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FOIiEWORD 

The work r epor t ed  here  w a s  done a t  Bat te l le  Memorial I n s t i t u t e  under 

Union Carbide Corp. Nuclear Div is ion  subcontract  No. 2913, and w i t h  t h e  

a s s i s t a n c e  of Oak Ridge Nat iona l  Laboratory personnel  as p a r t  of t h e  ORNL 

P ip ing  Program - Design Criteria f o r  Piping,  Pumps, and Valves. This  

program i s  be ing  c a r r i e d  out  f o r  t h e  U.S. Atomic Energy Cammission by t h e  

Oak Ridge Nat iona l  Laboratory under t h e  d i r e c t i o n  of W .  L .  Greens t r ee t ,  

Assoc ia te  Head, S o l i d  Mechanics Department; and S .  E .  Moore, Program 

Coordinator .  J .  L .  Mershon of t h e  AEC Divis ion of Reactor Development 

and Technology is  t h e  USAEC cognizant engineer .  

The ORNL P ip ing  Program i s  funded by t h e  USAEC under t h e  Nuclear Sa fe ty  

Research and Development Program as t h e  AEC supported po r t ion  of an AEC- 

Indus t ry  cooperat ive e f f o r t  . for  t h e  development of design c r i t e r i a  f o r  

nuc lear  power p l an t  p ip ing  components, pumps, and va lves .  The AEC-Inaustry 

cooperat ive e f f o r t  i s  coordinated by t h e  Pressure  Vesse l  Research Committee 

( PVRC) of t h e  Welding Research Council .  
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'AEGTRACT 

I n  an  e f f o r t  t o  e v a l u a t e  proposed des ign  r u l e s  Por t h e  f a t i g u e  a n a l y s i s  

of p i p i n g  system components a v a i l a b l e ,  experimental  data a r e  summarized and 

analyzed.  

i n  December 1969 and c e r t a i n  r e v i s i o n s  which a r e  be ing  considered f o r  adop- 

t i o n  by ANSI B3l.7 - t h e  nuc lea r  power p ip ing  s e c t i o n  of t h e  American 

Na t iona l  Standards I n s t i t u t e  Standard Code f o r  P res su re  P ip ing .  I n  t h i s  

r e p o r t  f a t i g u e  f a i l u r e  data obtained from t h e  publ ished l i t e r a t u r e  are com- 

pared wi th  design va lues  c a l c u l a t e d  according t o  t h e  r u l e s  of Code Case 

1441 and t h e  stress index a n a l y s i s  method of t h e  1969 e d i t i o n  of t h e  p ip ing  

code USAS B31.7-1969. 
conservat ive f o r  t hose  components loaded wi th  a c y c l i c  moment, with t h e  

p o s s i b l e  except ion of g i r t h  b u t t  welds where a d d i t i o n a l  t e s t  data are needed. 

It i s  a l s o  pointed out t h a t  a d d i t i o n a l  t e s t  data a r e  needed f o r  l o n g i t u d i n a l  

welds and f o r  components loaded wi th  combinations of i n t e r n a l  p re s su re  and 

bending moments. 

Under s p e c i f i c  c o n s i d e r a t i o n s  a r e  ASME Code Case 1441 published 

It i s  shown t h a t  t h e  proposed r u l e s  a r e  adequa te ly  

Keywords: fatigue, stress i n d i c e s ,  nuc lea r  p ip ing ,  welds, p i p i n g  
t e e s ,  p ip ing  elbows, p re s su re  vessel nozzles ,  p i p i n g  code, ANSI B3l.7, 
pres su re  v e s s e l  code, ASME B and PV S e c t i o n  111, Code Case 1441. 
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COMPARISONS OF TEST DATA W I T H  CODE METHODS 
FOR FATIGUE EVALUATION 

INTRODUCTION 

The des ign  a n a l y s i s  p re sc r ibed  i n  both t h e  Nuclear Vessels Code, ASME 
Bo i l e r  Code, Sec t ion  111(1), and t h e  Nuclear P ip ing  Code, USAS B31.7-1969 (2) , 
involve  a l i m i t  t o  t h e  primary p lus  secondary stress i n t e n s i t y  range of  3s . m 
The va lue  of S i s  essential1y;V l i m i t e d  t o  two- th i rds  of t h e  y i e l d  s t r e n g t h  

of  t h e  mater ia l ;  hence, t h e  3 s  l i m i t  i s  equ iva len t  t o  a 2s  l i m i t ,  where S 

i s  t h e  material  y i e l d  s t r e n g t h .  This l i m i t  i s  r e l a t e d  t o  "shake-down" concepts ;  

i . e . ,  if t h e  primary p lus  secondary s t r e s s - i n t e n s i t y  range,  denoted as Sn h e r e i n ,  

i s  less than  3s then  t h e  s t r a i n  range can be obta ined  by an e l a s t i c  stress 

a n a l y s i s  and t h e  f a t i g u e  l i f e  can be determined by comparison of t h e  s t r a i n  

range obta ined  from t h e  e l a s t i c  a n a l y s i s .  

m 

m Y Y 

m y  

However, i f  Sn exceeds 3s  t h e  f a t i g u e  l i f e  of t h e  component i s  no t  m y  
n e c e s s a r i l y  n e g l i g i b l e ,  as w i l l  be shown by tes t  d a t a  c i t e d  he re in .  These d a t a  

sugges t  t h a t  components may be s a f e l y  used w i t h  S 

f a t i g u e  a n a l y s i s  method accounts  f o r  t h e  p l a s t i c  s t r a i n  range which may occur  

under such cond i t ions .  One might ,  i n  p r i n c i p a l ,  conduct an e l a s t i c - p l a s t i c  

a n a l y s i s  of t h e  component. I n  p r a c t i c e ,  however, a reasonably  a c c u r a t e  e l a s t i c -  

p l a s t i c  a n a l y s i s ,  even f o r  a r e l a t i v e l y  s imple component such as a curved p ipe ,  

i s  a formidable  under tak ing;  p a r t i c , u l a r l y  if s e v e r a l  loadings  (e .g . ,  i n t e r n a l  

p re s su re ,  moments, thermal g r a d i e n t s )  are involved as i s  o f t e n  t h e  case w i t h  

p ip ing  components. 

> 3Sm provided t h a t  t h e  n 

It is  apparent  t h a t  a s imple y e t  conse rva t ive  adjustment  t o  an  

e l a s t i c  a n a l y s i s  f o r  a p p l i c a t i o n  t o  t h e  f a t i g u e  a n a l y s i s  of components when 

S > 3Sm is needed. 

1-705.4, "S impl i f ied  E l a s t i c - P l a s t i c  D i scon t inu i ty  Analysis".  Phase Report 

115-2, "Comparison of USAS B31.7 P l a s t i c  Fa t igue  Analys is  With Test Data on 

Pip ing  Components"(3), g ives  a comparison of t es t  d a t a  wi th  t h i s  f a t i g u e  

a n a l y s i s  method. 

This k ind  of an  adjustment  i s  included i n  USAS B31.7; 
n 

~ ~~ 

J; For c e r t a i n  materials, S, a t  temperature  may be up t o  90 percent  of Sy. However, 
because of t h e  s t r a in -ha rden ing  c h a r a c t e r i s t i c s  of . these materials , 3Sm may be 
deemed as equ iva len t  t o  2s i n  conjunct ion  w i t h  a shake-down a n a l y s i s  assuming 
no s t r a i n  hardening.  

Y 
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Cvc 1 i c Loading 

Moment 

During t h e  p r e p a r a t i o n  of USAS B31.7, numerous c o n s u l t a t i o n s  occurred  

between ASME S e c t i o n  111 r e p r e s e n t a t i v e s  and B31.7 r e p r e s e n t a t i v e s  concerning 

t h e  s i m p l i f i e d  e l a s t i c - p l a s t i c  d i s c o n t i n u i t y  a n a l y s i s  method and a l t e r n a t e s  

t h e r e t o .  P r imar i ly  as t h e  r e s u l t  of work by S .  W .  Taga r t ,  r e p r e s e n t i n g  B31.7, 

and 13. F .  Langer,  r e p r e s e n t i n g  ASME Sec t ion  111, a modif ied procedure w a s  

worked o u t  which w a s  deemed accep tab le  t o  both  codes and which w a s  publ i shed  

as ASME Code Case 1441, December 29, 1969. This  code case i s  shown h e r e i n  as 

page A-1  of Appendix A. C e r t a i n  mod i f i ca t ions  of t h i s  code case are now under 

cons ide ra t ion ;  those  mod i f i ca t ions  are i n d i c a t e d  on page A-2 of the'  Appendix. 

USAS B 3 1 . 7  i s  i n  t h e  process  of adopt ing  ASME Code Case 1 4 4 1  t o  r e p l a c e  t h e  

p re sen t  paragraph 1-705.4 .  

The purpose of t h i s  r e p o r t  i s  t o  compare t h e  f a t i g u e  a n a l y s i s  method 

of Code Case 1 4 4 1 w i t h  f a t i g u e  tests on p ip ing  components i n  which t h e  test  

loadings  gave secondary stresses which exceeded 3s . The method is  used i n  

conjunct ion  wi th  stress i n d i c e s  g iven  i n  USAS B31.7-1969 and, as such ,  c o n s t i -  

t u t e  a n  e v a l u a t i o n  of t h e  stress i n d i c e s  and a n a l y s i s  method; n o t  t h e  a n a l y s i s  

method by i t s e l f .  

broad i n  scope t o  confirm t h e  v a l i d i t y  of t h e  i n d i c e s  method f o r  a l l  p o s s i b l e  

p ip ing  components, materials,  and types of l oad ings .  

Included i n  t h e  comparisons are:  

m 

No i m p l i c a t i o n  is  in tended  t h a t  t h e  test  d a t a  are s u f f i c i e n t l y  

Component 

G i r t h  b u t t  welds 
Shor t  and long r a d i u s  b u t t  welding elbows 
Forged b u t t  welding tees 
Fabr ica ted  and drawn o u t l e t  tees 
G i r t h  f i l l e t  welds 

I n t e r n a l  P res su re  I 
I 

Nozzles i n  c y l i n d r i c a l  s h e l l s  
Longi tudina l  b u t t  welds i n  c y l i n d r i c a l  s h e l l s  

Thermal Gradient  1 G i r t h  b u t t  welds 
(Step f l u i d  
temperature  change) 1 Forged b u t t  welding t e e  
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EVALUATION PROCEDURE 

The evaluation procedure involves B31.7 Equations ( lo ) ,  (ll), and the 

fatigue design graphs (S-N curves) from B31.7/ASME Section 111. The design 

graphs involved in the evaluation are Figures 1-705.3.3(a) and 1-705.3.3(b); 

included herein as Figures 1 and 2. Four steps, as discussed below, are involved 

in the evaluation. 

(1) Based on 

of Sn was calculated by 

where s =  
n - 

- 
- - 
- - 

DO 

c2 - 
Mi 

t =  
- 

- - 
I =  

the dimensions and loading of the test specimen, a value 

Equation (10) of B31.7; this equation is: 

DO + C2 21 Mi + thermal stress terms PODO 

2t 

primary plus secondary stress-intensity range 

primary plus secondary stress index for pressure loading 

internal pressure range 

nominal outside diameter of component 

nominal wall thickness of component 

primary plus secondary stress index for moment loading 

moment loading vector range 

moment of inertia of component cross section, based on 

nominal dimensions. 

Fatigue test data are available on piping components subjected to 

either cyclic pressure or cyclic moments; no data are available on combined 

cyclic pressure with cyclic moments, although some of the cyclic moment tests 

were carried out with a nonzero, but constant, internal pressure. 

(2) A value of S was calculated by Equation (11) of B31.7; this 
P 

equation is: 

o M. + thermal stress terms D 
1 

PODO 

+ K2C2 21 S = KLCl 2t 
P 

where K1 = peak stress index for pressure  loading^ 

K2 = peak stress index for moment loading. 

Other symbols are defined under Equation (1). One set of test data 

are available for evaluation of the thermal stress terms in Equations (1) and 

(2); these terms will be defined where used in the evaluation (see "Thermal 

Gradient Loading"). 
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FIGURE 2. ALLOWABLE AMPLITUDE OF ALTERNATING STRESS INTENSITY, S , FOR AUSTENITIC 

6' STAINLESS STEELS, NICKEL-IRON-CHROMIUM, NICKEL-CHRQME-BRON, AND NICKEL 
COPPER ALLOYS WITH METAL TEMPERATURES NOT EXCEEDING 800OF. E = 2 6 ( 1 0 )  
P S I .  FROM B 3 1 . 7 ,  FIGURE 1 - 7 0 5 . 3 . 3  (b) . 
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(3) Most of t h e  tes t  d a t a  s e l e c t e d  f o r  e v a l u a t i o n  involved components 

and loads such t h a t  S w a s  g r e a t e r  than 3 s  The nex t  s t e p  i n  t h e  a n a l y s i s ,  

t h e r e f o r e ,  c o n s i s t e d  of t h e  c a l c u l a t i o n  of K (Code Case 1441, see Appendix A) 

by t h e  equat ion:  

n m' 

e 

< l / n  (3) 
1-n 'n 

m 
K = 1.0 + n(m-l) (3s - 1); 1.0 < K 

e e 

where m and n are material-dependent parameters as l i s t e d  below f o r  t h e  m a t e -  

r i a l s  evaluated i n  t h i s  r e p o r t .  

e (Ke)max 

A u s t e n i t i c  s t a i n l e s s  s t e e l  1,7 0.3 1 + 3.33 [(Sn/3Sm) - 11 3.33 

K n 

Carbon s t ee l  3.0 0.2 1 + 2 [(Sn/3Sm) - 11 5.0 
- m - M a  t e r i a  1 

Low-alloy s t ee l  2 .0  0.2 1 + 4 [ ( S  /3sm - 11 5.0 n 

( 4 )  Salt w a s  c a l c u l a t e d  by: 

K S  
= e p  

'alt 2 (4) 

The va lue  of N corresponding t o  S = S w a s  t hen  determined from F igures  (1) 

o r  (2)  h e r e i n .  Values of N / N  are  shown i n  t h e  comparisons. I n  t h i s  r e p o r t ,  

N r e p r e s e n t s  t h e  number of cyc le s  t o  produce a c rack  through t h e  w a l l  of t h e  

component. 9; 

C a l t  a 

t c  

t 

The "design" S-N curves,  Figures  1 and 2 h e r e i n ,  were obtained from 

t h e  " f a i l u r e "  S-N curves by applying a f a c t o r  of two on stress o r  a f a c t o r  of 

20 on l i f e ,  whichever w a s  more conse rva t ive  a t  each point.")  

t h e  writers '  opinion,  a r a t i o  of N t / N  

of t he  code ind ices  method. 

Accordingly,  i n  

2 N 20 i n d i c a t e s  adequate  conservat ism 
C 

References (6)  and (8) g ive  d a t a  on c y c l e s  t o  i n i t i a t i o n  of macroscopic 
cracks and References (8) a l s o  gives  d a t a  on t h e  growth ra te  of t h e  cracks.  
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MOMENT LOADING 

Tes t  d a t a  f o r  moment loading  f a t i g u e  

References 4 through 9, and notched 

i n  t h i s  s e c t i o n .  The eva lua t ion  of 

Equat ions (1) and ( 2 )  ; t h e s e  a r e :  

c = P  

pipe  t e s t s  

t e s t s  of p ip ing  components from 

from Reference 8 a r e  d iscussed  

t h e s e  t e s t s  involve t h e  second term of 

- M  DO = P  - Mi 

where 2 = nominal s e c t i o n  modulus = 2 1 / D o  

I n  g e n e r a l ,  M .  i s  t h e  vec to r  sum of an  orthogonal se t  of moments a p p l i e d  t o  a 
component. However, i n  t h e  f a t i g u e  tes ts  included h e r e i n ,  only one moment w a s  

a p p l i e d  i n  any given t e s t ;  t h e r e f o r e ,  M .  i s  simply t h e  range of t h a t  a p p l i e d  

moment . 

