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FOREWORD 

The work r epor t ed  he re  w a s  performed under the  d i r e c t i o n  of t he  Oak 

Ridge Nat ional  Laboratory (ORNL) i n  support  of t h e  ORNL Piping Program 

f o r  t h e  U.S.  Atomic Energy Commission p r i o r  t o  formation of t he  U.S. De- 

partment of Energy. The experimental  work w a s  done i n  the  Nuclear Com- 

ponents Tes t ing  Laboratory,  Combustion Engineering, Inc. ,  i n  Chattanooga, 

Tennessee, and t h e  d a t a  were analyzed and t a b u l a t e d  a t  ORNL. The mate- 

r i a l  presented i n  t h i s  r e p o r t  w a s  c o l l e c t e d  and summarized at Mechanics 

Research I n s t i t u t e  (MRI) under subcon t rac t  t o  ORNL. P u b l i c a t i o n  of the 

r e p o r t  w a s  funded by t h e  David W. Taylor Naval Ship Research and Develop- 

ment Center (DTNSRDC), Annapolis, Maryland, under c o n t r a c t  No. 61533-80- 

GO-0016. L. M. Kaldor, Code 2724, DTNSRDC, i s  t h e  p r o j e c t  engineer .  

S. E. Moore, Engineering Technology Divis ion,  ORNL, is t h e  program mana- 

ger.  
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EXPEKIMENTAL STRESS ANALYSIS AND FATIGUE TESTS OF 
FIVE 24-IN. NPS ANSI STANDARD B16.9 TEES 

S. E. Moore J. K. Hayes* 
R. A. Weed? 

ABSTRACT 

Experimental  stress ana lyses  and low-cycle f a t i g u e  tests 
of f i v e  24-in. nominal pipe s i z e  American Nat ional  Standards 
I n s t i t u t e  (ANSI) Standard B16.9 forged tees are documented i n  
t h i s  r e p o r t .  The tees, designated a s  Oak Ridge Nat ional  Laho- 
r a t o r y  tees T-10, T-11, T-12, T-13, and T-16, were t e s t e d  
under subcont rac t  a t  Combustion Engineer ing,  Inc.  i n  Chatta- 
nooga, Tennessee. 

Experimental stress ana lyses  were conducted f o r  12 i n d i -  
v idua l  loadings on each tee. Each test model w a s  instrumented 
wi th  -225, 1/8-in. three-gage, 45" s t r a i n  r o s e t t e s  on the  in -  
s i d e  and ou t s ide  s u r f a c e s ;  and 6 l i n e a r  v a r i a b l e  d i f f e r e n t i a l  
t ransformers  mounted on special  nonf l ex ih l e  holding frames f o r  
measuring d e f l e c t i o n s  and r o t a t i o n s  of t he  pipe ex tens ions .  
Normalized maximum s t r e s s  i n t e n s i t i e s  f o r  each loading condi- 
t i o n  on each tee are summarized i n  the  t e x t .  Complete sets of 
s t ra in-gage da ta  and normalized stresses f o r  each tee are 
given on microf iche i n  the  appendixes.  

was f a t i g u e  t e s t e d  t o  f a i l u r e  with e i t h e r  a f u l l y  reversed  
displacement  c o n t r o l l e d  in-plane bending moment on the  branch 
o r  a c y c l i c  i n t e r n a l  p re s su re  t h a t  ranged from a value s l i g h t l y  
above zero t o  about 90% of the  nominal y i e l d  p re s su re  of t h e  
pipe ex tens ions .  A cons tan t  i n t e r n a l  p re s su re  equal  t o  the  
nominal design p res su re  was maintained during the  i n - p l a n e  
bending f a t i g u e  tests. Failure da ta  from the  f a t i g u e  tests 
are summarized i n  the  t e x t .  

p ip ing ,  p ip ing  des ign ,  ANSI R16.9 tees. 

Following completion of the s t ra in-gage tests , each tee 

Keywords: experimental  stress a n a l y s i s ,  f a t i g u e ,  nuc lear  

1. INTRODUCTION 

This r epor t  documents a series of experimental  e l a s t i c - r e sponse  

stress ana lyses  and subsequent low-cycle f a t igue - to - f a i lu re  tests of 

f i v e  24-in. nominal p ipe  s i z e  (NPS) American Nat ional  Standards I n s t i t u t e  

* 
Combustion Engineer ing,  Inc.  

'Mechanics Research I n s t i t u t e .  
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(ANSI)* Standard B16.9 forged piping tees performed i n  support  of t h e  Oak 

Ridge Nat ional  Laboratory (ORNL) Design Criteria f o r  Piping and Nozzles 

Pr0gram.l The tests were conducted a t  Combustion Engineer ing,  Inc.  (CE) 

i n  Chattanooga, Tennessee, and t h e  da t a  were analyzed a t  ORNL. The mate- 

r i a l  presented i n  t h i s  r epor t  w a s  co l l ec t ed  and summarized a t  Mechanics 

Research , Inc . (MRI) . 
ANSI B16.9 tees are a c l a s s  of commercially a v a i l a b l e ,  butt-welding 

piping products  f a b r i c a t e d  i n  accordance w i t h  e i t h e r  t h e  ANSI B16.9 o r  

t h e  MSS-SP48 manufacturing s tandard  .2 3 

s i o n a l  and bas i c  s t r e n g t h  requirements f o r  t he  f i t t i n g s  (p ip ing  products )  

as w e l l  as c o n t r o l s  f o r  c e r t a i n  o the r  manufacturing v a r i a b l e s .  Fabr i -  

ca ted  f i t t i n g s  employing i n t e r s e c t i o n  welds,  however, are considered as 

"pipe f a b r i c a t i o n "  and, as such,  are s p e c i f i c a l l y  excluded. 

These s tandards  inc lude  dimen- 

In  t h e  design r u l e s  f o r  nuc lear  piping systems,  ANSI B16.9 tees a r e  

recognized as a class of piping products  d i s t i n c t  from o the r  types of tee 

j o i n t s .  

t h e  branch and run o u t l e t  and are normally formed from a segment of 

s t r a i g h t  pipe us ing  an ex terna l -sur face  d i e  and some means f o r  ex t rud ing  

t h e  branch o u t l e t .  Rat ios  of t he  ou t s ide  diameter  of t he  branch t o  t h e  

ou t s ide  diameter (OD) of the run (do/Do) l i e  wi th in  the  range of -1/3 t o  1, 

because the  manufacturing s tandards  do not inc lude  dimensions f o r  smaller 

reduct ions .  

