20.3  28.3
2 x 10¢ 19.0, 17.0 22.3, 23.3, 19.7, 18.1 22.8
5 x 108 17.8" 15,3 21.2" 20.5 21.9" 21.9 18.6" 16.3 18.4
1 x 107 17.22 14.5 20.62 19.5 21.22 20.6 18.02 15.5 16.4
2 x 107 16.8, 13.9 20.2, 18.9 20.8, 19.8 17.5, 14.9 15.2
5 x 107 16.4° 13.4 19.9" 18.3 20.3" 19.1 17.2" 14.4 14.3
1 x 108 16.22 13.2 19.72 18.0 20.12 18.7 17.02 14.1  14.1
1 x 10° 15.9h 12.8 19.4h 17.5 19.8h 18.1 16'7h 13.7 13.9
1 x 10%°  15.8, 12,7 19.3; 17.4 19.7; 18.0 16.6, 13.6 13.7
1 x 102* 15,8 12.7 19.3" 17.4 19.6  17.9 16.5" 13.6 13.6
“s = 9,081/VYN + 31.59 ksi.
bs = 8,557/VF + 38.50 ksi.
°s = 10,393/VN + 39.2 ksi.
45 = 9,058/VN + 33.05 ksi.
®From Table I-9.1 for Fig. I-9.2, multiplied by 28.3/26.0 for E
change. For N > 106, from proposed C curve.
fLesser of 8/2 or §,,.
9ndjusted for mean stress, Eq. (B.2) with S_= 94 ksi, 5, = 44 ksi.

h

Factor of safety of 2 on stress controls.
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Because Jaske and O'Donnell include considerable data in the range
of 10¢ to 103 cycles and use a more complete set of data than the origi-
nal Criteria, the use of the proposed A curve appears guestionable,

The choice between the B and C curves depends on whether mean stresses
will exist. Welds that are not annealed after welding will have yield-
strength levels of residual stress. Futhermore, because of installation
misalignments, it would be difficult to establish that any part of a pip-
ing system is free of mean stress '"as installed.' Accordingly, it appears
that the C curve should be used in piping system fatigue evaluation (e.g.,
for evaluation of preoperational testing).

Temperature Dependence

The Criterial! does not indicate what temperatures were involved in
the fatigue tests. However, Langer? indicates that tests at tempera—
tures up to 650°F were included for 18-8 stainless steels. Jaske and
O'Donnell? include tests at temperatures up to 800°F. They converted
strains to stresses by using the following room temperature moduli:

300 series stainless steels 28.3 x 106 psi
Alloy 800 27.6 x 10¢ psi
Alloy 600 31.7 x 10° psi

They used E = 2.83 x 107 psi in their combined curve. In principle, the
design fatigue curves are temperature dependent because E is temperature
dependent.

Jaske4 presents polished bar, fatigue test data on carbon steel
[American Iron and Steel Institute (AISI) 1010}, which suggest that fa-—
tigue strength increases slightly between 70 and 400°F, then decreases
between 400 and 700°F. However, considering the general order of accu-
racy involved in the fatigue evaluations, it appears appropriate to con—
sider design fatigue stresses for carbon steels to be independent of tem—
perature up to 700°F except as modified by E.
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Appendix C

COMPARISONS OF CARBON STEEL AND AUSTENITIC STAINLESS
STEEL PIPING PRODUCT MOMENT FATIGUE TESTS

References 1—3 give results of moment fatigue tests on piping prod—
ucts made of carbon steel and type 304 stainless steel. The tests were
similar to Markl’'s tests* in that displacements were controlled. All
tests were run on 6-in. nominal size products. Results of these tests
are summarized in Table C.1,

Table C.1 contains six sets of comparable results. Because the tests
were run at different nominal stress levels, they have been ''normalized"
by the use of Eq. (9) to obtain i—factors. The fatigue strength, of
course, is inversely proportional to the i—factors. The last column shows
average ratios, ic/is. If this ratio is <(1.00, it means that carbon steel
products were stronger than type 304 stainless steel products. It can
be seen in Table C.1 that ic/is is <1,00 for all six sets of data.

Table C.2 shows Code 1 carbon steel to stainless steel ratios of fa-
tigue design stresses and the ratios implied by the data in Table C.1. 1In
the region of 102 to 104 design cycles, the K factor adjusts the basic
ratios so as to be in better agreement with Tgble C.1. We have shown the
ratios from Table C.1 as applying to N = 10% and 104. Noting that Table
C.1 is related to failure cycles N., whereas Code 1 data are design cycles
N, the ratios from Table C.1 might more appropriately be taken as apply-—
ing to N = 102 and 103, Also, the Jaske and O'Donnell® base data for
stainless steel indicate carbon to stainless ratios closer to unity (see
Appendix B). However, the anomaly still exists: test data on piping
products indicate carbon steel is stronger than stainless steel, whereas
Code 1, even with the K adjustment, generally indicates the opposite.