1 

1 

The tests of References ( 4 ) ,  (5) ,  (7) ,  and (9)  were cons t an t  d i s p l a c e -  

ment tests;  t h e  equ iva len t  moment w a s  obtained by e x t r a p o l a t i o n  of t h e  e l a s t i c  

moment-displacement r e l a t i o n s h i p  t o  t h e  test-imposed displacement.  Accordingly,  

t h e s e  tests produced stresses of t he  "secondary-stress"  category which, by 

d e f i n i t i o n ,  a r e  displacement imposed stresses. Reference (6) t e s t s ,  i n  con- 

t r a s t ,  were cons t an t  moment ( load -con t ro l l ed )  tes ts ;  B31.7 l i m i t s  such loads t o  

a s t r e s s  l i m i t  of 1.5 Sm by Equation (9) of B31.7. 

displacement c o n t r o l l e d ,  but  t h e  r epor t ed  loads were not e x t r a p o l a t e d  from t h e  

e l a s t i c  moment-displacement r e l a t i o n s h i p  bu t  r e p r e s e n t  t h e  measured "shakedown 

force".  This f o r c e  i s  presumably somewhat less than t h e  e x t r a p o l a t e d  f o r c e ;  

u s e  of t he  shakedown f o r c e  i n  e v a l u a t i o n  is  conservat ive* because t h e  B31.7 

i n d i c e s  method is  based on e l a s t i c  stress c a l c u l a t i o n s .  

Reference (8) tests were 

Ac tua l ly ,  B31.7  independently r e s t r i c t s  expansion s t r e s s e s  [ c o r r e s -  

ponding t o  c o n t r o l l e d  displacement tests of References ( 4 )  , (5) , (7) ,  and (8)l 

fc Note t h a t  i f  t h e  e x t r a p o l a t e d  f o r c e  i s  higher  than t h e  shakedown f o r c e ,  then 
M / Z ,  on an  e l a s t i c  b a s i s ,  would be higher  than those t a b u l a t e d  from 
Reference (8); N would then be lower and N t / N c  a higher  r a t i o .  

C 
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t o  3s 
t h i s  s e c t i o n  f o r  p ip ing  components and most of t h e  t e s t s  on notched p ipe  were 

under loadings  more severe  than  permi t ted  by B3l.7. No at tempt  i s  made he re in  

t o  completely desc r ibe  t h e  t e s t  specimens or  t e s t  procedure; t h e  i n t e r e s t e d  

reader  should consu l t  t h e  r e fe rences  c i t e d  f o r  t h e s e  d e t a i l s .  

by Equat ion (12) of B31.7; accord ingly ,  a l l  of t h e  t e s t s  d i scussed  i n  m 
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G i r t h  Butt  Welds 

Evaluat ion of tests on g i r t h  b u t t  welds are summarized i n  Table 1. 
Markl ' s (4)  tests r e p r e s e n t  what may be considered as t y p i c a l  welds i n  A106 

Grade B pipe,made by a good welder.  Add i t iona l  bending f a t i g u e  tests on g i r t h  

b u t t  welds i n  pipe are given i n  References ( l o ) ,  (ll), (12),  and (13). These 

d a t a  f a i r l y  w e l l  confirm Markl's r e s u l t s  f o r  t y p i c a l  b u t t  welds and a l s o  g ive  

i n d i c a t i o n s  of t h e  improvement i n  f a t i g u e  l i f e  f o r ,  i n  p a r t i c u l a r ,  a weld w i t h  

a smooth i n s i d e  s u r f a c e .  These a d d i t i o n a l  tests were run a t  lower nominal 

stresses; hence, they are n o t  of d i r e c t  i n t e r e s t  i n  t h e  p re sen t  comparisons 

f o r  Sn > 35,. 

A s  analyzed by t h e  B31.7 procedure,  a C2-factor of 1.0 and a K - f a c t o r  2 
of 1.8 i s  assigned.  For comparison purposes,  a group of t h r e e  t es t  r e s u l t s  

were s e l e c t e d  which were run a t  h i g h e s t  nominal stresses; i . e . ,  a t  a nominal 

stress amplitude of 45,000 p s i .  

r eve r sed  displacements;  hence, t h e  nominal stress amplitude [shown i n  

Reference (4) ]  must be doubled and m u l t i p l i e d  by C2 t o  o b t a i n  t h e  B31.7 com- 

puted stress range,  S i s  simply 

t h e  nominal stress range shown i n  Table 1 as M / Z .  Sm i s  taken as 20,000 p s i  

(A106 Grade B a t  room temperature) .and Sn/3Sm = 90,000/60,000 = 1.5 

Markl ' s  tes ts  were a l l  run wi th  completely 

For g i r t h  b u t t  welds,  C2 = 1.0; hence, S n n 

The va lue  of S from Equation ( 6 ) ,  i s  
P' 

S = K C M/Z = 1.8 x 1.0 x 90,000 = 162,000 p s i .  
P 2 2  

The va lue  of K from Equation (3) f o r  carbon s teel ,  m = 3 ,  n = 0 .2 ,  is e '  

K e = l +  O o 8  (1.5 - 1) = 2.0 0.2 x 2 

and, from Equation (4) ,  

En te r ing  Figure 1.705.3.3(a) of B31.7 (Figure 1 h e r e i n )  w i th  Salt = 'a = 162,000, 

t h e  va lue  of N 

compared i n  Table 1 wi th  tes t  c y c l e s - t o - f a i l u r e ,  N t ,  of 2500 t o  3500. 

column of Table 1 shows values  of N /N from 13 t o  18 f o r  t h e  tests taken from 

Reference (4) .  

design cyc le s  per B31.7, i s  found t o  be about 190. This i s  
C Y  

The l a s t  

t c  



TABLE 1. EVALUATION OF FATIGUE TESTS ON GIRTH BUTT WELDS W I T H  CYCLIC MOMENT W I N G S  

Ref. 5 P e  of 
No. Component 

M - 
Z 'n 

S 
n 

3sm S 
P 

(4) Gi r th  b u t t  w e  Id 2,500 t o  13 t o  
Fig.  5 4" s t d .  w t .  90,000 90,000 1.50 162,000 2.00 162,000 190 3,500 la* 

Gir th  b u t t  weld 
I- 
0 

(8) 
HW- 1 6" s t d .  w t .  58,200 58,200 . 1.08 105,000 1.16 60,800 2500 35,740 14.3 

(8) Gi r th  b u t t  weld* 
HWD- 1 6" s t d  w t .  59,200 59,200 1.10 107,000 1.20 64,200 2000 13,600 6.8* 

(8) G i r th  b u t t  weld 
HW-3A 6" s t d .  w t .  61,100 61,100 1.272 110,000 1.905 105,000 1100 6,950 6.3 

(8) Gi r th  b u t t  weld* 
HWD- 3 6" std. w t .  59,900 59,900 1.247 107,800 1.823 98,500 1400 2,600 1.9* 

~ ~ ~~ ~~ ~ ~~ ~ ~~ ~~~ ~~~ 

* Specimen had an in t en t iona l  defec t ,  see t ex t .  

** Range of N /N fo r  th ree  test  specimens. t c  

. 
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Four tests from Reference (8) on g i r t h  b u t t  welds are shown i n  Table 1. 

These a r e  c l a s s i f i e d  as:  
Test 

I d e n t i f i c a t i o n  Pipe M a t e r i a l  - We Id Temperature 

HW- 1 A106B, carbon s t ee l  Good 550 F 

HWD- 1 A106B, carbon s t ee l  Defect ive 

HW- 3A 304 s t a i n l e s s  s t e e l  Good 

HWD- 3 304 s t a i n l e s s  s t e e l  Defect ive 1 
The "defect ive" welds had an i n t e n t i o n a l  d e f e c t ;  a l ack  of p e n e t r a t i o n  produced 

by n o t  completing a 1-inch s e c t i o n  of r o o t  pass. Presumably t h e  d e f e c t  w a s  

a l i g n e d  w i t h  t h e  maximum bending stress dur ing  t h e  t e s t .  

The c y c l e s - t o - f a i l u r e  of HW-1 ag rees  w e l l  w i t h  M a r k l ' ~ ' ~ )  equa t ion  f o r  

g i r t h  b u t t  welds i n  A106B carbon s t ee l  type a t  room temperature;  i . e .  

E = 245,000 N -0.2 
2 z  (7)  

Equation (7)  g ives  N = 42,300 a t  M / Z  = 58,200 p s i ,  as compared t o  NL = 35,740 

f o r  HW-1.6; 
C 

Equation ( 7 )  gives  N = 33,200 a t  M / Z  = 61,100 p s i ,  as compared t o  

N t  = 6950 f o r  W-3A ( s t a i n l e s s  a t  550 F) .  On t h e  b a s i s  of room remperature 

f a t i g u e  p r o p e r t i e s  of carbon s t ee l  versus  s t a i n l e s s  s t e e l ,  i t  i s  s u r p r i s i n g  

t o  f i n d  t h a t  t h e  carbon s t ee l  weld (HW-1) w a s  b e t t e r  than t h e  s t a i n l e s s  s t ee l  

weld (HW-3A). 

'Equat ion (7)  should be 281,000 f o r  Type 316 s t a i n l e s s  s t ee l  a t  room temperature.  

For example, Mark1 (20) sugges t s  t h a t  t h e  cons t an t  of 245,000 i n  

However, i t  i s  s i g n i f i c a n t  t o  n o t e  t h a t  t h e  t r end  of t he  r e l a t i o n s h i p  

obtained by t h e  t e s t s  a t  550 F i s  p r e d i c t e d  by Ke as shown by t h e  fol lowing 

t a b u l a t i o n  where M / Z  i s  assumed t o  be 60,000 p s i .  

Jc The agreement, however, may be f o r t u i t o u s .  Note t h a t  M/Z i n  Markl ' s  tests and 
i n  the  B31.7 procedure is  an  e l a s t i c  b a s i s  range whereas t h e  values  of M / Z  
from Reference (8), f o r  l ack  of more p e r t i n e n t  d a t a  t h e r i n ,  r e p r e s e n t  a shake- 
down f o r c e  range. 
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Room Temperature 550 F 

Carbon S t a i n l e s s  Carbon S t a i n l e s s  

20,000 20,000 18,000 16 , 000 
1.0 1.0 1.222 1.833 

m 

e 

e P  

S 

K 

K S / 2  54,000 54 , 000 66,000 ' 99 , 000 
3,500 14 , 000 1 , 800 1,350 

C 
N 

While the  above t a b u l a t i o n  does n o t  q u a n t i t a t i v e l y  a g r e e  w i t h  t h e  r e l a t i v e  t es t  

r e s u l t s  a t  550 F ( i . e . ,  35,740/6,950 t e s t  ve r sus  1800/1350 c a l c u l a t e d )  i t  does 

i n d i c a t e  t h a t  a r e l a t i v e l y  lower f a t i g u e  l i f e  f o r  s t a i n l e s s  as compared t o  carbon 

s t e e l ,  both a t  550 F,  might be expected.* 

The reduc t ion  i n  f a t i g u e  l i f e  by t h e  d e f e c t  w a s  e s s e n t i a l l y  t h e  same 

f o r  carbon s t e e l  as f o r  s t a i n l e s s  s tee l ;  i . e . ,  35,740/13,600 = 2.63 ver sus  

6,950/2,600 = 2.67. Assuming t h a t  N i s  p r o p o r t i o n a l  t o  (l/S)5, t h e  e f f e c t i v e  

I n  terms stress i n t e n s i f i c a t i o n  f a c t o r  due t o  the  d e f e c t  i s  (2.65) - 2  - - 1.22. 
of B31.7 stress i n d i c e s ,  a K2-index of 1.8 x 1 .22  = 2.20 is i n d i c a t e d  by t h e s e  

p a r t i c u l a r  t e s t  r e s u l t s .  

As shown by t h e  l a s t  column of Table 1, t h e  va lue  of N /N ranges t c  
from 13 t o  18 f o r  ''good" or  " t y p i c a l "  welds i n  A106B ca rbon- s t ee l  pipe a t  room 

temperature  and one tes t  a t  550 F. These va lues  of N /N are,  i n  t h e  wr i t e r ' s  

opinion,  a c c e p t a b l e  'but do no t  i n d i c a t e  any excess  conservat ism i n  t h e  B31.7 

i n d i c e s  method. 

t c  

"he s i n g l e  t e s t  of a "good" g i r t h - b u t t  weld i n  304 s t a i n l e s s - s t e e l  

pipe a t  550 F (HW-3A) gave N t / N  This i s o l a t e d  t e s t  r e s u l t  i s  somewhat 

d i s t u r b i n g  and should be confirmed by a d d i t i o n a l  tes ts .  I f  t h e  a v a i l a b l e  t e s t  

t u r n s  out  t o  r e p r e s e n t  a low s i d e  of t h e  s c a t t e r  band, i t  might be concluded 

t h a t  no change is  needed i n  t h e  B31.7 i n d i c e s  method. I f  however, t h e  a v a i l -  

a b l e  t e s t  r e p r e s e n t s  a mean (or  p o s s i b l y  even a high p o i n t )  some adjustment  

t o  t h e  B31.7 i n d i c e s  method f o r  s t a i n l e s s  s t e e l  a t  h ighe r  than room temperature  

would seem t o  be necessa ry  t o  maintain a r easonab le  des ign  f a c t o r  of s a f e t y .  

= 6.3. 
C 

Jc However, t h e  c o r r e l a t i o n  i n d i c a t e d  ar ises  e n t i r e l y  from Ke. I f  M/Z = 48,000 - - Sn, then t h e  B31.7 (and ASME 111) a n a l y s i s  would p r e d i c t  t h a t  s t a i n l e s s  
would be b e t t e r  than carbon s t e e l  both a t  room temperature  and a t  550 F and 
t h e  f a t i g u e  l i f e  would n o t  depend upon temperature.  Test d a t a  t o  e v a l u a t e  
t h i s  seeming anomaly would be h igh ly  d e s i r a b l e .  
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Short  Radius and Long Radius Elbows 

The C2-indices f o r  t h e  elbows l i s t e d  i n  Table 2 were obtained by the  

equat ion given i n  B31.7, Appendix D,  Table D-201: 

1.95 
I, 2 /3  

=-  

“2 
2 where h2 = t R / r  

t = nominal elbow w a l l  t h i ckness  

R = bend r a d i u s  of elbow 

r = mean elbow c r o s s - s e c t i o n  r ad ius .  

The C2-indices ,  f o r  t h e  elbows included i n  Table 1, are t a b u l a t e d  

be low: 

r R t h c2 - - -  Elbow 

4-inch, s t anda rd  w t , ,  s h o r t  r a d i u s  2.131 4.00 0.237 0.209 5.54 

4-inch, 0.072-inch w a l l ,  s h o r t  r a d i u s  2 .214  4.00 0.072 0.0588 12.9 

6-inch, s t anda rd  w t . ,  s h o r t  r a d i u s  3.172 6.00 0.280 0.167 6.43 

4-inch, s t anda rd  w t . ,  long r a d i u s  2.131 6.00 0.237 0.313 4.23 

4-inch, 0.101-inch w a l l ,  long r a d i u s  2.200 6.00 0.101 0.125 7.79 

6-inch, s t anda rd  w t . ,  long r a d i u s  3.172 9.00 0.280 0.250 4.91 

The cons t an t  of 1.95 i n  Equation (8) i s  such t h a t ,  f o r  any s e t  of 

or thogonal  moments, t h e  va lue  of C M./Z i s  n o t  unconservat ive.  For e i t h e r  in-  
plane o r  out-of-plane moment loading,  t h e  maximum e l a s t i c  stresses are lower 

than i n d i c a t e d  by Equation (8).  

2 1  

B31.7 a s s i g n s  a K2-index of u n i t y  t o  elbows of t h e  type t e s t e d ;  i .e . ,  

seamless elbows w i t h . n o  connect ions,  a t tachments ,  or  o t h e r  extraneous r a i s e r s  

on t h e  bodies the reo f .  
Table 2 l i s t s  12 comparisons, taken from Reference ( 4 )  and ( 5 ) ,  

between e i t h e r  s i n g l e  tes ts  o r  groups of tests a t  about t h e  same nominal stress 

l e v e l .  These p a r t i c u l a r  tes ts  were s e l e c t e d  from t h e  f i g u r e s  c i t e d  as r ep re -  

s e n t i n g  h i g h e s t  t e s t  values  of S . These a r e  a l l  tests on specimens made from 

*A106 Grade B material; a l l  were run a t  room temperature and a l l  bu t  two were 
n 



TABLE 2. EVALUATION OF FATIGUE TESTS ON SHORT-RADIUS AND LONG-RADIUS ELBOWS 

Ref. 
No. 