They are cha rac t e r i zed  by a smooth t r a n s i t i o n  reg iont  between 

The o b j e c t i v e  of our i n v e s t i g a t i o n s  on ANSI B16.9 tees w a s  essen- 

t i a l l y  t o  provide s u f f i c i e n t  base l ine  s t r u c t u r a l  response-to-load i n f o r -  

mation t o  eva lua te  and/or improve the  adequacy of cu r ren t  design r u l e s  

and c r i t e r i a  f o r  nuc lear  power p l an t  p ip ing  systems as def ined  i n  

Sect .  111, Div. 1, of the  ASME Boiler and Pressure Vessel Code (he re in -  

a f t e r  r e f e r r e d  t o  as the  Code).4 

na tu re  of t h e  i n v e s t i g a t i o n s ,  t he  in€ormation obta ined  w i l l  be u s e f u l  i n  

a much broader range of piping system design a p p l i c a t i o n s .  

However, hecause of t h e  fundamental 

- * 
The American Nat ional  Standards I n s t i t u t e  (ANSI) w a s  formerly t h e  

American Standards Associat ion (ASA). 

tDirnensional d e t a i l s  desc r ib ing  the  geometry of t h e  t r a n s i t i o n  re- 
gion are not  included i n  the s t anda rd ,  and i t  i s  only because of e s t ab -  
l i s h e d  p r a c t i c e  of the  major s u p p l i e r s  t h a t  we may claim t h a t  a smooth 
t r a n s i t i o n  is  c h a r a c t e r i s t i c  of B16.9 tees. 
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. 

S p e c i f i c a l l y ,  t he  ob jec t ives  of the  tests descr ibed  i n  t h i s  r epor t  
w e r e  t o  ob ta in  s u f f i c i e n t  experimental  e l a s t i c  s t r e s s - s t r a i n - d e f l e c t i o n  

d a t a  and f a t igue - to - f a i lu re  r e s u l t s  from each tee t o  enable  us  t o  

1 .  

2. 

3. 

4 .  

5. 

6. 

exper imenta l ly  desc r ibe  the  e l a s t i c  stress d i s t r i b u t i o n s  over t he  

body of each tee f o r  i n t e r n a l  pressure  and f o r  a complete set of di-  

rect fo rce  and moment loading cond i t ions ;  

l o c a t e  the  maximum stresses and determine t h e i r  magnitudes f o r  each 

loading  condi t ion ;  

determine the  r e l a t i v e  importance of t r a n s v e r s e  shear  fo rce  and bend- 

ing  moment loads  on t e e s  i n  a piping system; 

provide experimental  benchmark d a t a  f o r  comparison wi th  a n a l y t i c a l  

s o l u t i o n s  and p h o t o e l a s t i c  model s t u d i e s ;  

determine experimental  va lues  f o r  the  stress ind ices  and f l e x i b i l i t y  

f a c t o r s  f o r  i nd iv idua l  and combined loading  condi t ions  f o r  comparison 

with Code va lues ;  and 

provide component f a t igue - to - f a i lu re  da t a  f o r  comparison with Code 

des ign  cri teria and a n a l y s i s  procedures.  

The f i v e  24-in. N P S  ANSI B16.9 tees used i n  t h e  experimental  stress 

a n a l y s i s  and low-cycle f a t i g u e  tests performed a t  CE are descr ibed i n  

Table 1.1. The tees were off- the-shelf  products  t h a t  would normally be 

suppl ied t o  the  b u i l d e r  of a nuc lear  power p l an t .  A l l  f i v e  tees were 

f a b r i c a t e d  by the  same manufacturer (des igna ted  as Manufacturer No. 111 

i n  a similar s tudy of 12-in. ANSI B16.9 t ee s ) .5  

Table 1.1 l i s t s  the  nominal s i z e  and material f o r  each tee. Three 

of the  t e e s  were f u l l - o u t l e t  (T-10, T-11, and T-16) and two were reduced- 

o u t l e t  tees (T-12 and T-13). The nominal w a l l  th ickness  ranged. from 

sched. 10 (T-16) t o  sched. 160 (T-11 and T-13); T-16, however, w a s  forged 

as a sched. 20 tee and through-bored on both the  branch and the  run t o  

conform with the  s tandard  sched. 10 dimensions a t  the welding ends. Stan- 

dard nominal dimensions6 ,7 of t h e  "equivalent"  s i z e  pipe are given i n  

Table 1.2. 

Four of the  tees were made from carbon s t e e l ,  and one (T-16) w a s  

made from type 304L s t a i n l e s s  s tee l .  Material p r o p e r t i e s ,  obtained from 

t h e  manufacturer ,  are l i s t e d  i n  Table 1.3. Included i n  Table 1.3 a r e  the  
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Table 1.1. ORNL tee des igna t ions  

Manufacturer Material ASTM 
des igna t ion  

Nominal 

(sched. ) 
size thicknessa 

( i n .  N P S )  Tee 

T-10 24 x 24 x 24 40 A 212-61T Grade B I11 
T-11 24 X 24 x 24 160 A 105 Grade 2 I11 
T-12 24 x 24 x 10 40 A 515 Grade 70 I11 
T-13 24 x 24 x 10 160 A 105 Grade 2 111 
T-16 24 x 24 x 24 10 SA 312 Type 304 L I11 

%or nominal dimensions of "equivalent"  s i z e  pipe see Table 1.2. 

Table 1.2. Nominal dimensionsa of 
equ iva len t  s ize  pipe f o r  ORNL 

24-in. N P S  B16.9 tees 

Out s i d e  diameter Wall t h i c k n e s s  
( i n . )  ( i n . )  

Tee 

T-10 24.000 24.000 0.687 0.687 
T-11 24.000 24.000 2.343 2.343 
T-12 24.000 10.750 0.687 0.365 
T-13 24.000 10.750 2.343 1.125 
T-16 24.000 24.000 0.250 0.250 

Sect ion ,. 
Tee 

Cross-sect ional  
area 

( i n . 2 )  

modulus 
W I . ~ )  

T-10 285.0 285.0 50.3 50.3 
T-11 788.0 788.0 159.4 159.4 
T-12 285.0 29.91 50.3 11.91 
T-13 788.0 74.3 159.4 34.02 
T-16 109.6 109.6 18.7 18.7 

~~ ~~ 

aNominal pipe dimensions taken from 
Ref. 7. 



. 

Table 1.3. Material p r o p e r t i e s a  of tees 

~ ~~~~~ _____ 

From m i l l  test r e p o r t  From f o r g i n g  end-clippings M i l l  
heat  

No. 

Lo t  
No. Tee  su Percen t  sU Percen t  sY sY ( p s i )  ( p s i )  e l o n g a t i o n  ( p s i )  ( p s i )  e l o n g a t i o n  

T-10 45,600 75,600 27.8 
T-11 S-3585 6021800 41,000 70,000 31.5 44,100 74,100 36.0 
T-12 P-4195 516W0765 50,600 78,000 23 .O 49,800 78,400 30.0 
T-13 S-3586 6021800 49,000 71,000 33.0 44,100 74,100 36.0 
T-16 P-6453 500281-1A 38,000 83,000 53.0 42,400 80,900 67.5 

= Yield s t r eng th .  
Su = Ultimate t e n s i l e  s t r e n g t h .  
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manufacturer ' s  l o t  number and m i l l  hea t  number f o r  t he  s t ee l ,  and y i e l d  

s t r e n g t h  (Sy) ,  u l t i m a t e  s t r e n g t h  ( Su),  and percent  e longa t ion  from both 

t h e  mill test r e p o r t s  and from specimens made from t h e  fo rg ing  end- 

c l ipp ings .  