While the preceding constitutes the main reason for including this
Appendix, the following is a more detailed discussion of Table C.1.

Girth Butt Welds

Markl’'s tests* were on '"typical' girth butt welds in 4.5-in.-0OD by
0.237-in.-wall pipe. Table C.1 tests were on girth butt welds in 6.625-
in.-OD pipe with 0.280-, 0.432-, or 0.718-in.~wall pipe. Details of the
welds are not available. That the i-factors are close to unity indicates
that Markl's i = 1.0 is rather broadly applicable.

Elbows

The Code 2 i-factor for 6.625-in.-0OD by 0.280-in.-wall by 6-in.-bend
radius elbows is

i=0.9(r2/tR)?/® = 0.9(3.1725%/0.280 x 6)2/° = 2.97 . (c.1)
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Table C.1. Comparisons of carbon steel with austenitic
stainless steel piping product cyclic moment fatigue
tests (data from Refs. 1—3)

d
a Test ., L C S e f Y
Product identi ty Material (kgi) Nf i 10/1s
40 Weld HW-1 C 58.2 35,740 1.03
HW-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 Weld HW-15 C 117 .6 3,209 0.83
5509F HW-14 C 97.3 7,278 0.95
HW-12 S 93.8 2,894 1.06
HW-11 S 64.2 14,858 1.12
HW-10 S 79.0 9,200 1.00 0.84
40 SR Elbow CCLS~-1 C 43 .6 1,176 2.73
p = 1050 psi CCLS-2 C 42,6 7,899 1.91
CSLS-1 S 42,2 6,838 1.99
CSLS-2 S 44 .2 907 2.84 0.96
40 SR Elbow HCLS-1 C 43 .5 760 2.99
550°F HCLS~-2 C 43.1 26,100 1.49
HSLS-1 S 28.0 2,200 3.75
HSLS-2 S 42 .2 1,870 2.57 0.71
40 6 x 6 Tee CCTS-1 C 68.2 21,079 0.98
CCTS-2 C 70.6 9,367 1.11
CSTS-1 S 68.7 4,575 1.32
CSTS-2 S 67.8 3,310 1.43
CSTS-3 S 72.7 3,675 1.30 0.77

a40 Weld: girth butt weld in sched.—40 pipe; 160 weld: girth
butt weld in sched.-160 pipe; 80 Weld: girth butt weld in sched.-80
pipe; 40 SR elbow: sched.—-40 short radius (R 6 in.) elbow, 6—in.
nominal size; 40 6 x 6 tee: sched.—40 ANSI B19.9 tee, moment through
branch. Unless otherwise indicated, tests were run at room temperature
with zero internal pressure. Moments were "in-plane' for both elbows
and tees.

bIdentifications used in Refs, 1-3.

cC: carbon steel, SA106 Grade B; S: stainless steel, SA312

type 304.
de = M/Z, M = moment range (completely reversed).
eNf = cycles to failure (through-wall crack).

fi = 490/(SNo.2), S_ in ksi [see Eq. (9)].

f
gic = average of s for carbon steel; is = average of is for
stainless steel.
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Table C.2. Code 1 ratios of fatigue
design stresses for carbon steel
and austenitic stainless steel

Ratios

With Ke adjustmentb

Basic From
curves K, =1 K, =2 Table C.1
10 0.89 0.60° 0.76°
102 0.85 0.88° 1.05
102 0.76 1.00 0.96 1.04 to 1.41
104  0.64 0.91 0.64% 1.04 to 1.41
105 0.53 0.642  0.53¢
106  0.48 0.48% 0.48%

%Ratios obtained from Code 1 Table I-9.1;
Fig, I-9.1, UTS 80 ksi for carbon steel;
Fig. I-9.2 for austenitic stainless steel.

bRatios are specifically for SA106 Grade B at
100°F to SA312 type 304 at 100°F,
cSn > 3mSm for one or both materials.

d

Sn < 3Sm for one or both materials.

Table C.1 indicates that the average value of i is 2,53, about 85% of

the value given by Eq. (C.1). This is essentially the same as Markl's
in-plane moment results for 4.5-in.-0D by 0.072- or 0.241-in.—wall,
4-in.~bend radius elbows; that is, the experimental i was about 0.85
times the i given by Eq. (C.1). This slight reduction from "theoretical"
is deemed to be mainly caused by end effects of the pipes welded to the
elbows.

Tees

The Code 2 i-factor for 6.625-in.—0OD by 0.280-in.-wall, full outlet
ANSI B16.9 tee is

i=0.9(r/4.4t)%'% = 0.9(3.1725/4.4 x 0.280)%*/% = 1.69 . (C.2)
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Table C.1 indicates that the average value of i is 1.23, about 73% of the
value given by Eq. (C.2). Markl's results gave i—factors for in—plane
moments ranging from 78 to 103% of i given by Eq. (C.2), the ratio de-
pending on details such as the transition radii and wall thicknesses of
the tees.
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