5 P e  of 
Component 

B31.7 Test - Nt 

z 'n S P Ke 2 NC Nt NC 

S 
n K,Sp M - 

(4) 

(4) 

(4) 

(4) 

(4) 

(4) 

(8) 
CCLS - 1 
(8 1 

CCLS-2 

(8) 
CSLS-2 

(8) 

Fig. 6 

Fig. 6 

Fig. 6 

Fig. 7 

Fig. 7 

Fig. 7 

CSLS-1 

Short-radius elbow 
4" std. wt. 

Short-radius elbow 
4" std. wt. 

Short-radius elbow 
0.072" wall 

Short -radius elbow 
4" std. wt. 

Short-radius elbow 
0.072" wall 

Short-radius elbow 
0.072" wa 11 

Short-radius elbow 
6" std. wt. 

Short-radius elbow 
6" std. wt. 

Short -rad ius ,e lbow 
6" std. wt. 

Short-radius elbow 
6" std. wt. 

100 , 000 

56 , 000 

20,000 

56 , 000 

30 , 000 

20,000 

43 , 600 

42 , 600 

42,200 

44,200 

554 , 000 

3 10,000 

2 50,000 

310,000 

375,000 

250,000 

2 80 , 000 

274,000 

2 72 , 000 

284,000 

9.24 

5.17 

4.17 

5.17 

6.25 

4.17 

4.67 

4.57 

4.54 

4.75 

554 , 000 

3 10 , 000 

2 50 , 000 

3 10 , 000 

375,000 

250,000 

280,000 

274,000 

272,000 

284,000 

5.00 1,380,000 

5.00 775,000 

5.00 625,000 

5.00 775 , 000 

5.00 935 , 000 

5.00 625,000 

5.00 700 , 000 

685 , 000 5.00 

3.33 454 , 000 

3.33 473 , 000 

<< 10 

< 10 

-10 

< 10 

< 10 

-10 

< 10 

< 10 

22 

20 

300 to 
350 

1,200 to 
3 , 000 

2 , 800 

2 , 800 

5 , 000 

15 , 000 

1,176 

7,899 

6,838 

907 

>>30 

>120 

-2 80 

>2 80 

I -  >500 C- 

-1500 

>118 

>790 

3 10 

45 



TABLE 2.  (Continued) 

Ref. 
No. 

Type of 
Component 

B31.7 Test - Nt 

2 'n 3sm S P Ke 2 NC Nt NC 

- 'n K,SI, M - 

(8) 

(8) 

(8) 

(8) 

(4) 

(4) 

(4) 

(4) 

(8) 
CSLS-3 

(5) 

(5) 

HCLS-1 

HCLS-2 

HSLS-1 

HSLS-2 

Fig.  8 

Fig. 8 

Fig. 9 

Fig. 9 

Fig. 7 

Fig. 8 

Short-radius elbow 
6" s t d .  w t .  

Short-radius elbow 
6" s td .  w t .  

Short-radius elbow 
6" s td .  w t .  

Short-radius elbow 
6" s t d .  w t .  

Long-radius elbow 
4" s td .  w t .  

Long-radius elbow, 4" 
0.10" wal l  

Long-radius elbow 
4" s t d .  w t .  

Long-radius elbow, 4" 

Long-radius elbow 

Long-radius elbow, 4" 
s t d  w t . ,  P = 2200 

Long radius elbow, 4" 

0.101" wal l  

6" s t d .  w t .  

s t d .  w t . ,  P = 2200 

43,500 

43,100 

28,000 

42,200 

50,000 

24,000 

86,000 

29,000 

44,200 

74,000 

80,000 

280,000 

2 78,000 

180,000 

271,000 

2 12,000 

179,000 

365,000 

2 16,000 

2 17,000 

313,000 

338,000 

5.20 

5.15 

3.75 

5.65 

3.54 

2.98 

6.08 

3.60 

3.62 

5.21 

5.64 

280,000 

278,000 

180,000 

2 7  1,000 

2 12,000 

179,000 

365,000 

2 16,000 

2 17,000 

313,000 

338,000 

5.00 

5.00 

3.33 

3.33 

5.00 

4.96 

5.00 

5.00 

3.33 

3.00 

5.00 

700,000 

695,000 

300,000 

452,000 

530,000 

445,000 

910,000 

540,000 

362,000 

785,000 

845,000 

< 10 

< 10 

56 

22 

12  

1 7  

< 10 

11 

35 

< 10 

< 10 

760 

26,100 

2,200 

1,870 

2,500 t o  
20,000 

2,000 

2,500 

5,000 

4,469 

1,300 

7 00 

>76 

>2 600 

39 

85 

210 t o  
1700 

118 

>2 500 

450 

12 8 

>130 

>70 

t-J 
ul 
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run with zero internal pressure; these two were run with an internal pressure 

of 2200 p s i  as indicated in Table 2 by "P = 2200". 

In addition to the tests taken from Reference (4) and (5), results 

of 9 tests from Reference (8) are shown in Table 2. The test temperature and 

material are identified by the first two letters in the specimen identification, 

i.e. , 
First letter C = test run at room temperature 

H = test run at 550 F 

Second letter C = carbon steel material, ASTM A234, Grade WPB 

S = type 304 stainless steel. 

All tests from Reference (8) at room temperature were run with an internal 

pressure of 1050 psi; all tests at 550 F were run with zero internal pressure. 

Examination of the last column of Table 2 indicates that the ratio 

of Nt/Nc is always greater than 20. 



Forged Weldinp Tees 

The C2b-indices f o r  t h e  forged welding t e e s  (ASA B16.9 t e e s )  l i s t e d  

i n  Table 3 were ob ta ined  by the  equat ion given i n  B31.7 Appendix D,  Table D-201: 

where 

C2b =, 0 . 6 7 ( r / t )  2 / 3  

t = nominal w a l l  t h i ckness  of run of t e e  

r = mean c r o s s - s e c t i o n  r a d i u s  of run of tee. 

The C2b-indices f o r  t h e  tees included i n  Table 3 are: 

(9) 

Run of Tee r t - ‘2b 

4-inch, s t d .  w t .  2.131 0.237 2.90 

6-inch, s t d .  w t .  and Sch. 40 3.172 0.280 3.38 

12-inch, Sch. 40 6.172 0.406 4.11 

12-inch, Sch. 80 6.031 0.687 2.85 

12-inch, Sch. 160 5.719 1.312 1.79 

24-inch, Sch. 40 11.656 0.687 4.42 

Equation (9) is intended t o  be such t h a t  conse rva t ive  r e s u l t s  are obtained 

r e g a r d l e s s  of what combination of moments is app l i ed .  (Six independent moments 

can be a p p l i e d  t o  a tee.) 

those  which g ive  h i g h e s t  stresses p e r  u n i t  moment. 

The moments used i n  t h e  tests a r e  no t  n e c e s s a r i l y  

B31.7 a s s i g n s  a K2-index of u n i t y  t o  tees of t h e  type t e s t e d .  

All of t h e  tes ts  l i s t e d  i n  Table 3 were run a t  room temperature.  

T e s t s  were run wi th  cons t an t  i n t e r n a l  p re s su re  o f :  

Reference I n t e r n a l  P res su re  

(4) Zero 

(8) 1050 p s i  

(9) Design p res su re  c a l c u l a t e d  by Equation (2) of 

B31.7, w i th  tm = 0.875 t i m e s  nominal 

w a l l  t h i ckness  of t h e  run pipe and 

a = 0. 

The las t  column of Table 3 shows N t / N c  > 20 f o r  a l l  of t he  forged 

welding t e e s .  



TABLE 3. EVALUATION OF FATIGUE TESTS ON FORGED WELDING TEES WITH MOMENT LOADING 

Sn K S  B31.7 Test - Nt 
X(2) 'n P Ke 2 NC Nt NC 

ep - 
S M Ref. Type of 

No. Component (1) 

(4 

(4 ) 

(4 

(4) 

(8) 

(8 

(9 

(9 

(9 
T-8 

(9 

(9 
T- 15 

Fig. 10 

Fig. 10 

Fig. 11 

Fig. 11 

CSTS- 1 

CSTS-2 

T-4 

T- 7 

T- 10 

Forged welding t e e  
4"  s t d .  w t .  

Forged welding t e e  
4"  s t d .  w t .  

Forged welding t e e  
4"  s t d .  w t .  

Forged welding t e e  
4"  s td .  w t .  

Forged welding tee* 
6" s t d .  w t .  

Forged welding tee* 
6"  s td .  w t .  

Forged welding t ee  
12" Sch. 80 

Forged welding tee* 
1 2 "  Sch. 160 

Forged welding tee* 
12"  x 6"  Sch. 40 

Forged welding tee  
24" Sch. 40 

Forged welding tee* 
12"  x 6" Sch. 40 

100 , 000 

86 , 000 

104 , 000 

86 , 000 

68,700 

67,800 

54,500 

76,300 

74,600 

44 , 000 

72,300 

290 , 000 

250 , 000 

300,000 

250 , 000 

23 2 , 000 

229,000 

155,000 

13 7,000 

307,000 

194,000 

297,000 

4.85 

4.17 

5 .OO 

4.17 

3.87 

3.84 

2.57 

2.28 

5.12 

3.23 

4.95 

290 , 000 

250,000 

300,000 

250 , 000 

232,000 

229,000 

155,000 

13 7 , 000 

307 , 000 

194,000 

297,000 

5 .oo 

5 .OO 

5 .oo 

5 .OO 

5 .OO 

5 .oo 

4.14 

3.33 

3.33 

5 .oo 

3.33 

725,000 < 10 

625,000 - 10 

750,000 < 10 

625,000 < 10 

580,000 - 10 

574,000 - 10 

321,000 38 

228,000 110 

511,000 16 

485 , 000 15 

495,000 18 

9 00 
1,500 t o  

5,000 

1,500 

700 t o  
4,000 

4,575 

3,310 

2,070 

11,475 

8,249 

18,532 

11,803 

> 90 

150 t o  
500 

> 150 

> 70 

- 460 

- 330 

r 
Q 

55 

104 

5 10 

1 , 200 

660 

(1) A l l  t e e s  were ASTM A106 G r .  B. carbon s t e e l  m a t e r i a l ,  except  those wi th  an a s t e r i s k ;  these were Type 304 

( 2 )  2 is  the sec t ion  modulus of the branch pipe f o r  those tees i n  which the  branch is smaller  than the  run. 

a u s t e n i t i c  s t a i n l e s s  s t e e l  mater ia l .  

, 



Fabr i ca t ed  and Drawn O u t l e t  Tees 

B31.7, Appendix D,  g ives  stress i n d i c e s  f o r  branch connect ions per  

Subd iv i s ion  1-704.3 which are l i m i t e d  i n  a p p l i c a t i o n  t o  branch connections 

i n  which d / D <  0.5.  Three t es t  r e s u l t s  are a v a i l a b l e  on t e e s  which "almost" 

m e e t  t h e s e  B31.7 r e s t r i c t i o n s ;  one f a b r i c a t e d  and two wi th  drawn o u t l e t s .  The 

e v a l u a t i o n  of t h e s e  tests is  summarized i n  Table 4. 

- 

Reference (6) gives  t h e  r e s u l t s  of a c y c l i c  bending t e s t  on a model 

almost w i t h i n  t h e  d/D l i m i t a t i o n .  This model, i d e n t i f i e d  as Model R i n  

Table 4 ,  c o n s i s t e d  of a 20-inch OD x 1-inch w a l l  run pipe wi th  a 12.75-inch 

OD x 0.687-inch w a l l  branch pipe.  

The t e s t  was run w i t h  c y c l i c  moments a p p l i e d  on t h e  branch. The 

C -index f o r  moment loading on t h e  branch i s  i d e n t i f i e d  as C and is  given 

i n  B31.7, Appendix D,  by t h e  equat ion:  
2 2b' 

'2b = 3(R/T)2/3(r/R)1/2 ( t / T )  (r/rp) 

where R = mean r a d i u s  of run p ipe  

T = nominal t h i ckness  of run pipe 

r = mean r a d i u s  of branch pipe 

t = nominal t h i ckness  of branch p ipe  

P 
r = r a d i u s  of r e i n f o r c i n g  pad. 

For Model R ,  R = 9.5, T = 1.00, r = 6.031, t = 687, and r i s  a p p r o p r i a t e l y  

taken as h a l f  of t h e  branch p ipe  o u t s i d e  diameter ;  r = 6.375. The va lue  of 

CZb, by Equation ( l o ) ,  i s :  

P 

P 

= 3 ( 9 . 5 / ~ 0 ) ~ / ~  (6.031/9. 5)'12 (0.687/1.0) (6.031/6.375) = 6.98. '2b 

B31.7 a s s i g n s  a K2-index of u n i t y  t o  t h i s  type of branch connection. 

The m a t e r i a l  used i n  t h e  tes t  model w a s  carbon s tee l  bu t  n o t  i d e n t i -  

f i e d  as t o  ASTM s p e c i f i c a t i o n ;  S = 20,000 p s i  w a s  t h e r e f o r e  assumed i n  t h e  

eva lua t ion .  The tes t  w a s  run a t  room temperature w i t h  z e r o  i n t e r n a l  p re s su re .  

The loading w a s  l oad -con t ro l l ed  r a t h e r  than displacement c o n t r o l l e d  as i n  a l l  

p rev ious ly  c i t e d  t es t  d a t a .  The va lue  of N t / N c  i s  123. 

m 



TABLE 4.  EVALUATION OF FATIGUE TESTS ON FABRICATED AND DRAWN OUTUET TEES WITH CYCLIC MOMENT LOADING 

K S  B31.7 T e s t  - Nt 

Nt NC 
ep 

- 'n 

2 'n sm P Ke 2 NC 
S i! Ref. 5 P e  of 

No.  Component  
Iu 
0 

(6 1 F a b r i c a t e d  tee, 
R 20 x 12 13,440 94,000 1.57 94,000 2.14 100,000 650 - 80,000 - 123 

(6 1 Drawn out le t  tee,  
L 20 x 6 46,600 142,000 2.37 142,000 3.74 266,000 55  95,000 1,700 

( 6 )  Drawn outlet tee, 
D 20 x 12 26,880 188,000 3.14 188,000 5.00 470,000 15 20,000 1,300 
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Stress indices are not given in B31.7 for drawn outlet tees. A s  the 

nearest approximation, the C2-index for fabricated tees was used in the evalua- 

tion shown in Table 4. The two test specimens involved in the evaluation are 

identified in Reference *(6) and Table 4, as Models L and D. They are both 

drawn outlets in 20-inch OD x 1.0-inch wall run pipe. The branch pipe, for 

Model L, was 6.625-inch OD x 0.432-inch wall;’ for Model D, 12.75-inch OD 

x 0.687-inch wall. The tests were run with cyclic moment applied on the branch. 

The C2b-index for Model D, since it is nominally of the same dimensions as 

fabricated tee, Model R, is also 6.98. 

( l d ) ,  is: 

The C2b-index for Model L, by Equation 

= 3 (9.5/ 1.0) 2/3 (3.096/9.5) 1’2 (0.432 / 1.0) (3.096/3.3 1 2 )  = 3.04. ‘2b 

The material used in the test models was carbon steel but not identi- 

fied as to ASTM specification; S = 20,000 psi was therefore assumed in the 

evaluation. The tests were run at room temperature with zero internal pressure. 

The loading was load-controlled. 

rn 

Values of Nt/Nc are 1700 and 1300. 
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G i r t h  F i l l e t  Welds 

Mark1 and George(7) g ive  r e s u l t s  of tests on f i l l e t - w e l d s  made between 

4-inch pipe and 300-pound ASA B16.5 f l anges .  

a C2-index of 1.5,  K -index of 2.0 by B31.7, Appendix D. 

those of References (4) and (5) ,  were d i sp lacemen t -con t ro l l ed  and f a t i g u e  

f a i l u r e  w a s  de f ined  as t h e  occurrence of leakage ( c rack  through t h e  w a l l ) .  