The tests were conducted a t  CE i n  accordance wi th  Union Carbide Job 

S p e c i f i c a t i o n  JS-115-231 included i n  Appendix I. When the  tees, along 

wi th  t h e i r  q u a l i t y  c o n t r o l  documentation, were received from t h e  manu- 

f a c t u r e r ,  they were inspected and measured i n  t h e  Oak Ridge Gaseous Dif- 

f u s i o n  P l a n t  Dimensional In spec t ion  Department t o  ensu re  conformance wi th  

t h e  purchase s p e c i f i c a t i o n  and t h e  ANSI B16.9 s tandard.  

w a l l  t h i cknesses ,  and o u t s i d e  diameters at  va r ious  p o s i t i o n s  on t h e  body 

of t h e  tees were a l s o  measured and recorded. These "as-built ' '  dimensions 

are given i n  Appendix 11. Figures  1.1-1.3 are photographs of T-11, T-12, 

and T-13, r e s p e c t i v e l y ,  undergoing dimensional i n spec t ion .  

Crotch r a d i i ,  

A l l  t he  des ign ,  f a b r i c a t i o n ,  and test work was  conducted a t  CE i n  

accordance with r a t h e r  d e t a i l e d  i n s t r u c t i o n s  and g u i d e l i n e s  s p e c i f i e d  by 

ORNL. P r i o r  approval w a s  r equ i r ed  f o r  a l l  c r i t i c a l  o p e r a t i o n s ,  i n c l u d i n g  

items such as welding procedures and welder q u a l i f i c a t i o n s  f o r  t h e  pipe- 

to- tee  j o i n t s ,  s t ra in-gage and l i n e a r  v a r i a b l e  d i f f e r e n t i a l  t r ans fo rmer  

(LVDT) l ayou t  and placement, loading f i x t u r e s  and a p p l i c a t i o n ,  s t r a i n -  

gage readings and d a t a  r educ t ion ,  and loading cond i t ions  and ope ra t ion  of 

t h e  f a t i g u e  tests. CE w a s  r e spons ib l e  f o r  t h e  load  frame, f a b r i c a t i o n  of 

t he  test assemblies ,  i n s t rumen ta t ion  and ope ra t ion  of t he  tests, reduc- 

t i o n  of t h e  r a w  d a t a  t o  engineer ing s t r a i n s  and stresses, and t r a n s m i t t a l  

of t he  d a t a  t o  ORNL f o r  f u r t h e r  e v a l u a t i o n  and a n a l y s i s .  Strain-gage and 

LVDT l o c a t i o n  d a t a  are given i n  Appendix 111. T e s t  model f a b r i c a t i o n  and 

assembly drawings are given i n  Appendix I V .  

Chapter 2 of t h i s  r e p o r t  i nc ludes  a d e t a i l e d  d e s c r i p t i o n  of t h e  test  

se tup  and test procedures.  The tests performed on each tee included a 

series of e l a s t i c - r e sponse  s t ra in-gage tes ts  and a low-cycle f a t igue - to -  

f a i l u r e  te,st. The bulk of the content  of Chap. 2 was a b s t r a c t e d  from CE 

test  r e p o r t s .  8-12 

Chapter 3 c o n t a i n s  a complete d i s c u s s i o n  of t h e  r e s u l t s  from the  

e l a s t i c - r e s p o n s e  and f l e x i b i l i t y  tests. The e las t ic  s t ra in-gage evalua- 

t i o n  and r educ t ion  t o  normalized stresses i s  discussed i n  Sect.  3.1. 
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Experimental  va lues  f o r  t h e  i n d i v i d u a l  load stress i n d i c e s  (maximum nor- 

malized p r i n c i p a l  stress d i f f e r e n c e s )  are d iscussed  i n  Sect .  3.2. Most 

of t he  d a t a  are presented  on microf iche  i n  the appendixes at  the  end of 

t h i s  r epor t  for those readers  needing benchmark information.  Resu l t s  

from the  i n i t i a l  da t a  reduct ion  are given i n  Appendix V. L i s t i n g s  of t h e  

f i n a l  normalized stress i n t e n s i t i e s  f o r  each gage s i te  and each load con- 

d i t i o n  are given i n  Appendix V I .  Comparable informat ion  is presented  

g r a p h i c a l l y  i n  Appendix V I I .  A r e p r e s e n t a t i v e  set  of the  da ta  ( f o r  i n -  

t e r n a l  p re s su re )  i s  included i n  Sect.  3.3. Experimental  f l e x i b i l i t y  fac-  

t o r s  obtained from measured r o t a t i o n s  of t he  pipe ex tens ions  are d i s -  

cussed i n  Sect.  3.4. 

Resu l t s  from t h e  f a t igue - to - f a i lu re  tests are d iscussed  i n  Chap. 4. 

These tests were intended t o  provide component f a i l u r e  d a t a  wi th in  t h e  

low-cycle range of 500 t o  100,000 cyc le s  where a s i g n i f i c a n t  amount of 

c y c l i c  p l a s t i c  s t r a i n  is expected.  The tests f o r  T-10 and T-16 were run 

w i t h  a f u l l y  reversed ,  displacement-control led,  c y c l i c  i n - p l a n e  moment 

load on the  branch, superposed on a cons tan t  i n t e r n a l  pressure  equal  t o  

t h e  maximum Code-allowable design p res su re  f o r  t h e  p ipe  ex tens ions .  The 

tests f o r  T-11, T-12, and T-13 were run w i t h  a c y c l i c  h y d r o s t a t i c  i n t e r -  

n a l  p re s su re  t h a t  ranged between a minimum near  zero (100 p s i  or  l e s s )  

and a maximum value corresponding t o  about 90% of the  nominal y i e l d  

s t r e n g t h  of the  p ipe  ex tens ions .  F a i l u r e  f o r  both types of tests w a s  de- 

f ined  as a through-the-wall crack i n  t h e  tee or one of t h e  pipe-to-tee 

welds as evidenced by a p res su re  leak.  P o s t f a i l u r e  tes t  r e s u l t s  f o r  

t h ree  of t he  tees are given i n  Appendix V I I I .  

Resu l t s  from both t h e  e l a s t i c - r e sponse  and f a t igue - to - f a i lu re  tests,  

a long with similar r e s u l t s  from 12-in. ANSI B16.9 tee tes ts ,5  w i l l  be 

used i n  a s e p a r a t e  r epor t  t o  d i scuss  the adequacy of cu r ren t  Code proce- 

dures  f o r  t h e  design of nuc lear  power p l an t  p ip ing  systems. 
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2. TEST DESCRIPTION 

The tes t  work d e s c r i p t i o n  given i n  t h i s  chapter  i s  divided i n t o  

t h r e e  genera l  ca t egor i e s :  p repa ra t ion  of t he  test assemblies  (models) , 
performance of the s t a t i c  e l a s t i c - r e sponse  tests,  and performance of t h e  

f a t igue - to - f a i lu re  tests. Resu l t s  are d iscussed  i n  Chaps. 3 and 4 .  