Such f i l l e t  welds are a s s igned  

These tes ts ,  l i k e  2 

Evaluat ion of t hese  tests i s  shown i n  Table 5. A s  i n d i c a t e d  by t h e  

l as t  column of Table 5 ,  t he  r a t i o s  of N t / N c ,  w i t h  one except ion,  a r e  g r e a t e r  

than 20. The one excep t ion  c o n s i s t e d  of a "minimum" weld, desc r ibed  by the  

au tho r s  of Reference (7)  as " the  welds... .were meant t o  r e p r e s e n t  t h e  least 

weld s i z e  and q u a l i t y  compatible wi th  codeik requirements ,  were s m a l l  ( t h e  weld 

s i z e  on hub f i l l e t s  w a s  of t he  o rde r  of 5/16 inch t o  3 / 8  inch)  and of a bead- 

l i k e ,  un f in i shed  appearance". One of two such specimens (shown i n  t h e  f i r s t  

l i n e  of Table 5 )  t e s t e d  a t  a nominal stress range of 100,000 p s i  f a i l e d  i n  

87 cyc le s  which is  roughly t e n  t i m e s  t h e  des ign  cyc le s  ob ta ined  from t h e  B31.7 

a n a l y s i s .  The o t h e r  of t h e s e  two specimens f a i l e d  a t  1200 c y c l e s  which i s  

roughly e q u i v a l e n t  t o  120 t i m e s  t h e  B31.7 des ign  c y c l e s .  

>k Piping Code i n  use around 1949. 
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Notched Pipe 

Reference (8) g ives  f a t i g u e  t e s t  r e s u l t s  on 30 s t r a i g h t  p ipe  t e s t  

specimens con ta in ing  a machined notch.  These t e s t s  are p r i n c i p a l l y  concerned 

w i t h  c rack  i n i t i a t i o n  and c rack  growth. 

i s  t h e  c y c l e s  t o  through-the-wal l  c r ack .  The t e s t i n g  arrangement i s  shown 

schemat i ca l ly  i n  F igu re  3 .  

The p e r t i n e n t  a s p e c t  to t h i s  r e p o r t  

A stress concen t r a t ion  was provided by machining a notch about 6 
inches from t h e  f l anged  end. The notch w a s  made e i t h e r  on t h e  o u t s i d e  o r  i n -  

s i d e  of t h e  pipe,  as i d e n t i f i e d  i n  Table 6 by -I ( o u t s i d e )  or -11 ( i n s i d e )  . 
D e t a i l s  of t h e  notch are shown i n  F igu re  4 .  The t h e o r e t i c a l  stress concen- 

t r a t i o n  f a c t o r  of t h e  no tch  w a s  3.62. 

on a specimen, from which t h e  r a t i o  of axial  s t r a i n  i n  t h e  no tch  t o  nominal 

axial  s t r a i n  w a s  found t o  be 3.6 t o  3.7, i n  good agreement w i t h  t h e  t h e o r e t i c a l  

concen t r a t ion  f a c t o r .  The displacement w a s  c o n t r o l l e d  i n  t h e s e  t e s t s .  T e s t  

r e s u l t s ,  t e s t  temperature ,  materials, and i n t e r n a l  p r e s s u r e s  are summarized 

i n  Table 6.  

Miniature  s t r a i n  gages were i n s t a l l e d  

There are, of course,  no stress i n d i c e s  f o r  'botches" given i n  B3l.7. 
However, fo l lowing  t h e  s p i r i t  of B31.7, a C2-index of u n i t y  and a K2-index 

of j . 6  would be assigned on t h e  assumption t h a t  s t r e s s e s  due t o  t h e  no tch  were 

h i g h l y  l o c a l i z e d .  The e v a l u a t i o n  of t h e s e  data f o l l o w s  t h e  sane g e n e r a l  pro- 

cedure used p rev ious ly .  

The las t  column of Table 6 g i v e s  r a t i o s  of t e s t  c y c l e s  N 

. 
t o  des ign  

i s  32. 
t 

t c  These va ry  from 8.6 t o  140; t h e  o v e r a l l  average of N /N cyc le s ,  

I n  gene ra l ,  t h e s e  r e s u l t s  i n d i c a t e  s a t i s f a c t o r y  conservatism of t h e  B3l.7 
e v a l u a t i o n  method. The v a l u e s  of N shown i n  Table 6 a r e  t h e  number of f u l l -  

range c y c l e s  a p p l i e d  t o  produce a crack through t h e  w a l l .  I n  a d d i t i o n ,  sub- 

sequent t o  crack i n i t i a t i o n ,  a v a r i a b l e  number of c y c l e s  of l e s s - t h a n - f u l l -  

range were app l i ed ;  t h e s e  were probably of t h e  o rde r  of one-half  of t h e  f u l l  

r ange .  

t 



25 

OWL-DWG 71-12534 

n 

Anchor 

6.625" O.D. Pipe 
20 f t .  long 

Dlsplacement 
Applied by 
Hydraulic Cylinder 

FIGURE 3. REFERENCE (5) FATIGUE TESTS OF NOTCHED PIPE 



TAl3LF: 6 .  EVALUATION OF GENIIRAL EUCTRIC TESTS ON 6-INCH NOTCHED PIPE WITH 
A THEORETICAL STRESS CONCENTRATION FACTOR OF 3.6,  MOMENT LOADING 

Spec. M a t e r i a l  s- 
No. 
(1) 

& Sch. 
(2) 

M 
Z 
- 

LI - 
S 

m P 
3s Ke C 

N K,sp 
2 

- Nt 

C 
N Nt 

css -3-1  
css-4-11 
css-5-1 
CS S-6 - I1 
css-7-1 
CS S -8- I I 
css-9-1 

cs s - 10- I I 
css-107-1 
css-109-1 
css- 13- I 
css-13-1 

HCN-1- I 
HCN-2-1 
HCN- 3- I 
HCN-4- I 

C.S . ,  40 
C.S., 40 
C.S., 40 
C.S., 40 
C.S., 80 
C.S.,  80 
C.S.,  80 
C.S., 80 
C.S.,  80 
C.S., 80 
C .S . ,160 
C.S.,160 

C.S . ,  40 
C . S . ,  40 
C.S . ,  40 
C.S., 40 

72,800 
66 , 100 
52,800 
77 , 000 
73 , 200 
48 , 800 
45 , 000 
40 , 200 
74 , 100 
72,300 
89 , 000 
64 , 000 

52 , 700 
75,700 
53 , 000 
77 , 100 

1 .21  
1.10 
0.88 
1.28 
1.22 
0.81 
0.75 
0.67 
1.24 
1.20 
1.48 
1.07 

0.98 
1.40 
0.99 
1.43 

262,000 
238 , 000 
190 , 000 
277 000 
264 , 000 
176 , 000 
16 2 , 000 
145 , 000 
267 , 000 
260 , 000 
320 , 000 
230 , 000 

190 , 000 

191 , 000 
273 , 000 

278,000 

1.42 
1.20 
1 .oo 
1.56 
1.44 
1 .oo 
1 .oo 
1.00 
1.48 
1.40 
1.96 
1.14 

1 .oo 
1.80 
1.00 
1.86 

186 , 000 
143 , 000 

95 , 000 
216 , 000 
190 , 000 
88 , 000 
81,000 
72,500 

197 , 600 
182 , 000 
3 14,000 
131 , 000 

95 , 000 
246 , 000 

95 , 500 
259,000 

125 
180 
700 

90 
120 
900 

1000 
1500 

110 
120 

37 
220 

1500 
95 

1500 
60 

1 085 
4,572 

13  398 
1,453 
1 , 302 

12,081 
34 , 426 
15 , 000 

3 , 575 
4 , 000 

953 
13,600 

19 , 998 
6,520 

45 , 237 
3 , 800 

8.7 
25. 
19. 
16 .  
11. 

Tu m 13. 
34. 
10. 
32. 
33. 
26. 
62. 

13. 
69. 
30. 
63. 

Footnotes  are on n e x t  page. 
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Spec. Mater ia  1 
No. & Sch. M - 
(1) (2) Z 

K S  - Nt 

C 
N 

C Nt eD N 2 

css- 15- I S.S . ,  40 48,300 0.80 174,000 1.00 87,000 2100 20,127 9.6 
CSS-16-11 S . S . ,  80 60 , 000 1 .oo 216 , 000 1.00 108 , 000 1000 8,596 8.6 
css-119-1 S .S . ,  80 74,600 1.24 269,000 1.80 242,000 95 4,656 49. 
css-23-1 S .S.  ,160 82,000 1.37 295 , 000 2.23 329,000 45 1,735 39. 
cs s- 25-1 S.S.,160 70,500 1.18 254,000 1.60 203,000 150 11,883 79. 

HSN- 5 -I S . S ,  40 57 , 200 1 .19  206 , 000 1.63 168,000 270 4,701 1 7 .  
HSN-1-1  S . S ,  40 58,400 1.22 210,000 1.73 182 , 000 200 4,350 22 .  

HSNP-1-11 S .S ,  80 59,500 1.24 214,000 1.80 193,000 175 4,900 28. 
Tu 68,300 1.14 246,000 1.47 181,000 130 1,500 12. -1 css - 27- I A . S . ,  40 

css-29- I A.S. ,  40 52,100 0.87 186,000 1 .oo 93,000 750 11,950 16. 
cs s -31- I A.S . ,  80 75,300 1.26 271,000 1.87 253 , 000 400 4,800 1 2 .  
css-35- I A.S. ,  160 47,500 0.79 1 7  1,000 1.00 85,500 950 40,000 42. 

css-37- I A.S.  ,160 91 , 300 1.52 329,000 2.73 449,000 1 7  2,365 140. 
CSS-36-11 A.S . ,  160 46,600 0.78 168,000 1 .oo 84,000 1000 19,000 19. 

(1) Specimens w i t h  f i r s t  i d e n t i f i c a t i o n  l e t te r  C were run a t  room tempera ture ;  H a t  550 F. 
A l l  room temperature  t e s t s  were run wi th  1050 p s i  i n t e r n a l  p re s su re .  
run  a t  z e r o  i n t e r n a l  p re s su re ,  except  HSNP-1-11, f o r  which t h e  i n t e r n a l  p r e s s u r e  w a s  1000 p s i .  
-I i n d i c a t e s  o u t s i d e  notch ,  -11 i n d i c a t e s  i n s i d e  notch .  

A l l  550 F tests were 

(2) Material i d e n t i f i c a t i o n  : 

C.S. = A106 Grade B carbon s t ee l  
S.S. = A312 Type 304 s t a i n l e s s  s t ee l  
A.S .  = A355 Grade P22, 2-114 C r  - 1 Mo s t ee l  
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--DIG 71-9091 

Type I Notch, 
Out r  Surface 

+ 

Type Notch , 
Imide Surface 

t T 

1 
b=0.16T 

T = pipe wall thickness 
= 0.280(Sch 40),0.432 (Sch 80),0.718 (Sch 160) 

FIGURE 4. DETAILS OF NOTCH USED I N  REFERENCE (5) NOTCHED PIPE TESTS 
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PFESSURE LOADING 

Data from c y c l i c  pressure  tes ts  on nozz les  i n  c y l i n d r i c a l  p ressure  

v e s s e l s ,  and one s e t  OP c y c l i c  pressure  t e s t  data on l o n g i t u d i n a l  welds i n  

c y l i n d r i c a l  p ressure  v e s s e l s  are discussed i n  t h i s  s e c t i o n .  The l a t t e r  were 

an  unintended b u t  informative by-product of t es t s  on nozz les  i n  t h e  v e s s e l s .  

The e v a l u a t i o n  of t hese  tests involve t h e  f i r s t  t e r m  of Equations (1) 
and ( 2 ) ;  t h e s e  are: 

P D  
0 0  

'n = '1 2t 

Nozzles i n  P res su re  Vessels-I 

P i c k e t t  and Grigory (14) g ive  r e s u l t s  of c y c l i c  p r e s s u r e  tests on a 

series of e i g h t  c y l i n d r i c a l  p r e s s u r e  v e s s e l s  con ta in ing  va r ious  types of nozzles .  

The c y l i n d e r s  were 40-inch OD x 2-inch w a l l  t h i ckness .  The v e s s e l  material  i s  

i n d i c a t e d  i n  Table 7 a long  wi th  p e r t i n e n t  parameters f o r  comparison of t he  

t es t  d a t a  w i t h  t h e  B31.7 design procedure. 

I n  t h e s e  tes ts ,  p re s su re  w a s  cycled from ze ro  t o  t h e  maximum p r e s s u r e  

shown i n  Table 7 .  The corresponding maximum hoop s t r e s s  i s  shown i n  t h e  f o u r t h  

column of Table 7 .  The hoop stress i s ,  of course,  a primary s t r e s s  and i s  

l i m i t e d  by B31.7 t o  Sm; i . e . ,  t o  20,000 p s i  f o r  201-B and 2-1/4 Cr-1Mo; t o  

26,700 p s i  f o r  A302-B. This l i m i t  i s  exceeded i n  a l l  t h e s e  t es t s  by f a c t o r s  

ranging from 1.3 t o  2 .2 .  

Reference (14) t e s t s  i nc lude  e i g h t  p re s su re  v e s s e l s ,  s i x  of which are 

l i s t e d  i n  Table 7 .  The o the r  two v e s s e l s  were made of "T-1" m a t e r i a l  f o r  which 

B31.7 does no t  g i v e  al lowable s t r e s s e s .  Also, i n  these  two v e s s e l s ,  only one 

nozzle  leakage f a i l u r e  occurred;  t he  o t h e r  leakage f a i l u r e s  occurred i n  t h e  

l o n g i t u d i n a l  seam weld of t he  v e s s e l  s h e l l  o r  i n  the  v e s s e l  s h e l l .  
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The comparison shown i n  Table 7 are  f o r  f a i l u r e s  a t  nozz le s  where t h e  

crack pene t r a t ed  through the  w a l l  t o  produce leakage. 

i n  t h e s e  f a i l u r e s  are i d e n t i f i e d  i n  Reference (14) and Table 7 by t h e  Numbers 1, 

2 ,  6 ,  9B, and 11. 
o r  more of t h e  e i g h t  v e s s e l s  t e s t e d .  

designs a r e  given below. 

The nozz le s  involved 

These nozz le s ,  as w e l l  as o t h e r  nozz le s ,  were placed i n  one 

Some comments concerning t h e s e  nozz le  

Nozzle 1. The branch pipe w a s  10.75-inch OD x 0.593-inch w a l l  t h i c k -  

ness .  

given i n  Reference (14); however, by s c a l i n g  from t h e  drawings, i t  appears  

t h a t  t h e  nozz le  has c l o s e  t o  100 p e r c e n t . a r e a  replacement re inforcement . .  

However, t h i s  would n o t  be an  a c c e p t a b l e  nozzle  under B31.7 (see 1-704.3.3.4(d)). 

This type of nozzle  w a s  used i n  Vessels 1, 3, 5 ,  and the  2-114 Cr-1Mo v e s s e l .  

Reinforcing c o n s i s t e d  of a weld-on r i n g .  The r i n g  dimensions a r e  no t  

Nozzles 2 and 2N. The branch pipe was 10.75-inch OD x 0.593-inch w a l l  

t h i ckness .  The nozzle  i s  of t he  type shown i n  B31.7, F igu re  1-704.3.3.1(a) 

w i t h  0 = 14 degrees.  

ment. However, because of t h e  l i m i t  t o  t h e  r e i n f o r c i n g  zone given i n  B31.7 
(or  ASME S e c t i o n  III), t h e  r e i n f o r c i n g  considered as e f f e c t i v e  i s  only 36 pe rcen t  

of t h a t  r equ i r ed .  Accordingly,  t h i s  model does n o t  m e e t  B31.7 requirements.  

Nozzles of Type 2 were used i n  Vessels 1 through 6 and t h e  2-114 Cr-Mo v e s s e l .  

Nozzles 2 and 2 N  d i f f e r  only i n  t h a t  Nozzle 2 w a s  a "set-on" type,  wh i l e  

Nozzle 2 N  w a s  a " se t - in"  type.  

The reinforcement  used does g i v e  100 pe rcen t  area rep lace -  

Nozzle 6. The branch pipe w a s  10.75-inch OD x 0.593-inch w a l l  

t h i ckness .  The nozzle  i s  of t h e  type shown i n  B31.7, F igu re  1.704.3.3.1(c) 

w i t h  8 = 37 degrees .  The reinforcement  used i s  about 80 percent  a r e a  r ep lace -  

ment. Accordingly,  i t  does n o t  m e e t  B31.7 requirements.  Nozzles of t h i s  type 

were included i n  a l l  v e s s e l s  except  Vessel 7. 

Nozzle 9B. The branch pipe w a s  15.84-inch OD x 0.806-inch w a l l  

t h i ckness .  This nozzle  was placed i n  one of t h e  heads of test  v e s s e l  No. 7 .  

The head was a s p h e r i c a l  s h e l l  w i t h  18-inch i n s i d e  r a d i u s  x 1-inch w a l l  t h i c k -  

nes s .  This i s  e s s e n t i a l l y  a n  un re in fo rced  branch connect ion i n  t h e  head. 

Appendix D of B31.7 does n o t  g ive  s t r e s s  i n d i c e s  f o r  such nozz le s .  
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Nozzle 11. The branch pipe w a s  2.375-inch OD x 0.1875-inch w a l l  

t h i ckness .  This is e s s e n t i a l l y  an un re in fo rced  nozzle .  B31.7 permits  c e r t a i n  

s m a l l  nozz le s  t o  be,  un re in fo rced ;  however, one of t h e  r e s t r i c t i o n s  i s  t h a t  

where d = opening s i z e  

R = run pipe mean r a d i u s  

Tr = t h i ckness  of run pipe.  
m 

For t h i s  model, d = 2 inches and 0.2 [m- = 0.2 fl9-G-Z = 1.23 inches.  

Accordingly,  d i s  n o t  less than 0.2 /m- and t h e  nozz le  does n o t  m e e t  t h e  

requirements of B31.7. 

m r  

m r  

While none of t h e  nozzles  are i n  s t r i c t  accordance w i t h  B31.7 Sub- 

d i v i s i o n  1-704.3 requirements ,  w e  w i l l  n e v e r t h e l e s s  use t h e  C and K i n d i c e s  

l i s t e d  i n  Appendix D of B31.7. 

t h e  maximum test  p re s su re  P 

p r e s s u r e  w a s  cycled from 0 t o  P 

simply twice t h e  nominal stress. The peak stress range i s  1 . 7  t i m e s  t h e  

secondary s t r e s s  range. Three tes ts  where S < 3s are a l s o  included i n  

Table 7 f o r  gene ra l  i n t e r e s t .  

They are: C1 = 2.0,  Kl  = 1 . 7 .  Table 7 shows 

and the  nominal stress PoDo/2t. Because t h e  
0 

t h e  secondary stress range is  C P D / 2 t ,  o r  
0’ l o o  

n m 

The l a s t  column of Table 7 shows t h a t  t h e  va lue  of N /N is  always t c  
g r e a t e r  t h a n  1 4  d e s p i t e  the s i g n i f i c a n t  v i o l a t i o n  of primary stress l i m i t s  
and branch connect ions which do not  € u l l y  meet B31.7 requirements .  
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Nozzles i n  P res su re  Vessels-I1 

give r e s u l t s  of tes ts  on t h e  s i x  nozzles  i n  c y l i n -  (15) 
I .  

Kameoka, e t  a1 

d r i c a l  v e s s e l s  l i s t e d  i n  Table 8. 
l o n g i t u d i n a l  seam i n  t h e  v e s s e l ;  t h e s e  w i l l  be d i scussed  l a t e r .  

nozzle  Wpes'") F13, F*lj ,  T20, and F20 a r e  summarized i n  Table 9. 

Nozzle Types a) T l j  and T*l2 fa i led  i n  t h e  

Results f o r  

B31.7 r e q u i r e s  100 percent  area replacement f o r  t h e s e  nozz le s .  The 

approximate percentage of a r e a  replacement i s :  

Nozzle 
Type (a) Percent  of Area Replacement 

T13 145. F a i l u r e  i n  l o n g i t u d i n a l  
??13 094. 1: b u t t  weld 

F13 052. 
F7k13 F a i l u r e  a t  i n s i d e  corner  
T20 
F2 0 050. 

Accordingly,  none of t h e  nozz le s  l i s t e d  i n  Table 9 meet B31.7 requirements .  

However, t h e  e v a l u a t i o n  i s  based on C 

f o r  nozzles  per 1-704.3 of B31.7. 

= 2.0, K1 = 1 . 7 ;  i . e . ,  t h e  B31.7 i n d i c e s  1 

The material  used f o r  t he  nozzles  w a s  e i t h e r  ASTM A302B or  JIS.SF60; 

t h e  r e f e r e n c e  does n o t  i n d i c a t e  which nozzle  was made from which material. The 

e v a l u a t i o n  i s  based on ASTM A302B, S = 26,700 p s i ,  m = 2.0,  n = 0.2 (low-alloy 

s t e e l ) .  
m 

The data i n  Table 9 is  analogous t o  t h a t  of Table 7 .  The t a b u l a t e d  

values  under P D / 2 t  show t h a t  t h e  membrane s t r e s s  w a s  higher  t han  t h e  primary 

s t r e s s  l i m i t  of S = 26,700 p s i .  D e s p i t e  t h e  v i o l a t i o n  of t h e  primary s t r e s s  

l i m i t  and nozz le s  which d i d  no t  f u l l y  meet B31.7 requirements,  t h e  va lue  of 

N / N  

0 0  

m 

i n  Table 9 i s  always g r e a t e r  t han  10. t c  
It can be seen  i n  Table 9 t h a t  t h e r e  i s  a c o n s i s t e n t  r e l a t i o n s h i p  

between S /3S 

Ke-factor may be over-compensating f o r  t h e  e f f e c t  of p l a s t i c  s t r a i n i n g .  

and N / N  w i t h i n  any one type of nozzle .  This sugges t s  t h a t  t h e  
n m  t c  

(a)These a r e  i d e n t i f i c a t i o n s  used i n  Reference (15). 
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Mat e r i  a1  p s i  p s i  % Area, % 

ASTM A302B 72,000 94,000 26.0 62.0 - t -  
FTW 60 89,600 99,600 32.0 69 .O 
J I S .  SF60 51,200 86,700 26.0 35.0 

TABLE 8 .  DIMENSIONS AND MATERIAL DATA, REFERENCE (15) 
NOZZLES I N  CYLINDRICAL VESSELS 

di 

Veesel Nozzles Nozzle 
D T DIT di/D t /T r /T r i / T  6 IT  

0 in .  in .  Type 

T13 11.63 .512 22.7 0.152 0.815 1.82 0.231 0.915 
F13 11.63 .512 22.7 0.152 1 .oo 0.5 0.315 -0- 
T*13 11.63 .512 22.7 0.233 0.815 1.82 0.231 0.915 
F*13 11.63 .512 22.7 0.233 1.00 0.5 0.314 -0- 
T20 11.60 .788 14.7 0.233 1.04 0.435 0.33 -0- 
F20 11.60 .788 14.7 0.233 1.04 0.435 0.33 -0- 

Chemical Analysis (%) 

Materia 1 C S i  Mn P S N i  C r  Mo V 

ASTM A302B 0.20 0.42 1.15 0.016 0.10 0.65 0.38 0.50 -- 
J I S .  SF60 0.40 . 0.28 0.68 0.012 0.022 -- -- -- -- 
FTW60 0.17 0.27 1.18 0.014 0.011 -- -- -- 0.072 



TABLE 9 .  EVALUATION OF CYCLIC PRESSURE TESTS ON NOZZLES I N  
CYLINDRICAL PRESSURE VESSELS, DATA FROM REFERENCE (15)  

B31.7 T e s t  - Nt 
K S  - - 2-2 Nozz le  0 0  

C 
N 

n P D  S 

3s 
C Nt S K 2 N e m P n No. P 2 t  S 

0 

F13-F 
-D 
-C 
-B 

F*13-1 
-4 
-2 
-3 

T20-D 
-A 
-C 
-B 

F20-E 
-F 
-A 
-C 

5,400 
5,120 
4,835 
4,270 

7,110 
5,690 
5,120 
4,270 

7,820 
6,830 
6,260 
5,690 

7,110 
6,260 
5,690 
4,835 

64,100 
60,700 
57,300 
50,600 

84,300 
67,500 
60,700 
50,600 

61,400 
53,600 
49,000 
44,600 

55,900 
49,100 
44,600 
38,000 

128,200 
121,400 
114,600 
101,200 

168,600 
135,000 
121,400 
101,200 

122,800 
107,200 

98,000 
89,200 

111,800 
58,200 
89,200 
76,000 

1 . 6 1  
1.52 
1 .43  
1.265 

2 . 1 1  
1.69 
1.52 
1.265 

1.53 
1 .34  
1 .23  
1 . 1 2  

1 .40 
1 . 2 3  
1.12 
0.95 

218,000 
206,000 
195,000 
172,000 

287,000 
229,000 
206,000 
172,000 

208,700 
182,000 
166,600 
151,600 

190,100 
166,900 
151,600 
129,200 

3.44 375,000 
3.08 317,000 
2 . 7 2  265,000 
2.06 177,000 

5.00 718,000 
3.76 430,000 
3.08 317,000 
2.06 177,000 

3.12 326,000 
2.36 215,000 
1.92 160,000 
1.48 112,000 

2.60 247,000 
1.92 160,000 
1 . 4 8  112,000 
1.00 64,500 

24 
38 
55 

140 

< 10 
10 
37 

140 

35 
90 

190 
500 

65 
190 
500 

2000 

6,518 

9,772 
15,553 

2,781 
8,586 

14,805 
20,505 

4,376 
6,145 

19,032 

3,462 
6,398 

14,288 
20,890 

7,553 

9,455 

272. 
198. 
177. 
111. 

>278. 
859. 
400. 
146. 

125. 
68. 
50. 
38. 

53. 
34. 
29. 
10 .4  

W ul 

= 2(P D / 2 t ) ,  S = 3.4(P D / 2 t ) ,  S = 26,700 p s i  (ASTM A 3 0 2 B ) .  
0 0  P 0 0  m 
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Lonpitudinal Butt Welds in Pressure Vessels 

A s  noted i n  t h e  preceding d i s c u s s i o n s  of t h e  r e s u l t s  by Kameoka, 
e t  al(15), v e s s e l s  w i t h  nozzle Types T13 and T*13 d i d  not  f a i l  i n  t h e  nozz le s  

b u t  i n  t h e  l o n g i t u d i n a l  b u t t  welds. There a r e  a number of o t h e r  l i t e r a t u r e  

r e f e r e n c e s  [ i n c l u d i n g  Reference ( 14)  3 ,  i n  which l o n g i t u d i n a l  weld f a i l u r e s  

have occurred p r i o r  t o  f a i l u r e  of a nozzle  i n  a vessel undergoing a c y c l i c  

p re s su re  t e s t .  

B5l.7 g i v e s  s t r e s s  i n d i c e s  f o r  l o n g i t u d i n a l  b u t t  welds i n  s t r a i g h t  

p i p e .  For  Class I p i p i n g  wi th  s u r f a c e s  "as welded", t h e s e  a r e :  C = 1.1, 

K = 1.2 .  However, t h e r e  i s  a n  important r e s t r i c t i o n  t o  t h e  K -index; i . e . ,  

it i s  only a p p l i c a b l e  t o  pipe wi th  a c i r c u l a r  c r o s s  s e c t i o n .  Unfortunately,  

Reference (15) does no t  g ive  any s i g n i f i c a n t  de t a i l s  as t o  t h e  l o n g i t u d i n a l  

b u t t  welds o r  t h e  out-of-roundness of t h e  v e s s e l .  Table 10 g i v e s  an evalu-  

a t i o n  of t h e  t e s t s  under t h r e e  separate assumptions: 

1 

1 1 

(1) 
(2)  The vessel cross section was out-of-round such that 

The vessel cross section was circular, C1 = 1.1, K1 = 1.2 

D -D = 0.5t. The equation shown in Footnote (l), 

Table D-201 of B 3 1 . 7  was used to determine the additional 

stress due to out-of-roundness. The value of C1 is still 

1.1, butik 

max min, 

r 1 

ik The procedure is that proposed in Reference (2l)rather than that given 
in B31.7. 



TABLE 10. EVALUATION OF CYCLIC PRESSURE TESTS ON LONGITUDINAL BUTT WELDS 
I N  CYLINDRICAL PRESSURE VESSELS, DATA FROM REFERENCE (15) 

- KeSp B 3 1 . 7  Nt Cross (a) S 
- - 

Mode 1 PODO n Test Assumed 

Sec t  ion 

S 

3s  
C 

N 
C 

2 N P e Nt K m 'n 2 t  
0 

No. P 

T13-F 6,260 77,600 85,400 1.07 1.28 5,982 C i r c l e  102,400 65,500 1,900 3.1 
E l l i p s e  139,000 89,000 850 7 .O 
L i m i t  486,000 312,000 38 157 .O 

-D 5,550 68,800 75,700 0.95 1.00 9,102 C i r c l e  90,800 45,400 6,000 1.5 
E l l i p s e  125,000 62,500 2,100 4 .3  
L i m i t  431,000 215,000 90 101.0 

-C 5,120 63,500 69,800 0.87 1.00 28,286 C i r c l e  83,800 41,900 7,500 3.8 
E l l i p s e  117,000 58,500 2,750 10.3 
L i m i t  398,000 199,000 105 269 .O 

W 
4 

TJe13-4 7,100 88,200 97,000 1 . 2 1  1.84 4,360 Circle 116,400 107,700 550 7 '9 
E l l i p s e  155,000 143,000 24 0 18.2 
L i m i t  552,000 508,000 13 335 .O 

- 2  5,690 70,500 77,600 0.97 1.00 9,502 C i r c l e  93,100 46,600 5,000 1.9 
E l l i p s e  128,000 64,000 2,000 4.5 
L i m i t  443,000 221,000 85 1 1 2  .o 

- 3  5,000 61,700 67,900 0.85 1.00 9,116 C i r c l e  81,400 40,700 7,500 1.2 
E l l i p s e  114,000 57,000 3,000 3 .O 
L i m i t  386,000 193,000 115 79.0 

-1 4,270 52,900 58,200 0.73 1.00 21,135 C i r c l e  69,800 34,900 13,000 1.6 
E l l i p s e  99,600 49,800 4,500 4.7 
L i m i t  332,000 166,000 16 0 132.0 

. (a)For e l l i p t i c a l  c r o s s  s e c t i o n ,  D - D  = 0 . 5 t .  max min 

" L i m i t t 1  c a l c u l a t i o n  i s  based on Appendix A ,  P a r .  l ( c )  of Reference (21) .  
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7 The modulus of e l a s t i c i t y ,  E ,  w a s  taken as 3 x 10 and D / t  = 

2 2 . 7  f o r  t h e  v e s s e l s ,  from which 
0 

0.9 
1 + 0.000177 Po K1 = 1 . 2  + 

(3) The peak s t r e s s  index w a s  obtained by Appendix A ,  Paragraph 1 (c)  

of Reference (21 ) .  This method i s  a p p l i c a b l e  f o r  any c r o s s  

s e c t i o n a l  shape w i t h  D 

t o  e l a s t i c  s t r a i n s  cons ide r ing  maximum s t r a i n  hardening and 

re-rounding under i n t e r n a l  p r e s s u r e ,  and i s  being considered 

f o r  adopt ion by B31.7. The peak stress index is  given by: 

- D max min 5 0.08 Do. It i s  based on l i m i t s  

where, M = 2.0 f o r  f e r r i t i c  s tee l s  
S = y i e l d  s t r e n g t h  a t  design temperature  

(from Table A . 3  of B31.7) 
P = design p res su re  . 

Assuming PD / 2 t  = S then f o r  A302 B a t  room temperature:  
0 m y  

r 1 

The material  used i n  t h e  v e s s e l  (see Table 8) has t e n s i l e  p r o p e r t i e s  

s imilar  t o  ASTM A302B; hence, t h e  values  of Sm, Sy,  m,  and n f o r  A302B were 

used i n  t h e  e v a l u a t i o n  shown i n  Table 10. 