2.1 Prepara t ion  of the  Test Assemblies 

General p repa ra t ions  f o r  conducting the  tests cons i s t ed  p r imar i ly  of 

cons t ruc t ing  and ins t rument ing  the  f i v e  tes t  models. The in s t rumen ta t ion  

cons i s t ed  b a s i c a l l y  of 1/8-in. f o i l ,  three-gage s t r a i n  r o s e t t e s  f o r  mea- 

su r ing  s t r a i n s  and LVDTs f o r  measuring r e l a t i v e  displacements and r o t a -  

t i o n s .  The loading  f a c i l i t y  and d a t a  logging equipment a l ready  e x i s t e d  

a t  CE where they had been used i n  previous s t u d i e s  of l a r g e  p ip ing  com- 

ponents.13 

hydraul ic  pressure  i n t e n s i f i e r s  and r e l a t e d  c o n t r o l s  f o r  t he  p re s su re  f a -  

t i g u e  tests. 

The only a d d i t i o n a l  equipment needed f o r  t h e  ORNL tests were 

P r i o r  t o  cons t ruc t ing  the  test assemblies ,  t h e  weld preps a t  each 

end of t he  t e e  and branch were remachined perpendicular  t o  the axes of 

t h e  tee f o r  later use as re ference  s u r f a c e s  i n  pos i t i on ing  t h e  s t r a i n  

gages. The i n s i d e  and ou t s ide  su r faces  t h a t  were t o  be s t r a i n  gaged were 

ground and pol ished.  For a l l  t h e  tees except  T-16, "as-bui l t ' '  dimensions 

had been c a r e f u l l y  determined when the  tees were received a t  ORNL from 

t h e  manufacturer.  These included ou t s ide  s u r f a c e  r a d i i  and w a l l  th ick-  

ness measurements a t  s e l e c t e d  p o s i t i o n s  on the body of each tee. These 

d a t a  are given i n  Appendix 11. In a d d i t i o n ,  p l a s t e r -o f -pa r i s  moldings of 

the  i n s i d e  and ou t s ide  su r faces  were made as semipermanent records of t h e  

tee geometry. Some of t h e  f i g u r e s  i n  Appendix I1 inc lude  drawings of the  

c ro t ch  reg ions  that were t r aced  from the  p las te r -of  -par i s  moldings. 

2.1.1 Strain-gage layout  

Each tee was instrumented with between 210 and 2 4 0 ,  1/8-in. t h ree -  

gage fo i l - type  s t r a i n  r o s e t t e s  loca ted  i n  two d iagonal ly  oppos i te  quad- 

r a n t s  on t h e  i n s i d e  and o u t s i d e  su r faces .  Quadrant 1 is  def ined as the  
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shaded r eg ion  i n  Fig. 2.1 wi th  coord ina te  p o s i t i o n s  (+X, +Y, +Z). Quad- 

r a n t  2 is  the  d i agona l ly  oppos i t e  region with coord ina te  p o s i t i o n s  (-X, 

+Y, -Z). When t h e  tes t  models were mounted i n  t h e  load ing  frame, t h e s e  

two quadrants  were l o c a t e d  on t h e  top and bottom of t h e  model, respec- 

t i v e l y .  

Two d i f f e r e n t  schemes were used f o r  l a y i n g  out t h e  s t ra in-gage l o -  

c a t i o n s .  For the  f u l l  o u t l e t  tees (T-10, T-ll, and T-16), t he  gages i n  

each quadrant were arranged i n  f i v e  rows as shown i n  Fig.  2.2. ROWS 1 

and 5 are loca ted  i n  the  t r a n s v e r s e  Y-Z plane and t h e  l o n g i t u d i n a l  X-Y 

plane as i n d i c a t e d  i n  Fig. 2.1. Rows 2, 3, and 4 are l o c a t e d  i n  planes 

r a d i a l  t o  the branch and the run c e n t e r l i n e s  a t  22-1/2' increments from 

ORNL-DWG 84-6261 E T 0  

Fig.  2.1. Coordinate system and test loading s ign  convention. 
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ORNL-DWG 84-6262 E T D  

X-Z 
PLANE 

Fig. 2.2. Typical  s t ra in-gage layout  f o r  f u l l - o u t l e t  tees (T-10, 
T-11, and T-16). 

t h e  X-Y and Y-Z planes.  The c ro t ch  l i n e  i s  t h e  l i n e  j o i n i n g  t h e  i n t e r -  

s e c t i o n s  of the  two sets of r a d i a l  planes.  The weld preps a t  each of t h e  

t h r e e  ends of the  tees, which had previous ly  been machined perpendicular  

t o  the  tee axes ,  were used as r e fe rence  planes i n  l ay ing  out the  row 

l i n e s  bile t h e  tees were r e s t i n g  on a f l a t  su r f ace  marble t ab le .  

Gage p o s i t i o n s  f o r  both the  i n s i d e  and ou t s ide  su r faces  were marked 

of f  on the  row l i n e s  with d i v i d e r s .  Eleven gage s i t e s  were pos i t ioned  on 
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each row l i n e  with e x t r a  gages on the  c ro t ch  l i n e  (T-16 only)  midway be- 

tween the  row l i n e s  as shown i n  Fig. 2.2. 

a l s o  placed on the  "back" of t he  tees i n  the  l o n g i t u d i n a l  X-Y plane.  

quadrant were arranged i n  s i x  rows as shown i n  Fig.  2 . 3 .  Rows 1 and 6 

are loca ted  i n  t h e  t r a n s v e r s e  Y-2 and l o n g i t u d i n a l  X-Y p lanes ,  respec-  

t i v e l y .  

An a d d i t i o n a l  row of gages was 

For t h e  two reducing o u t l e t  tees (T-12 and T-13) t h e  gages i n  each 

The in t e rmed ia t e  rows, however, are loca ted  e n t i r e l y  i n  p lanes  

I/ 
F * -  

ORNL-DWG 84-6263 ETD 

1 \ I  \ I  \ I  \ I  
-*--*- - *  

* - - * -  

--\ \ /  

. \ 

\ 
\ 

\ 

\ I  
- 9 0  

ROW 6 

,-. \ /  \ *  
ROW 5 

I 

Fig.  2.3. Typical  s t ra in-gage layout  f o r  reducing-out le t  tees 
(T-12 and T-13). 
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r a d i a l  t o  the a x i s  of t h e  branch. 

a t  22 1 / 2 O  increments around the branch. 

way between rows 3 and 5, t h a t  i s ,  a t  56-1/4' from t h e  Y-Z p lane ,  but 

only on the  run s i d e  of the c ro t ch  l i n e .  For the  reducing tees,  t h e  

c ro t ch  l i n e  i s  def ined as the  o u t s i d e  s u r f a c e  j u n c t i o n  between t h e  cy l in -  

d r i c a l  body of t he  run and the t r a n s i t i o n  t o  the branch. The i n s i d e  s u r -  

f a c e  gage l i n e s  were on r a d i a l  planes at t h e  nozzle end and i n  t h e  run 

p o r t i o n  of t h e  tees "below" the c ro t ch  l i n e .  In  the t r a n s i t i o n  r eg ion ,  

t h e  i n s i d e  gages are loca ted  "through-the-wall" pe rpend icu la r  t o  the  out - 
s i d e  s u r f a c e  gage si tes.  