The l a s t  column of Table 10 shows N t / N c  va lues  approaching u n i t y  i f  

t h e  v e s s e l s  were a c t u a l l y  round and had h i g h - q u a l i t y  welds.  

s m a l l  amount of assumed out-of-roundness b r i n g s  N / N  

v e s s e l s  were appa ren t ly  formed i n  halves  wi th  two l o n g i t u d i n a l  b u t t  welds.  The 

a b u t t i n g  p l a t e  edges,  p a r t i c u l a r l y  i n  experimental  models, o f t e n  a r e  n o t  r o l l e d  

t o  t h e  same r a d i u s  as t h e  body of t h e  p l a t e ,  l eav ing  e i t h e r  a "peak" o r  a 

" f l a t  spot"  a t  t h e  weld. 

of l o c a l  i r r e g u l a r i t i e s  g ive  h ighe r  stresses than  i n d i c a t e d  by Equation (13) 

which i s  f o r  an e l l i p t i c a l  out-of-round shape. The " l i m i t "  a n a l y s i s  i s  a p p l i c a b l e  

t o  any c r o s s  s e c t i o n  shape (up t o  an out-of-roundness of 0.08 D which t h e  

However, even a 

The up s i g n i f i c a n t l y .  t c  

For a given amount of out-of-roundness,  t h e s e  k inds  

0' 
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model v e s s e l  s h e l l s  presumably m e t )  and, as shown i n  Table 10, t h i s  a n a l y s i s  

gives  N /N values  w e l l  above 20. t c  
The purpose of i nc lud ing  t h e  d a t a  on l o n g i t u d i n a l  b u t t  welds i s  t o  

po in t  out t h a t  such welds ,  i n  conjunct ion wi th  out-of-roundnessy can be a 

s i g n i f i c a n t  source of high stresses; a source recognized i n  B31.7. However, 

t o  b r i n g  t h e  t es t  r e s u l t s  i n t o  pe r spec t ive ,  i t  should be noted t h a t  t h e  lowest 

number of cyc le s  w a s  4360; t h i s  f o r  a p re s su re  range of ze ro  t o  7100 p s i .  The 

design p r e s s u r e  f o r  t h i s  c y l i n d e r  (of A302B, Sm = 26,700 p s i )  i s  about 2300 p s i .  
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THERMAL GRADIENT LOADING 

The t h i r d  type  of loading considered by B31.7 i s  t h a t  a r i s i n g  from 

thermal g r a d i e n t s .  While a f a i r  number of thermal  f a t i g u e  tests on b a r  s p e c i -  

mens are  a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  very l i t t l e  has  been done on thermal 

c y c l i n g  tests of p ip ing  components. 

thermal shock tests on 6-inch Schedule 80 and Schedule 160 pipe and va lves  

t h e r e i n .  

welds t h e r e i n  as do T i d b a l l  and Shrut  (18) and Gysel, Werner, and Gut 
These tes ts  and r e s u l t s  a r e  not  i n  s u f f i c i e n t l y  q u a n t i t a t i v e  form t o  permit 

meaningful comparisons w i t h  t h e  B31.7 f a t i g u e  approach. F u r t h e r ,  t h e s e  tests 

involve temperatures  above t h a t  covered by B31.7 and t h e r e f o r e  were no t  i n -  

cluded i n  t h i s  s tudy.  

Stewart  and S c h r e i t z  ( I 6 )  g i v e  r e s u l t s  of 

Weisberg and Soldan ( I 7 )  g i v e  r e s u l t s  o f  tests on pipe and g i r t h - b u t t  
(19) 

Recently,  t h e  w r i t e r  obtained (from a source t h a t  cannot b e  

r e fe renced  a t  t h i s  time) r e s u l t s  of thermal g r a d i e n t  tests which a r e  p e r t i n e n t  

t o  t h i s  r e p o r t .  

r e s u l t s  are d i scussed  i n  t h e  fol lowing.  

These tests,  t h e i r  r e s u l t s  and a B31.7 e v a l u a t i o n  of t h e  

Thermal g r a d i e n t  tes ts  were conducted on a piping system made up of 

1-inch Schedule 80 (1.315 inch 0.0 x 0.179 inch  nominal w a l l )  p ip ing  and tees. 

The material  was Ni-Cr-Fe Alloy 600. The fluid ent rance  t o  t h e  s e c t i o n  * 

c o n s i s t e d  of a butt-welding t e e ; t h e  but t -welds  between i t  and t h e  pipe are t h e  

components'' of i n t e r e s t  h e r e i n .  ' I  

Thermal g r a d i e n t s  w e r e  c r e a t e d  by c i r c u l a t i n g  h o t  water a t  595 F f 5 F 

and 2900 f100 p s i  through t h e  test  s e c t i o n  a t  t h e  ra te  of 35 gpm, followed by 

c i r c u l a t i n g  c o l d  water  a t  70 f10  F and 60 *lo p s i .  

w a s  i n i t i a t e d  by c i r c u l a t i n g  h o t  water  through t h e  test  s e c t i o n  f o r  2 minu te s ;  

t h e  f l u i d  temperature  near  t h e  i n l e t  i n c r e a s i n g  from 70 F t o  595 F i n  2 

seconds. C i r c u l a t i o n  of water w a s  t hen  stopped and t h e  test  s e c t i o n  w a s  

allowed t o  "soak" a t  h igh  temperature  f o r  1.5 minutes  i n  o rde r  t o  thoroughly 

h e a t  t h e  e n t i r e  t es t  s e c t i o n .  During t h i s  pe r iod ,  t h e  f l u i d  temperature  de- 

creased 100 F. Cold water w a s  t hen  c i r c u l a t e d  through t h e  tes t  s e c t i o n  f o r  

3.5 minutes;  t h e  f l u i d  temperature near  t h e  i n l e t  dec reas ing  from about  470 F 

t o  70 F i n  2 seconds. The t o t a l  l eng th  of t i m e  f o r  a complete cyc le  w a s  7 

A t y p i c a l  thermal  c y c l e  

minutes . 
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A t  t h e  completion of 2206 c y c l e s ,  t h e  test  s e c t i o n  w a s  h y d r o s t a t i c -  

a l l y  t e s t e d  a t  a p r e s s u r e  of 4750 p s i  a t  80 F f o r  15 minutes.  

i n d i c a t i o n  of leakage, A l i q u i d  pene t r an t  i n s p e c t i o n  of t h e  o u t s i d e  s u r f a c e  

a f t e r  t h e  h y d r o s t a t i c  test  d i d  no t  i n d i c a t e  any c racks .  The i n l e t  tee and 

g i r t h - b u t t  welds between it and t h e  pipe w e r e  t hen  c u t  o u t  of t h e  t es t  s e c t i o n  

and sec t ioned  f o r  i n t e r n a l  s u r f a c e  in spec t ion .  The tee, f law d i r e c t i o n ,  and 

welds are i d e n t i f i e d  i n  t h e  fol lowing sketch.  

There was no 

Liquid pene t r an t  i n s p e c t i o n  of 

ORNL-DWG 71-2535 

L 

-- - - - Inlet 

Weld I2  

En  trance 
Tee 

Weld IO 

1 Flow 

t h e  i n s i d e  i n d i c a t e d  a c r a c k  i n  t h e  h e a t - a f f e c t e d  zone of weld Number 10. 

Fu r the r  examination of t h e  c rack  i n d i c a t e d  i t  w a s  about 0.030-inch deep (17 

pe rcen t  of t he  w a l l  t h i c k n e s s )  and had propagated i n  both a t r a n s g r a n u l a r  and 

i n t e r g r a n u l a r  p a t t e r n .  

t h e  c rack  p a t t e r n  could have been caused by f a t i g u e .  

The source of t h e  t es t  r e s u l t s  w a s  of t h e  opinion t h a t  

I n  summary, a f t e r  2206 c y c l e s  of thermal g r a d i e n t s ,  g i r t h - b u t t  weld 

Number 12 had no d e t e c t a b l e  c racks ,  g i r t h - b u t t  weld Number 10 had a sma l l  c r ack ,  

the en t r ance  tee had no d e t e c t a b l e  cracks.  It i s  p e r t i n e n t  t o  no te  t h a t  g i r t h -  

b u t t  weld Number 12 would nominally undergo t h e  h i g h e s t  thermal g r a d i e n t s ;  

g i r t h - b u t t  weld Number 10 very s l i g h t l y  lower g r a d i e n t s  and g i r t h - b u t t  weld 

Number 11, much lower thermal g r a d i e n t s .  

r e l a t i o n s h i p  ( i f  any) of t h e  c rack  t o  r o o t  i r r e g u l a r i t i e s  o f  weld Number 10 

are not know a t  t h i s  time. The fol lowing B31.7-evaluation i s  based on t h e  

Details of t h e  b u t t  welds,  o r  t h e  
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assumption t h a t  g i r t h - b u t t  weld Number 10 was "as-welded", a s  c l a s s i f i e d  i n  

B31.7, Table D-201. 

The va lue  of S f o r  t h e  thermal  g r a d i e n t  tes ts  of g i r t h - b u t t  weld 
n 

Number 10 i s  given by 

The M . - t e r m  i s  not  included i n  Equat ion (15) on the  assumption t h a t  t h e  t es t  

s e c t i o n  was supported so  t h a t  i t  was f r e e  t o  expand. The va lue  of S i s  given 
1 

P 
by 

K3 E ~ I A T ~ I  + -- 1 E C Y I A T ~ I  
P D  

1-v 
0 ° +  sp = KICl 2t 2 ( 1 - v )  

I n  t h e  above equat ions  

per  B 31.7 Table D-201 f o r  "as welded" g i r t h - b u t t  weld 1 c1 = 1.1 

K = 1.2 

K = 1 . 7  

P 

D = pipe  O.D.= 1,315 i n .  

1 

3 

= pres su re  range = 2900 - 60 = 2840 p s i  
0 

0 

t = pipe  nominal w a l l  t h i ckness  = 0.179 in .  

v = Poisson ' s  r a t i o  = 0.3 

E a  = modulus t i m e s  c o e f f i c i e n t  of  thermal  expansion 

= 226 f o r  Ni-Cr-Fe Al loy  600 at 70 F. 
The procedure f o r  ob ta in ing  AT and bT2 i s  g iven  i n  B31.7. The d a t a  given by 

Schneider(22)  w i l l  be  used a s  being s u f f i c i e n t l y  accu ra t e .  S p e c i f i c a l l y ,  f o r  

a s t e p  change i n  f l u i d  temperature ,  Schneider ' s  Chart  23 was used. This  c h a r t  

g ives  the  temperature  response of a p l a t e  i n s u l a t e d  on one s i d e  a f t e r  sudden 

exposure t o  a uniform temperature  convect ive environment on t h e  oppos i t e  s i d e .  

The c h a r t  i s  g iven  i n  terms of t h e  parameters:  

1 

B i  = h6/K 

Fo = 
2 

where 
2 O  h = f i l m  c o e f f i c i e n t ,  B tu /h r - f t  - F 
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6 = p l a t e  th i ckness ,  f t  

K = thermal conduc t iv i ty  of p l a t e  material, Btu/hr-ft-OF 
ad = thermal d i f f u s i v i t y  of p l a t e  m a t e r i a l ,  f t  2 /hr  

8 = t i m e ,  h r s .  

For t h e  1-inch Schedule 40 pipe, 6 = 0.179/12 = .01@ ft, K = - .15. 
t h e  heat-up s i d e  of t h e  cyc le ,  t he  flow r a t e  of 35 gpm leads  t o  a v a l u e  of h 

of about 2500 B t u / h r - f t  - OF, Accordingly: B i z  4.13. Schne ide r ' s  Chart  23 

then  can be used t o  c o n s t r u c t  t h e  temperature v a r i a t i o n  through t h e  w a l l  o f  t h e  

pipe as shown i n  Figure 4. Values of AT and AT can be c a l c u l a t e d  from 

Figure 4 by use of t h e  equa t ions :  

For 

2 

1 2 

t / 2  

- - 
AT2 = Max ( [ T o  - T (  - IAT1(/2,(Ti - Ti  - ( A T , ( / 2 ,  0 )  (19) 

where T = o u t s i d e  s u r f a c e  temperature ,  OF; T = i n s i d e  s u r f a c e  temperature ,  

O F .  Numerical i n t e g r a t i o n  was used t o  e v a l u a t e  Equations (17)  and (18); t h e  

r e s u l t s  are shown i n  F igu re  5 where AT and AT2 are p l o t t e d  a g a i n s t  time, 8.  

The maximums during t h e  h e a t  up s i d e  o f  the cyc le  a r e  AT 1 = - .62 T a ?  AT:! 
.23 Ta. 

t o  F igu res  5 and 6; wi th  t h e  s i g n  of T 

during the  cyc le  would be .23 Ta and .62 Ta , where Ta i s  t h e  sum of t h e  s t e p  

change i n  f l u i d  temperature on t h e  heat-up s i d e  of t h e  cyc le  p l u s  t h e  s t e p  

change on t h e  cool-down s i d e  o f  t h e  cycle .  

= 1050 O F .  

100 OF, and o t h e r  e f f e c t s  may have redwced t h e  e f f e c t i v e  T by another  100 O F .  

Accordingly, an e s t i m a t e  of Ta = 800 OF w i l l  be used; lATll = 0.62 x 800 = 496 

OF, and IAT2j = 0,23 x 800 = 184 O F .  

0 i 

1 - - -  
Analysis  of the cool-down s i d e  of t he  cyc le  would g ive  graphs similar 

reversed.  The range of AT and AT2 
1 a 1  I 1 

I 

Nominally, Ta i s  equa l  t o  2(595-70) 

However, t h e  "soak" per iod reduced t h e  cool-down s t e p  change by 
1 

1 . a  
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FIGURE 5. CALCULATED TEMPERATURE D I S T R I B U T I O N  THRU-WALL DURING 
HEATING PHASE, T a  = S T E P  CHANGE O F  F L U I D  TEMPERATURE, F 
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FIGURT 6 .  CALCULATED AT1 and AT2, HEATING PHASE, Ta - STEP CHANGE OF FLUID TEMPERATURE, OF 
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Equat ions (15) and (16) g ive  

2840 x 1.315 
+ - 

2 x .179 1.4 
x 226 x 496 s = 1.1 x n 

= 11,475 -!- 80,070 = 91,545 p s i ,  

2840 x 226 x 496 + - 1 x 226 x 184 
2 x .179 + E T  .7 s = 1.2 x 1.1 x 

P 

= 13,770 + 136,110 + 59,400 = 209,280 p s i .  

For  Ni-Cr-Fe a l l o y  600 (~~163, annealed) a t  600 F, Sm = 25,300 p s i .  

of Ke, by Equat ion (3 )  here in ,*  i s  

The va lue  

K = 1 + 3.33 3.33  = 2.032 
e 

and, by Equation (4)  

From F igure  2 ,  t h e  c a l c u l a t e d  c y c l e s ,  N 

16. 
s i n g l e  se t  o f  tes t  d a t a  dn thermal g r a d i e n t  loading;  p a r t i c u l a r l y  cons ide r ing  

t h a t  g i r t h - b u t t  we ld  Number 10 had a c rack  depth of only 1 7  pe rcen t  of t h e  w a l l  

t h i c k n e s s ,  and g i r t h - b u t t  weld Number 12 had no c rack  i n d i c a t i o n s  a f t e r  2200 

thermal g r a d i e n t  cyc le s .  

i s  140. The r a t i o  N t / N c  2 2200/140 = 
C Y  

Accordingly, t h e  i n d i c e s  method i s  conserva t ive  as compared t o  t h i s  

It is  of some i n t e r e s t  t o  no te  t h a t  i f  K were t o  be taken a s  u n i t y ,  e 
= 105,000; .Nc = 1100, N t / N c  2 2200/1100 = 2.0. the 'alt 
While d e t a i l s  o f  t h e  geometry of t h e  e n t r a n c e  tee a r e  n o t  known, c a l -  

c u l a t i o n s  based on some rough assumptions l e a d  t o  t h e  conclusion t h a t  t h e  

i n d i c e s  method would g ive  about t h e  same value of N as obtained f o r  t he  g i r t h -  

b u t t  weld. No c racks  were found i n  t h e  en t r ance  tee a f t e r  2200 thermal g r a d i e n t  

cyc le s .  

C 

-I; Values of m and n f o r  Monel a r e  t h e  same as f o r  a u s t e n i t i c  s t a i n l e s s  s teel .  
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COMPARISONS WITH ANSI B31,l  (POWER PIPING) 
FATIGUE DES I G N  BAS IS 

. 

A fat igue-based des ign  a n a l y s i s  procedure f o r  thermal  expansion load- 

ing  w a s  introduced i n t o  t h e  ( then)  ASA B31.1 P ip ing  Code i n  1955. The proce- 

dure i s  used, e s s e n t i a l l y  as developed i n  1955, i n  t h e  p re sen t  v e r s i o n  of  t h e  

ANSI (USAS) Power P ip ing  Code, B31.1.0 - 1967 (23) ( h e r e i n a f t e r  r e f e r r e d  t o  as 
B31,1), 

c e p t  and maximum shear  stress a s  a f a t i g u e  c r i t e r i o n .  It i s  of  i n t e r e s t  t o  

compare t h i s  f a t i g u e  a n a l y s i s ,  developed some 20 yea r s  ago, w i th  t h e  f a t i g u e  

a n a l y s i s  r ep resen ted  by t h e  B31,7 stress ind ices  and ASME Code Case 1441, 

The background of t h i s  des ign  a n a l y s i s  involved a stress range con- 

Carbon S t e e l  a t  Room Temperature 

A s  a f i r s t  s t e p ,  i t  i s  p e r t i n e n t  t o  c o n s t r u c t  an ad jus t ed  S-N curve 

t o  r ep resen t  t he  Ke-factor of ASME Code Case 1441, as shown i n  F igure  7. 
"A-curve" i n  Figure 7 i s  taken  from Figure 1 he re in ;  it i s  t h e  des ign  cyc le  

curve f o r  carbon s teel .  The "B-curve" i n  Figure 7 r e p r e s e n t s  t h e  K - f a c t o r  

f o r  t h e  s p e c i f i c  se t  of cond i t ions :  A106 Grade B ca rbon- s t ee l  m a t e r i a l  a t  

room temperature (S = 20,000, m = 3.0, n = 0,2), S = S ( i .e . ,  a component 

such as an elbow f o r  which K = 1.0). The B-curve i s  cons t ruc ted  as  fo l lows ,  

The 

e 

m n p  
2 

(1) For a s e l e c t e d  va lue  of S / 3 S  > l o o ,  c a l c u l a t e  K * e.g., n m e'  

S - -  n - 1,2,  Ke = 1 i- 2 [ (Sn/3Sm) -13 = 1.4 
3Sm 

K S  K S  
(2) En te r  F igure  7 wi th  S = = e x 60,000 

m 

(Reca l l  t h a t  S = S and 3s = 60,000) 

e .g . ,  e n t e r  a t  Sa = 1.4 x 1.2 x 60,000 = 50,400 

a 2  2 3s 

n P' m 

2 

(3) Procede h o r i z o n t a l l y  t o  i n t e r s e c t i o n  wi th  A-curve, t hen  

i s  a range,  downward t o  va lue  of Sn/2. 

S an amplitude.) This  e s t a b l i s h e s  a po in t  on t h e  B-curve; 

e ,g . ,  f o r  Sn/3S = 1.2 ,  Sa = 50,400 g ives  N 3,900; S /2 = 

(Reca l l  t h a t  S n 

a 

m n 
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60,000 x 1.2/2 = 36,000; N = 3,900, Sa = 36,000 i s  a p o i n t  

on t h e  B-curve. 

Repeat S t eps  (1) through ( 3 )  w i t h  o t h e r  va lues  of S /3S > ( 4 )  n m  
'1.0 t o  o b t a i n  o t h e r  p o i n t s  on the  B-curve. 

The t h i r d  l i n e  i n  Figure 7, l abe led  C2K2S  = 245,000 N D  - .2 , r e p r e -  

s e n t s  t h e  b a s i s  o f  t h e  B31,l f a t i g u e  des ign  procedure. It i s  de r ived  from t h e  
gene ra l  equa t ion  developed by Mark1 ( 4 )  : 

is = 245,000 N ' 0 2  ( 2  0 )  

where S = ( M / Z ) ,  nominal stress amplitude 

i = f a t i g u e  based stress i n t e n s i f i c a t i o n  f a c t o r  i n  

r e l a t i o n  t o  t h e  f a t i g u e  s t r e n g t h  of a " typ ica l "  

g i r t h - b u t t  weld, f o r  which i = 1 , O  

N = c y c l e s - t o - f a i l u r e  ( through-the-wal l -crack) .  

To compare Equation ( 2 0 )  w i t h  the  B31.7 indices/method, two adjustments  

must be made, one wi th  r e s p e c t  t o  t h e  i - f a c t o r  and one wi th  r e s p e c t  t o  N. 

The i - f a c t o r  i n  Equation ( 2 0 )  i s  r e l a t e d  t o  t h e  f a t i g u e  s t r e n g t h  of a 

" typ ica l "  g i r t h - b u t t  weld whereas t h e  B31,7 S-N curve i s  based on po l i shed  b a r  

da t a .  The fol lowing p o i n t s  are p e r t i n e n t  t o  t h i s  r e l a t i o n s h i p ,  

(1) For butt-welding elbows, t h e  e l a s t i c  stress (as determined 

experimental ly  o r  t h e o r e t i c a l l y )  i s  e s s e n t i a l l y  twice t h e  

i - f a c t o r  f o r  elbows as developed from f a t i g u e  tes t s  on 

elbows and used i n  Equation ( 2 0 ) ,  
S t r a i n  c o n t r o l l e d  f a t i g u e  d a t a  on po l i shed  b a r s ,  i n  t h e  cyc le  

range of 4 x lo4 t o  10 c y c l e s  (where K i s  l . O ) ,  and on which 

the  B31,7 f a t i g u e  a n a l y s i s  i s  based, i s  given approximately by 

( 2 )  
6 

e 

S = 490,000 N m o 2  ( 2  1) 
where S = e q u i v a l e n t  stress amplitude 

(3) A f e w  t es t s  on branch connect ions i n  which t h e  e l a s t i c  stress 

was f i r s t  determined by s t r a i n  gages and l a t e r  t h e  specimens 

were sub jec t ed  t o  f a t i g u e  t e s t s ,  a l s o  i n d i c a t e  t h a t  t h e  i- 

f a c t o r  i n  Equation ( 2 0 )  r e p r e s e n t s  about one-half  of t h e  

a c t u a l  e l a s t i c  stress i n t e n s i t y  ( s e e  Reference 2 4 ) .  



A l l  t h r e e  of t h e  above p o i n t s  i n d i c a t e  t h a t  t h e  e f f e c t i v e  stress 

i n t e n s i f i c a t i o n  f a c t o r  of a t y p i c a l  g i r t h - b u t t  weld, a s  r e l a t e d  t o  s t r a i n  con- 

t r o l l e d ,  po l i shed  b a r  f a t i g u e  d a t a ,  i s  approximately two. Accordingly.  

Equation (20) should be w r i t t e n  i n  t h e  form 

( 2 i )  S = 490,000 N'02 (22 1 
The C 

which w i l l  no t  be gone i n t o  h e r e )  equa l  t o  2 i  as de r ived  from f a t i g u e  tests,  

o r  C K stress i n d i c e s  given i n  B31.7 are (with some s u b t l e  excep t ions  2 2 2  

Equation (22),  however, i s  s t i l l  a f a i l u r e - p r e d i c t i o n  equa t ion ;  i .e,,  

N i s  t h e  c y c l e s - t o - f a i l u r e .  

Figure 7 r e p r e s e n t s  a des ign  curve which c o n t a i n s  a f a c t o r  of s a f e t y  of about 

two on stress. Applying t h i s  f a c t o r  of s a f e t y  of two on stress t o  Equation 

(22) g ives  

The B-curve and lower end of t h e  A-curve of 

(23) 

(24) 

- .2 ( 2 i )  S = 245,000 ND 

where ND = design cycles, or in terms of B31.7 indices  

C K S = 245,000 ND - .2 
2 2  

While Equation (24) has  t h e  same c o n s t a n t  as Equation (20) ,  i t  has  an 

e n t i r e l y  d i f f e r e n t  meaning. 

Comparison of Equation (24) w i t h  t h e  B-curve and lower p o r t i o n  of 

t h e  A-curve on Figure 7 i s ,  t h e r e f o r e ,  a d i r e c t  comparison of t h e  B31,7 

i n d i c e s  method w i t h  t h e  B 3 1 . 1  b a s i s ,  

have about t h e  same o v e r a l l  s lope  and t h a t  t h e  B31.7 i n d i c e s  method i s  con- 

s e r v a t i v e  w i t h  r e s p e c t  t o  Equation (24) f o r  ND from 10 t o  10 I f  Equat ion 

( 2 4 ) ,  wi th  i t s  a s s o c i a t e d  C2-indices f o r  but t -welding elbows and but t -welding 

tees, i s  a good r e p r e s e n t a t i o n  of t h e  f a t i g u e  l i f e  of such components then we 

would expect  t h e  B31.7 i n d i c e s  method t o  be conse rva t ive ,  p a r t i c u l a r l y  i n  t h e  

range of 10 t o  10 c y c l e s ,  Examination of t he  d a t a  i n  Tables  2 and 3 con- 

f i rm  t h i s  hypo thes i s ;  i.e., va lues  of N /N a r e  obtained f o r  carbon- 

s teel  but t -welding elbows and but t -welding tees o f  from 55 t o  > 2600. 

It w i l l  be noted t h a t  bo th  a n a l y s i s  

6 

2 4 

t c  

The preceding d i s c u s s i o n  has been concerned w i t h  components where 

It i s  a p p r o p r i a t e  now t o  cons ide r  t h e  e f f e c t  o f  K g r e a t e r  t han  5 i s  1 ,0 ,  

1.0, 

1.0, K2 = 1.8. F igu re  8 i s  analogous t o  Figure 7 except  now t h e  va lue  of S 

i s  more s p e c i f i c a l l y  considered as t h e  " t o t a l  stress", t h e  va lue  of Sn/2 i s  

2 
The s i m p l e s t  example i s  t h e  "as-welded" g i r t h - b u t t  weld f o r  which C = 

2 

a 
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(1/1.8) times the total stress. Accordingly, the B-curve resulting from the 

K -factor starts at S = 1.8 x 30,000 = 50,400 psi. 
an exact agreement between Equation ( 2 4 )  for girth-butt welds (with C2 = 1.0, 

K = 1.8) and the B31.7 indices method for design cycles between 10 and 20,000, 
Here, if Equation ( 2 4 )  is a good representation of the fatigue life of girth- 
welded joints, we would expect a lesser degree of conservatism than obtained 

for butt-welding elbows or butt-welding tees. 

given in Table 1 indicate that this is indeed the case for carbon steel girth- 

butt welds for which the range of N / N  

steel butt-welding elbows and butt-welding tees the range of N /N 

5 5  and > 2600. 

Figure 8 indicates almost e a 

2 

Examination of N / N  values t c  

is between 13 and 18 whereas for carbon t c  
is between 

t c  

Carbon Steel at Elevated Temperatures --- 

The B31.1 fatigue analysis procedure introduces a temperature effect 

through the use of the allowable expansion-stress parameter 

SA = 1,25 S + 0.25 Sh ( 2  5) 
C 

where S = basic allowable stress at minimum (cold) temperature 
C 

Sh = basic allowable stress at maximum (hot) temperature," 

The B31.7 indices method introduces temperature effect only through 

the calculation of K . Code Case 1441 does not explicitly state at what 
temperature S 

suggest that it should be taken at the mean of the maximum and minimum tempera- 

ture associated with the stress cycle, (See Footnote 1 to Table F-104 in 
B31,7 or Footnote 1 to Table N-414 in ASME Section 111). Under this interpre- 

tation, if we now consider a minimum temperature of 100 F, maximum temperature 

of 700 F ,  mean temperature of 400 F, for A106 Grade B the value of S at 400 F 

is the same as at 100 F ,  hence there is no temperature effect under the B31,7 

indices method, The B31.1 procedure, for the same materials and temperatures, 

would introduce a very small temperature effect; i,e,, 

e 
is to be taken; other places in both B31.7 and ASME Section I11 

m 

m 

. 

f: Under certain conditions [See B31.1, 102,3.2(d)] the coefficient of S may h be greater than 0,25 and may be as large as 1,25. 
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A t  T 

A t  Tc = 100 F; T 

Accordingly,  t h e  B31.7 i n d i c e s  method and B31.1 procedure ag ree  t h a t  

t h e  f a t i g u e  l i f e  of A106 B carbon s t ee l  i s  e s s e n t i a l l y  independent of tempera- 

t u r e  i n  a s t r e s s  cyc le  a s s o c i a t e d  w i t h  a temperature change from 100 F t o  

700 F. 

= Th = 100 F; 1,25 S + 0,25 Sh = 22,500 
C C 

= 700 F; 1.25 S h C 
+ 0.25 Sh = 22,338 

---- A u s t e n i t i c  S t a i n l e s s  S t e e l  a t  Room-Temperature 

Figure 9 g i v e s  comparisons analogous t o  those shown f o r  A106 B 

carbon s t ee l  by Figure 7, except  Figure 9 i s  f o r  A312 TP304 s t a i n l e s s  steel. 

The A-curve, taken from Figure 2 ,  i s  t h e  des ign  c y c l e  curve f o r  a u s t e n i t i c  

s t a i n l e s s  s tee l s ,  The B-curve r e p r e s e n t s  t h e  K - f a c t o r  f o r  t h e  s p e c i f i c  se t  

of cond i t ions :  A312 TP304 a t  room temperature (S = 20,000, m = 1 . 7 ,  n* = 

0.3), S = S ( ioe. ,  a component such as  an elbow f o r  which K = l o o ) .  The 

B-curve is  cons t ruc t ed  i n  a manner analogous t o  t h a t  desc r ibed  p rev ious ly .  

e 

m 

n P  2 

The curve marked 

(26) 
- .2 C2K2 S = 281,000 ND 

i s  der ived i n  t h e  same way as Equation (24) ,  except  t h a t  i t  now has a c o n s t a n t  

of 281,000 as suggested by Mark1 (20) f o r  a u s t e n i t i c  s t a i n l e s s  s t ee l  a t  room 

temperature,  

ing elbows and but t -welding tees, i s  a good r e p r e s e n t a t i o n  of t h e  f a t i g u e  l i f e  

of such components, t hen  w e  would expect  t h e  B31 .7  i n d i c e s  method t o  be con- 

s e r v a t i v e ,  p a r t i c u l a r l y  i n  t h e  range of 10 t o  10 cycles,, Examination of t h e  

d a t a  f o r  a u s t e n i t i c  s t a i n l e s s  s t ee l  t e s t e d  a t  room temperature shown i n  Tables 

2 and 3 i n d i c a t e s  t h a t  t h i s  i s  so; t h e  va lues  of N t / N c  (3 elbows, 5 tees) 

range from 45 t o  660 wi th  an average of 320. 

I f  Equation (26),  w i th  i t s  a s s o c i a t e d  C - i n d i c e s  f o r  butt-weld- 2 

2 4 

Figure 9 i n d i c a t e s  t h a t ,  i f  Equation (26) i s  "correct" ,  then t h e  
5 B31.7 i n d i c e s  method i s  unconservat ive f o r  va lues  of N above 10 . While a 

"knee" and an "endurance s t r e n g t h "  e x i s t s  f o r  f a t i g u e  tes t s  of po l i shed  b a r s ,  
D 

- 
i': The va lue  of n = 0.3 i s  taken from proposed changes i n  Code Case 1441. 

comparison of n = 0.5 ( i n  1441) wi th  n = 0.3 i s  shown i n  Appendix A. 
A 
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. 

whether an "endurance strength" exists for piping components is perhaps open 

to question. Equation (26) indicates there is neither a knee nor an endurance 

strength; the B31.7 indices method does assume an endurance strength. 

question, for typical piping system design, would seem to be only of academic 

interest unless severe vibration exists in the piping system. 

The 

Figure 10gives comparisons for an "as-welded" girth-butt weld in a 

TP312 stainless-steel pipe, analogous to Figure 8 for A106 Gr,B carbon steel. 
Figure10 indicates almost an exact agreement between Equation (26) for girth- 

butt welds (with C2 = 1.0, J$ = 1,8) and the B31,7 indices method for cycles 

between 10 and 1,000, with the B31.7 indices method becoming relatively less 

conservative at higher cycles. 

Austenitic Stainless Steel at Elevated Temperatures 

For Type 304 stainless steel with a cycle from 100 F to 800 F, the 

B31.1 fatigue analysis procedure would contain a temperature effect as in- 

dicated by : 

= T = 100 F; 1,25 S 

= 100, Th = 800 F; 1.25 S 

f 0.25 Sh = 28, 125 psi 
At Tc h C 

At T -!- 0.25 Sh = 26,000 psi . 
C C 

If Code Case 1441 is interpreted as implying that S is to be taken m 
at the mean temperature of the cycle, which in this case would be at T = 450 F, 

then S = 17,000 is used for calculating K rather than S = 20,000 for room 

temperature. 
m e m 

Figure 11 consists of a reproduction of Figure 9, with super-position 
of the S-N curves for temperature, For the B31.1 basis, the constant of 281,000 

is multiplied by 26,000/28,125. For the B31.7 indices/method, the correction 

is through the Ke-factor. 

two approaches is about the same, however, the B31.1 approach applies for all 

values of ND; the B31.7 approach only for 260 to 10 

appears at low cycles because K 

It is apparent that the temperature effect by the 

6 cycles. (No correction 

carries an upper bound of l/no) e 
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Permissible Design Cycles 

In the preceding discussion, comparisons have been made between the 

----- basis for the B 3 1 . 1  fatigue design procedure and the B31.7  indices method. 