Rows 2 ,  3 ,  and 5 are i n  r a d i a l  planes 

Row 4 is  i n  a r a d i a l  plane mid- 

A s  shown i n  Fig. 2.3, row l i n e s  1, 2 ,  and 3 extend from t h e  branch 

end t o  the midplane of the run ( t h e  X-Z p lane ) ,  whereas rows 5 and 6 ex- 

tend from t h e  branch end t o  the  run end. 

po r t ion  of the tee from the c ro t ch  l i n e  t o  the run end. Ten gages were 

l o c a t e d  on each row l i n e ,  except row 4 ,  wi th  four  p o s i t i o n s  "above" and 

f i v e  p o s i t i o n s  "below" the c ro t ch  l i n e .  Gage p o s i t i o n s  were a l s o  loca ted  

a t  the i n t e r s e c t i o n s  of the c ro t ch  l i n e  and row l i n e s .  For T-12 addi- 

t i o n a l  gages were a l s o  loca ted  on the c ro t ch  l i n e  midway between the row 

l i n e s .  

Row 4 extends only over t h e  run 

The gage s i tes  f o r  a l l  f i v e  tees were loca ted  us ing  d i v i d e r s ,  which 

give chord d i s t a n c e s  r a t h e r  than t r u e  s u r f a c e  d i s t a n c e s .  The only d i s -  

advantage t o  t h i s  scheme is  t h a t  through-the-wall p o s i t i o n s  may not 

always be perpendicular  t o  the  midsurface and may t h e r e f o r e  make it more 

d i f f i c u l t  t o  determine the membrane and s h e l l  bending stresses. 

Af t e r  the gage l o c a t i o n s  were marked, the tees were r epos i t i oned  on 

t h e  marble t a b l e  so t h a t  t he  X,  Y, or  Z coord ina te s  could be measured 

with a v e r n i e r  height  gage. These coordinate  dimensions are l i s t e d  i n  

Appendix 111. Figures  i n  Appendix I11 a l s o  show the  gage l ayou t s  f o r  

each tee and t h e  equat ions used t o  convert  v e r n i e r  he igh t  measurements t o  

XYZ coordinates .  Dimensions not shown on the  d a t a  s h e e t s  correspond t o  

gage p o s i t i o n s  a t  the pipe-to-tee welds, which could not be a c c u r a t e l y  

measured u n t i l  a f t e r  t he  tes t  models had been assembled. 

The fol lowing scheme w a s  used f o r  i d e n t i f y i n g  gage p o s i t i o n s .  Each 

p o s i t i o n  w a s  ass igned a f ive -cha rac t e r  l a b e l  (P1-P2-P3-P4-P5), with the  

f i r s t  c h a r a c t e r  P1 = I, 0 i n d i c a t i n g  e i t h e r  t h e  i n s i d e  s u r f a c e  (I) o r  t h e  
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o u t s i d e  s u r f a c e  (0). The second c h a r a c t e r  P2 = 1, 2 i n d i c a t e s  t h e  quad- 

r a n t  number. The next two, P3 and P4, i d e n t i f y  t h e  row l i n e ,  t h a t  i s ,  

Pg P4 = R1,  R2, ..., R6; and the  last  c h a r a c t e r  P5 = A, B, ..., K i d e n t i -  

f i e s  t h e  p o s i t i o n  number along t h e  row l i n e ,  as shown i n  Figs.  2.2 and 

2.3. These p o s i t i o n s  are l e t t e r e d  consecu t ive ly  from t h e  branch weld 

end wi th  t h e  le t ter  "I" omitted from t h e  sequence. The c r o t c h  l i n e  i s  

i d e n t i f i e d  as row 7 (P3 PL, = R 7 ) ,  except f o r  T-16 where P3 P4 = CR. 

Roset te  No. 0-2R3-G, f o r  example, i s  l o c a t e d  on t h e  o u t s i d e  s u r f a c e  i n  

quadrant 2 on row 3 i n  the  G p o s i t i o n  (seventh gage).  

Af t e r  t h e  test assemblies were p a r t i a l l y  f a b r i c a t e d  they were in -  

strumented wi th  45", three-gage, cons t an tan - fo i l  s t r a i n  r o s e t t e s  w i th  
1/8-in. g r i d  l eng ths .  The fou r  carbon s teel  tees were instrumented with 

Micro-Measurement brand Type EA-06-126-120 s t r a i n  r o s e t t e s .  Type EA-09- 

126-120 r o s e t t e s  were used f o r  t he  s t a i n l e s s  s teel  tee T-16. In g e n e r a l ,  

the  r o s e t t e s  were o r i e n t e d  with e i t h e r  t h e  No. 1 o r  No. 3 l e g  l y i n g  along 

t h e  row l i n e ,  although a few except ions may be noted i n  t h e  d e t a i l e d  gage 

layout  f i g u r e s  of Appendix 111. The d i r e c t i o n s  of t he  p r i n c i p a l  stresses 

p resen ted  la ter  i n  t h i s  r e p o r t  are given r e l a t i v e  t o  t h e  row l i n e ,  with 

a p o s i t i v e  angle  being counterclockwise.  

The gages were bonded t o  the  s u r f a c e s  wi th  Eastman brand 910 cement 

and were moisture  proofed with Micro-Measurement brand M coat-A s e a l a n t .  

The gages were connected t o  the  d a t a  a c q u i s i t i o n  equipnent using a s t a n -  

dard three-lead-wire system t o  prevent temperature changes i n  t h e  l e a d  

w i r e s  from a f f e c t i n g  t h e  da t a .  

Each test model was a l s o  instrumented wi th  LVDTs t o  measure r e l a t i v e  

displacements and r o t a t i o n s  of the pipe l e g s  for l a te r  use in determining 

f l e x i b i l i t y  f a c t o r s .  Six LVDTs, accu ra t e  t o  0.0001 i n . ,  were mounted on 

s p e c i a l  n o n f l e x i b l e  holding frames a t t ached  t o  t h e  pipe l e g s  as shown i n  

Figs.  2.4 and 2.5. The arrangement shorn i n  Fig.  2.4 was used t o  measure 

r o t a t i o n s  of t h e  branch with r e spec t  t o  the f i x e d  end of t he  run. The 

arrangement shown i n  Fig. 2.5 was used t o  measure r o t a t i o n s  of one end of 

the run wi th  r e s p e c t  t o  the  o the r  end. S p e c i f i c  hardware dimensions a t  

assembly, LVDT numbers, and LVDT support  arrangements and l o c a t i o n s  used 

i n  the test program are given i n  Appendix 111. 
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ORNL-PHOTO 6048-84 

Fig. 2.4. T e s t  model T-10 with LVDT i n s t rumen ta t ion  f o r  measuring 
in-plane r o t a t i o n s  of branch with r e spec t  t o  f ixed  end of run. 