However, the actual relation between stresses due to moment loading (restraint 

of thermal expansion) and permissible design cycles in B31 .1  is given by Table 

102,3.2(c) in B31.1. 

Number of Equivalent 
F u l l  Temperature Cycles?\ f 

7 0 0 0  and less 1,o 
7 0 0 0  t o  14,000 009 

14,000 to 22 , 000 0.8 

22,000 to 45,000 0.7 

45,000 to 100,000 . 0.6 

100,000 to over 0.5 

summing of cycles of different magnitude. 
* B31.1 ,  like B31 .7 ,  uses Minor's cumulative damage hypothesis for 

Where f is defined as the "stress range reduction factor" and is used in the 

equation: 

= f[1.25 S C + 0,25 Sh i- (Sh - S A ) ]  (2 7) 

where 

SA = allowable stress range for expansion stresses 

S = basic allowable stress at minimum (cold)  temperature 

'h 
S = sum of longitudinal stresses due to pressure, weight, 
R 

. c  
= basic allowable stress at maximum (hot) temperature 

and other sustained loads. 

Figure 12 shows comparisons between Equation (27) and the B31.7  

indices method for the following specific conditions. 

(1) The material is A106 Grade B. 

( 2 )  The temperature extremes of the cycle are 100 F and 7 0 0  F, 

S in the B31.7  procedure is taken as 20,000 psi at 400 F. m 
(3) In the B31.7 procedure, the life usage factor for cyclic 

pressure and cyclic temperature gradients are assumed to be 

negligible. 
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( 4 )  
( 5 )  

I n  t h e  B31.7 procedure,  t h e  K2-index i s  assumed t o  be u n i t y .  

I n  t h e  B31.1 procedure,  t w o  assumptions a r e  made concerning 

t h e  value of S A ,  and two corresponding B31.1 curves a r e  

shown i n  Figure 12; t h e s e  a r e :  

( 4  SA = Sh 
( b )  S A  = 0. 

'h' 
p resented  by Equat ion (27 )  a r e  a good approximation 

It can be seen i n  F igure  12, f o r  S A  = 

,-. 

t h a t  t h e  s t e p  changes r e -  

of t h e  "bas i c  curve",  

C K 

s t r e s s  a t  7,000 cyc le s  f o r  a l l  cyc le s  l e s s  than 7,000 i s  not  supported by any 

t e s t  d a t a ,  i n - so - fa r  as t h e  w r i t e r  i s  aware, and presumably r e p r e s e n t s  an 

a r b i t r a r y  code committee dec i s ion  f o r  s i m p l i f i c a t i o n  of t h e  code r u l e s .  

S i m i l a r l y ,  use of t h e  al lowable s t r e s s  a t  100,000 cyc le s  f o r  a l l  cyc le s  g r e a t e r  

than  100,000 i s  presumably an a r b i t r a r y  code d e c i s i o n .  This  impl ies  t h a t  t h e r e  

i s  a "knee" i n  t h e  S-N curve and t h a t  t h e  endurance s t r e n g t h  ( c o n s i d e r i n g  t h e  

f a c t o r - o f - s a f e t y  of two i n  Figure 12) i s  about 45,000 p s i .  For an a c t u a l  

a p p l i c a t i o n  of cyc le s  f a r  in excess  of 100,000, t h e  B31.1 approach may be 

unconservat ive;  occurrence of such a l a r g e  number of cyc le s  i n  a p ip ing  system 

would probably r e s u l t  only from v i b r a t i o n .  V ib ra t ion ,  per  s e ,  i s  not covered 

by t h e  B3l.l a n a l y s i s .  

S = 245,000 Ne*', between 5,000 and 200,000 cyc le s . .  Use of t h e  a l lowable  
2 2  

For S A  = 0, Figure 12 shows t h a t  t h e  B3l.l S-N curve i s  s h i f t e d  up- 

ward by t h e  r a t i o  of (1.25 Sc + 1.25 Sh) / (1 .25  Sc + 0.25 Sh) . 
be an unconservat ive approach because t h e  b a s i c  data w a s  obtained almost en- 

t i r e l y  wi th  S 

curve an approximation of t h e  b a s i c  d a t a  and then  t o  s h i f t  t h e  S 

downward. 

f o r  h ighe r  cyc le s  b o t h  w i t h  r e s p e c t  t o  t h e  b a s i c  B3l.l data and t h e  B31.7 
i n d i c e s  method. 

This appears  t o  

= 0. A more reasonable  approach would be t o  make t h e  S A  = 0 R 
- S a -  h curve 

It can be seen i n  Figure 12 t h a t  t h e  Sa = Sh curve i s  unconservat ive 

Figure 13, f o r  type 304 s t a i n l e s s  s t e e l ,  i s  based on t h e  same s e t  

of condi t ions  as Figure 12, except  t h a t  t h e  temperature  extremes a r e  100 F ana 

800 F; Sm is  taken  as 17,000 p s i  a t  450 F. S i m i l a r  observa t ions  f o r  s t a i n l e s s  

s t e e l  can be made from Figure 13 a s  were made f o r  carbon s t e e l  w i t h  F igure  12.  
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Comparisons between the  B31.7 ind ices l code  Case 1441 f a t i g u e  

a n a l y s i s  method and f a t i g u e  tes t  d a t a ' o n  s e v e r a l  types  of p ip ing  components 

i n d i c a t e  t h a t ,  wi th  t h e  p o s s i b l e  except ion  of g i r t h  b u t t  welds i n  a u s t e n i t i c  

s t a i n l e s s  s t ee l  p i p e  sub jec t ed  t o  moment loading a t  e l eva ted  tempera tures ,  

t h e  B31.7 i n d i c e s  i n  conjunct ion  wi th  Case 14W a n a l y s i s  method provides  

a conserva t ive  procedure f o r  determining an accep tab le  des ign  f a t i g u e  l i f e  

when Sn > 3Sm. 

t h a t ,  on the  average,  t h e  va lue  of  N / N  should be equa l  t o  o r  g r e a t e r  

than 20. (Nt = c y c l e s  t o  f a i l u r e  as def ined  by a th ru- the-wal l  c r ack ;  

N 

The c r i t e r i o n  upon which t h i s  conclus ion  i s  based i s  

t c  

= c a l c u l a t e d  des ign  cyc le s  us ing  the  B31.7 ind ices /Case  1441 method.) 
C 

The s i n g l e  a v a i l a b l e  t e s t  of a g i r t h  b u t t  weld i n  304 s t a i n l e s s  

s t ee l  p i p e  w i th  c y c l i c  moment loading a t  550 F (specimen HW-3A - in  Table 1) 

gave N t / N c  = 6.3. 

i s  suggested (see d i s c u s s i o n  on p. 12) .  

Addi t iona l  tests of t h i s  component a t  e l eva ted  temperatures  

G i r t h  b u t t  welds i n  carbon s tee l  ' p i p e  under c y c l i c  moment loading  

gave N t / N c  from 13 t o  18. 

of N t / N c  2 20; t h e  a v a i l a b l e  margin seems adequate but  c e r t a i n l y  no t  over- 

conserva t ive .  

This  i s  somewhat on t h e  low s i d e  of  t h e  c r i t e r i o n  

A l l  o t h e r  components w i th  moment loading ( b u t t  welding elbows, 

b u t t  welding t e e s ,  f a b r i c a t e d  tees,  drawn o u t l e t  tees, g i r t h  f i l l e t  welds 

and notched p i p e )  gave N /N va lues  which, on t h e  average,  were w e l l  above 

20. 

t c  

c y c l i c  i n t e r n a l  p re s su re  tests of nozz le s  i n  c y l i n d r i c a l  p re s su re  

v e s s e l s  gave N /N from 10.4 t o  > 860. Most of t h e s e  tes ts  involved t c  
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maximum p res su res  such t h a t  t h e  

exceeds t h e  primary stress l i m i t  

nominal hoop s t r e s s  s i g n i t i c a n t l y  

f o r  p re s su re  loading.  There i s  some sug- 

g e s t i o n  t h a t  t h e  K - f a c t o r  over-compensates f o r  S 

t h e  h igh  va lues  of N /N were obta ined  f o r  S >> 3s t h e  low va lues  f o r  t c  n m y  

> 3Sm; i .e. ,  i n  gene ra l  e n 

s = - 3 s .  n m 

Resu l t s  of c y c l i c  p re s su re  tes ts  on l o n g i t u d i n a l  welds are 

presented .  While some comparisons are made, s i g n i f i c a n t  d e t a i l s  of t h e  

welds are no t  a v a i l a b l e ;  t h e  d a t a  were included t o  draw a t t e n t i o n  t o  t h i s  

p o t e n t i a l  '!weak zone" i n  p re s su re  vessels and p ip ing .  

Resul t s  of t h e  one a v a i l a b l e  c y c l i c  thermal  g r a d i e n t  tes t  gave 

N t / N c  2 16 f o r  a g i r t h  b u t t  weld i n  2" Sch. 80 Monel pipe.  

A s  remarked i n  the  i n t r o d u c t i o n ,  no impl i ca t ion  i s  intended t h a t  

t he  test d a t a  a r e  s u f f i c i e n t l y  broad i n  scope t o  confirm the  v a l i d i t y  of 

t he  ind ices  method f o r  a l l  combinations of p ip ing  components, m a t e r i a l s ,  

temperatures  and loadings .  I n  p a r t i c u l a r ,  t e s t  d a t a  wi th  combinations 

of c y c l i c  loadings a r e  lack ing .  A t es t  of a b u t t  welding elbow o r  b u t t  

welding tee wi th  combined c y c l i c  moment and c y c l i c  i n t e r n a l  p re s su re  would 

c o n t r i b u t e  s i g n i f i c a n t l y  towards determining i f  combined loadings are worse 

than expected from t h e  sum of the  e f f e c t s  of t he  separate loadings .  

Comparisons wi th  the  B31.1 f a t i g u e  des ign  b a s i s  and t h e  B31.7  

ind ices /Case  1441 method i n d i c a t e  a g r a t i f y i n g  degree of agreement between 

these  two methods of a n a l y s i s ,  cons ider ing  t h a t  the  B31.1 b a s i s  w a s  developed 

some 20 yea r s  pr io?  t o  Code Case 1441 and t h a t  t h e  l a t t e r  was developed 

fol lowing an e n t i r e l y  d i f f e r e n t  approach t o  t h e  problem of f a t i g u e  a n a l y s i s  

f o r  loadings  a t  which Sn > 3Sm. 
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CASE 
1441 

INTERPRETATIONS OF ASME BOILER A N D  PRESSURE VESSEL CODE 

Approved by Council, December 29, 1969 

C a s e  1441 
(Spec ia l  R u l i n g )  
Waiving of 3Srn l imit  for Section I l l  
Co ns truct ion 

Inquiry: The purpose of the 3Sm limit 
on the range of primary-plus-secondary 
s t r e s s  (N-414.4) is  to assure  validity 
of the Sa value uspd in the fatigue 
evaluation. What modification may be 
made in the fatigue evaluation which 
will permit waiving the 3Sm limit? 

R e p l y :  I t  is  the opinion of the Com- 
mittee that the 3Sm l i m i t  on the range 
of primary-plus-secondary s t r e s s  
(N-414.4) may be waivpd if: 

( 1 )  There are not mor r  than 1000 
cyc le s  of primary plus secondary 
s t r e s s  range greater than 3Sm. 

(2)  The  value of Sa  used for enter- 
ing the design fatigue curve is in- 
creased by the factor K P .  
Wherp: 
K e  = I .O for ~n 5 3 ~ m  

= 1.0 +* (1 1 (& - 1 )  n m- 

for 3Sm < Sn < 3m Srn 
= I / n  for Sn 3m Srn 

Sn = range of primary-plus-secondary 
s t r e s s  intensity 

m and n = material parameters 

(3)  The  s t r e s s e s  produced by the 
equivalent linear portions of t he  
radial  thermal gradients a r e  c lass i f ied  
a s  secondary (Q in Table  N-413) 
instead of peak ( F  in Table  N-413). 
The  equivalent linear portion of a 
radial gradient i s  defined a s  a linear 
radial  gradient which develops the 
same thermal moment a s  the ac tua l  
radial gradient. 

(4) The rest  of the fatigue evaluation 
s t a y s  the same a s  required in N.415 of 
Section 111, except that the procedure 
of N-417.5 (b) need not b e  used .  

The  value of the material parameters 
na and n, a re  given for the various 
c l a s s e s  of code materials in the fol- 
lowing table:  

211 

Martensitic s t a in l e s s  s t ee l  2.0 0.2 
Carbon s t ee l  3 . 0  0.2 
Austenitic s t a in l e s s  s t e e l  1.7 0.5 
Nickel-Chrome-Iron 1.7 0.5 

Low alloy s t ee l  2 .0  0.2 

Meeting of October 31 ,  1969 

Reprinted from MECHANICAL ENGINEERING March, 1970, a publication of 
The American Society o f  Mechanical Engineers.  

427 
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+c 
Revisions To (Ef fec t ive ly )  ASME Boiler-Code Case 1441 

NB-3228.3 S impl i f ied  Elast ic-Plast ic  Analys is .  The 3Sm l i m i t  on 

the  range of  primary-plus-secondary stress i n t e n s i t y  (NB-3222.2) may be 

exceeded provided t h a t  

(a)  The range of primary-plus-secondary membrane p lus  bending 

stress i n t e n s i t y ,  excluding thermal  bending s t r e s s e s  , 
s h a l l  be - < 3Sm. 

The va lue  of Sa used f o r  e n t e r i n g  t h e  des ign  f a t i g u e  curve 

i s  m u l t i p l i e d  by the  f a c t o r ,  Ke,  where 
(b) 

= 1.0 f o r  S < 3Sm Ke n- 

= l / n  f o r  S > 3m S n- m 

Sn = range of  primary-plus-secondary stress i n t e n s i t y  

The va lues  of t h e  material  parameters m and n a r e  given f o r  t h e  va r ious  c l a s s e s  

of Code materials i n  t h e  fol lowing t a b l e :  

T OF n max - m - 
Low a l l o y  s t ee l  2 .o 0.2  700 

M a r t e n s i t i c  s t a i n l e s s  s t ee l  2.0 0 ..2 7 00 

Carbon s t ee l  3.0 0.2 7 00 

A u s t e n i t i c  s t a i n l e s s  s t e e l  1.7 0.3 800 

Nickel-Chrome-Iron 1 . 7  0.3 800 

(c)  The rest of  t h e  f a t i g u e  eva lua t ion  s t a y s  t h e  same as r equ i r ed  

i n  NB-3222.4, except  t h a t  t h e  procedure of NB-3227.6 need 

n o t  be used.  

(d) The component meets t h e  thermal  r a t c h e t i n g  requirement of  

NB-3222.5. 

(e) The temperature does no t  exceed those l i s t e d  i n  the  above 

t a b l e  f o r  t h e  va r ious  classes of Code materials. 

( f )  The material s h a l l  have a minimum s p e c i f i e d  y i e l d  s t r e n g t h  

t o  minimum s p e c i f i e d  u l t i m a t e  s t r e n g t h  r a t i o  of less than 

0.80. 

ik  
Taken from t h e  " R e w r i t e "  of t h e  ASME Bo i l e r  Code Sec t ion  111, dated October,  1970. 
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With r e s p e c t  t o  t h i s  r e p o r t ,  t h e  s i g n i f i c a n t  changes i n  Case 1441 

a r e  

(1) E l imina t ion  of the  l i m i t  of  1,000 on cyc le s  of stress 

range exceeding 3s . Data given i n  t h i s  r e p o r t  i n d i c a t e s  

t h a t  such a l i m i t  is unnecessary.  
m 

(2) Change i n  t h e  n-value f o r  a u s t e n i t i c  s t a i n l e s s  steel  from 

0.5 t o  0.3. The formulas for Ke a r e  

n = 0.5 n = 0.3 

1.0 + 1.43 [ (Sn/3Sm)-1] 1.0 + 3.33[ (Sn/3Sm)-11 

bu t  no t  g r e a t e r  than 2.0 but  no t  g r e a t e r  than 3.33 