2.1.2 T e s t  model f a b r i c a t i o n  

Each test model assembly cons i s t ed  of a 24-in. N P S  ANSI Standard 

B16.9 forged p ip ing  tee; t h r e e  s t r a i g h t  pipe e x t e n s i o n s ,  -70 in.  long ,  

welded t o  t h e  tee o u t l e t s ;  t h r e e  wlelding p ipe  caps t o  c l o s e  t h e  ends of 

t he  p ipe ;  t h r e e  ANSI s tandard  p ipe  f l anges  f o r  a p p l i c a t i o n  of t h e  test  
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Type 304 s t a i n l e s s  steel .  As shown i n  Fig.  2.6 s h o r t  pipe s t u b s ,  9-1/2 i n .  

long,  were welded t o  the branch o u t l e t  f o r  t h e  t h r e e  f u l l - o u t l e t  tees 

T-10, T-11, and T-16, t o  allow s t r a i n  gaging t h e  i n s i d e  s u r f a c e  be fo re  

f i n a l  assembly. Pipe s t u b s  were not used f o r  t he  reduced o u t l e t  tees 

(T-12 and T-13) because of t he  smaller access t o  t h e  i n s i d e  s u r f a c e .  For 

these  models the branch pipe w a s  welded d i r e c t l y  t o  the  tee a f t e r  t he  i n -  

s i d e  surf  ace ins t rumen ta t ion  w a s  completed. 

Except f o r  T-16, tes t  loadings were app l i ed  t o  the  models through 

s p e c i a l l y  ordered 600 c l a s s  l a p - j o i n t  f l a n g e s  welded t o  t h e  run p ipes  and 

300 class l a p - j o i n t  f l anges  welded t o  the  branch pipe.  Welding neck 

f l a n g e s  were used f o r  T-16 because of t h e  smaller w a l l  t h i ckness  (0.250 i n .  

f o r  sched. 10). The mating s u r f a c e s  of t he  loading f l a n g e s  on a l l  f i v e  

models were pos i t i oned  75-1/2 i n .  from t h e  c e n t e r  of t he  tee i n  o rde r  t o  

f i t  properly i n t o  t h e  loading frame. 

Small 1-1/2-in.- t o  2-1/2-in.-diam nozzles  placed near  t h e  ends of 

t he  pipe ex tens ions  were used t o  fill, ven t ,  and p r e s s u r i z e  the  model and 

t o  provide access f o r  radiography. Small nozzles  w e r e  a l s o  provided f o r  

s p e c i a l  p re s su re  glands used t o  seal t h e  -1000 l ead  wires connected t o  

the  i n s i d e  s u r f a c e  s t r a i n  gages. These p re s su re  glands were made by in -  

s t a l l i n g  polythermalene-coated , 26-gage copper w i r e  i n  s p e c i a l  p ipe  f i t -  

t i n g s  and p o t t i n g  the  glands with an epoxy m a t e r i a l .  The glands were 

h y d r o s t a t i c a l l y  t e s t e d  t o  8350 p s i  i n  a special  test f i x t u r e  be fo re  being 

i n s t a l l e d  i n  t h e  tes t  model. Spec ia l  anchor pads were a l s o  provided f o r  

a t t a c h i n g  t h e  LVDT displacement measuring hardware t o  the  t es t  models. 

Because of the need t o  instrument the  i n s i d e  s u r f a c e  of t h e  tees, 

t h e  tes t  assemblies were f a b r i c a t e d  i n  s t a g e s .  For the  f u l l - o u t l e t  tees,  

t h e  two run-pipe subassemblies and the  branch-pipe s t u b  were f i r s t  welded 

t o  the  tees with nuc lea r  q u a l i t y  welds, which were then ground f l u s h  on 

both the  i n s i d e  and o u t s i d e  su r faces .  This was done so  t h a t  s t r a i n  gages 

could be placed on t h e  pipe-to-tee weld connections and so t h a t  stress 

concen t r a t ions  t h a t  might i n i t i a t e  a f a i l u r e  during t h e  f a t i g u e  tests 

would be avoided. A l l  t he  welding procedures were q u a l i f i e d  t o  Sect .  IX 

of t h e  ASME Code (Ref. 14) as r equ i r ed  by the  j o b  s p e c i f i c a t i o n  (Appendix 

I). Both the  q u a l i f i c a t i o n  welds and the  tes t  assembly welds were ex- 

amined by magnet ic-par t ic le  tests (magnafluxed) and by radiography. In  
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a d d i t i o n ,  t he  q u a l i f i c a t i o n  welds were sub jec t ed  t o  t e n s i l e  tests,  bend 

tests,  and Charpy impact tests. Following acceptance of t h e  pipe-to-tee 

welds the  tee subassembly and the branch-pipe subassembly were stress re- 

l i e v e d  a t  1150OF. The loading f l anges  were then pos i t i oned  and welded 

onto the pipe l e g s  so t h a t  t h e i r  mating s u r f a c e s  would be 75-1/2 i n .  from 

t h e  cen te r  of t h e  tee. 

For t h e  two reduced o u t l e t  models, T-12 and T-13, which were f a b r i -  

cated without branch pipe-stubs,  i t  was necessary t o  weld the branch pipe 

d i r e c t l y  t o  the  tee a f t e r  a l l  t h e  i n t e r n a l  i n s t rumen ta t ion  had been com- 

p l e t ed .  

Chromel-Alumel thermocouples were placed ad jacen t  t o  t h e  s t r a i n  gages 

nea res t  the weld, and the temperatures were never allowed t o  exceed 150OF. 

To ensure a high-qual i ty  j o i n t ,  t h e  weld preps on both t h e  branch o u t l e t  

of the tee and the  branch-pipe subassembly were c l ad  with INCO 182 weld 

d e p o s i t  during i n i t i a l  f a b r i c a t i o n .  This procedure had been s u c c e s s f u l l y  

used i n  t h e  earlier tests of l a r g e  p ip ing  tees13 conducted a t  CE. Models 

T-12 and T-13 were t e s t e d  with t h e  branch pipe-to-tee c l o s u r e  weld i n  t h e  

non-stress-rel ieved and as-welded cond i t ion .  

To avoid damaging the i n s i d e  gages during the  welding process  

2.2 Test F a c i l i t y  

Both the e l a s t i c - r e sponse  tests and t h e  f a t i g u e - t o - f a i l u r e  tests 
were conducted i n  CE’s  Nuclear Components S t r e s s  Analysis Laboratory i n  

Chattanooga, Tennessee. The mechanical-load test-frame and t h e  s t r a i n -  

gage da ta  a c q u i s i t i o n  system had been designed and cons t ruc t ed  earlier 

f o r  t h e  s p e c i f t c  purpose of t e s t i n g  l a r g e  heavy-walled p ip ing  tees up t o  

26-in.-diam NPS. To conduct t he  ORNL tests on 24-in. NPS tees, i t  was 

only necessary t o  add equipment t o  p r e s s u r i z e  the  tes t  models f o r  t he  

s t a t i c  s t ra in-gage tests and f o r  the c y c l i c - f a t i g u e  tests.  

2.2.1 Mechanical-load tes t  frame 

The test €rame c o n s i s t s  of an assembly of wide f langed beams bo l t ed  

t o  foundat ion anchor p o i n t s  a t  e i g h t  places  (Ref. 13). The test frame 

was designed t o  accommodate the fol lowing maximum loads on e i t h e r  t he  
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branch or  t he  run: 

Bending moment 9,600,000 in . - lb ,  

Tor s iona l  moment 9,600,000 in . - lb ,  

Axial  f o r c e  800,000 l b .  

The tes t  frame could a l s o  accommodate t h e  ORNL t r ansve r se - fo rce  loads on 

t h e  run (F2Y and F2Z), and the out-of-plane t r ansve r se - fo rce  l o a d ,  F3Y, 

on the  branch. It could n o t ,  however, accommodate t h e  in-plane t r a n s v e r s e -  

f o r c e  load F3X on the  branch. The ORNL 24-in. tee tests were t h e r e f o r e  

conducted f o r  only 11 of t he  o r i g i n a l l y  planned 12  mechanical l oad ing  

cond i t ions .  

The load-frame foundation c o n s i s t s  of fou r  l a r g e  r e c t a n g u l a r  beams 

of s t e e l - r e i n f o r c e d  conc re t e  arranged i n  a r e c t a n g u l a r  donut configura-  

t i o n .  

were used i n  b u i l d i n g  the  foundation. Each of the e i g h t  anchor p o i n t s  
was designed t o  resist a load combination of 57,100 l b  upward o r  downward 

and 50,000 l b  i n  pe rpend icu la r  h o r i z o n t a l  d i r e c t i o n s .  

Approximately 126 yd3 of conc re t e  and 7300 l b  of r e i n f o r c i n g  s teel  

The test loads were t r ansmi t t ed  from t h e  load frame t o  t h e  t es t  

model through t h r e e  "load c y l i n d e r s "  t h a t  were s l i p p e d  over t h e  ends of 

t h e  test assembly and bo l t ed  t o  the  pipe ex tens ion  load ing  f l a n g e s .  The 

inboard o r  "B" end of t he  load cy l inde r  c o n s i s t s  of a 3-in.-thick by 

48-in.-square p l a t e  with 24 b o l t  ho le s  d r i l l e d  t o  mate wi th  t h e  b o l t  

ho le s  of t he  test-assembly loading f l anges .  Each of t h e  11 mechanical 

test loads w a s  obtained by applying v a r i o u s  combinations of po in t  loads 

on the  inboard and outboard ends of the load c y l i n d e r s .  Figure 2.7 shows 

t h e  T-10 tes t  model mounted i n  the  loading frame. The load c y l i n d e r s  

with end-plates bo l t ed  t o  the loading f l a n g e s  are c l e a r l y  v i s i b l e  i n  t h i s  

photograph. Figure 2.8 shows t h e  loading c o n f i g u r a t i o n s  and r e a c t i o n  

f o r c e s  f o r  each of 11 mechanical t es t  loads. The d i s t a n c e s  Lh and Lr 

from t h e  c e n t e r  of t he  tee t o  the point  of t r a n s v e r s e  load a p p l i c a t i o n  on 

the branch o r  t h e  run,  r e s p e c t i v e l y ,  are given i n  Table 2.1. 

Hydraulic j ack  assemblies ,  with b a l l  bear ing swivels  at  each end 

(Fig.  2.9), were used t o  apply t h e  loads t o  t h e  load c y l i n d e r s .  P re s su re  

t o  t h e  j a c k s  w a s  supp l i ed  by a hydrau l i c  system wi th  an a c c u r a t e  loading 

c a p a c i t y  of 10,000 p s i .  The jack assemblies  were c a l i b r a t e d  before  each 
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ORNL-DWG 84-6265 ETD 

.OAD CASE 
1 M3X 

X 

LOAD CASE 
2 M3Y 

LOAD CASE 
3 M3Z 

LOAD CASE 
4 F3X 

THIS CASE NOT RUN 

LOAD CASE 
5 F3Y 

0 LOAD CASE 
6 F3Z 

LOAD CASE 
7 M2X 

LOAD CASE 
8 M2Y 

LOAD CASE 
9 M2Z 

LOAD CASE 
10 F2X 

LOAD CASE 
1 1  F2Y 

LOAD CASE 
12 F2Z 0 

Fig. 2.8. Loading conf igu ra t ions  and r e a c t i o n  f o r c e s .  
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Table 2 . 1. Transverse-force 
l e v e r  armsa 

$ on branch 

F3X F3Z F2Y F2Z 

Lr on run  
Tee 

T-10 173.0 173.0 173.0 173.0 
T-11 173.0 173.0 173.0 173.0 
T-12 77 .O 77.0 173.0 173.0 
T-13 77.0 77.0 173.0 173.0 
T-16 77 .O 77.0 173.0 77 .O 

a Distances are in inches from the  
cen te r  of the  tee t o  the  poin t  of load 
app l i ca t ion .  

ORNL-PHOTO 6050-a 

Fig. 2.9. Hydraulic j ack  assembly (100 ton) with b a l l  .bearing 
swivels.  
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tes t  i n  a h y d r a u l i c  u n i v e r s a l  t e s t i n g  machine. The t e s t  models were sup- 

ported i n  t h e  load frame by s p e c i a l l y  designed ball bea r ing  and r o l l e r  

bea r ing  suppor t s  (Fig. 2. l o ) ,  l o c a t e d  a t  t h e  load-cyl inder  end-p la t e s .  

The suppor t s  a t  t h e  "constrained" end of the  test assembly a l s o  c a r r i e d  

t h e  r e a c t i o n  f o r c e s  from t h e  test loads.  

ORNL-PHOTO 6051-84 

Fig.  2.10. Spec ia l  r o l l e r  bea r ing  support  f o r  ORNL 24411. tee 
tests. 
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2.2.2 P r e s s u r i z i n g  system 

The tes t  equipment used f o r  p r e s s u r i z i n g  t h e  models cons i s t ed  of an 

MTS* closed-loop servo  con t ro l  system, a hydrau l i c  power supply,  f i v e  

p re s su re  i n t e n s i f i e r s ,  a Heise pressure  gage, and a p res su re  t ransducer .  

The hydrau l i c  f l u i d  used f o r  a l l  p re s su re  loadings was a high-grade Texaco 

brand t ransformer f l u i d .  

The MTS closed-loop servo  c o n t r o l  system was designed p r imar i ly  f o r  

s t r u c t u r e s  and materials t e s t i n g .  It i s  a single-channel system t h a t  

uses  one Servo Con t ro l l e r  (SERVAC). 

t h a t  i s ,  a continuous path of i n t e r a c t i n g  elements.  The b a s i c  components 

i n  t h e  system are a Servo C o n t r o l l e r ,  Servo Valve, command inpu t  module, 

func t ion  gene ra to r ,  counter ,  hydrau l i c  power supply,  and pressure  t r ans -  

ducer.  

The system employs a "closed loop,"  

With t h i s  system i t  was poss ib l e  t o  p r e s s u r i z e  t h e  tes t  models at  

e i t h e r  a cons tan t  p re s su re  or  a t  var ious c y c l i c  rates us ing  d i f f e r e n t  

c y c l i c  shape func t ions .  An " inver ted  havers ine"  func t ion  is gene ra l ly  

used f o r  p re s su re  c y c l i c  tests. The MTS system a l s o  has var ious i n t e r -  

locks  t o  ensure proper test program ope ra t ion  inc luding  a l i m i t  d e t e c t o r  

t o  prevent excess  pressure  rise, low-amplitude measurement c a p a b i l i t y  t o  

prevent  undershoot during a pressure  cyc le ,  and a p res su re  r e l i e f  valve 

on the hydrau l i c  power supply t h a t  can be ad jus t ed  t o  l i m i t  t h e  maximum 

pres su re  output .  

The hydrau l i c  power supply cons is ted  of a v a r i a b l e  volume pump cap- 

ab le  of d e l i v e r i n g  up t o  35 gal/min of hydrau l i c  o i l .  

contained u n i t  wi th  an o i l  r e s e r v o i r ,  an oil-to-water hea t  exchanger, a 
s a f e t y  r e l i e f  va lve ,  a pressure  r e g u l a t o r ,  and var ious  i n d i c a t o r s  and 

f i l ters .  

3000 p s i .  

It is  a se l f -  

It w a s  designed t o  provide a maximum hydrau l i c  pressure of 

From one t o  f i v e  o i l - to -o i l  i n t e n s i f i e r s  manufactured by Ortman- 

Miller were used with the  MTS system t o  provide a s u f f i c i e n t  volume of 

o i l  t o  achieve t h e  des i r ed  p r e s s u r e  i n  one s t r o k e  of t h e  i n t e n s i f i e r s .  
The i n t e n s i f i e r s  have an i n t e n s i f i c a t i o n  r a t i o  of 3.31. 

* 
MTS Systems Corp. 
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A BLH* gene ra l  purpose pressure  cell  type  GP pressure  t r ansduce r  

wi th  a maximum pres su re  r a t i n g  of 20,000 p s i  was used f o r  t h e  c y c l i c  

pressure  f a t i g u e  tests. 

2.2.3 Data a c q u i s i t i o n  system 

A computer-controlled d a t a  a c q u i s i t i o n  system (Fig.  2.11) w a s  used 

t o  c o l l e c t  da t a  from the s t r a i n  gages,  thermocouples, and LVDT instrumen- 

t a t i o n .  This system c o n s i s t s  of an Astrodata  Model 2000 ana log- to-d ig i ta l  

conver te r  and an IBM 1620 da ta  process ing  system. The Ast roda ta  Model 

2000 u n i t  is  a special-purpose,  random access, mul t ip l exe r  and d a t a  

measuring instrument  t h a t  i s  au tomat i ca l ly  c o n t r o l l e d  by the  IBM computer 

o r  manually c o n t r o l l e d  by i t s  own f r o n t  panel  switches.  The system is  

designed t o  measure the  output  s i g n a l  f o r  any of 2000 channels .  

During a t y p i c a l  tes t ,  all test r e s u l t s  were punched on cards  wi th  

a l i m i t e d  number of the more important test r e s u l t s  d i sp layed  on the IBM 

1620 typewr i t e r  f o r  test con t ro l .  A t  the conclusion of a tes t ,  the  

punched card d a t a  were t r ansmi t t ed  t o  t h e  CE Corporate Computer Center  

v i a  an IBM 7711 t ape  r ece ive r  and te lephone l i n k .  The complete sets of 

test da ta  were then processed on an IBM 370/165 computer. When s p e c i f i c  

d a t a  p l o t s  were des i r ed  a Benson Lehner LTE magnetic t ape  X-Y drum p l o t -  

t i n g  system was  used. This permit ted completely automatic  p l o t t i n g  f o r  

a l l  t h e  des i r ed  information.  

2.3 Elastic-Response T e s t  Procedures 

The e l a s t i c  load tests performed on each tee cons i s t ed  of i n t e r n a l  

p re s su re  and t h e  series of 11 mechanical load condi t ions  i l l u s t r a t e d  

ear l ie r  i n  Fig. 2.8. P r i o r  t o  any of t he  tests, a loading  schedule  w a s  

e s t a b l i s h e d  t o  l i m i t  t he  nominal stress i n  t h e  pipe t o  15,000 p s i .  The 

maximum load t h a t  was a c t u a l l y  app l i ed ,  however, w a s  l i m i t e d  by t h e  cap- 

a b i l i t i e s  of t he  t es t  frame and hydrau l i c  a c t u a t o r s  and t h e  y i e l d  s t r e n g t h  

of t he  test models. During the  tests, t h e  most h ighly  s t r a i n e d  r o s e t t e s  

were monitored t o  ensure t h a t  the  y i e l d  s t r e n g t h  of t he  tes t  model w a s  

~ * 
Trade name. 
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not exceeded a t  any l o c a t i o n .  Table 2.2 provides a summary of t he  maxi- 

mum app l i ed  loads.  

I n i t i a l l y ,  a s u f f i c i e n t  number of load-unload c y c l e s  were run f o r  

each of t h e  12  e l a s t i c - r e sponse  tests t o  ensure "shakedown" t o  l i n e a r  

e las t ic  behavior as evidenced by 98% of t h e  s t r a i n  gages r e t u r n i n g  t o  

wi th in  *20 uin. / in .  of zero.  The model was loaded i n  fou r  equal  s t e p s ,  

which were then repeated in t h e  unloading process ,  providing a t o t a l  of 

nine sets of d a t a  f o r  each load cycle .  To ensure r e p e a t a b i l i t y  i n  a p p l i -  

c a t i o n  of t he  loads and measurement of t h e  test d a t a ,  a t  least 2 complete 

load sets were run f o r  each of t h e  12  e l a s t i c - r e sponse  tests,  and the re- 

s u l t s  were compared f o r  consis tency.  

As noted earlier,  t h e  r a w  d a t a  from t h e  thermocouples, s t r a i n  gages, 

and d e f l e c t i o n  LVDTs were recorded f o r  processing a t  CE co rpora t e  head- 

q u a r t e r s ,  with a small amount of t he  d a t a  processed i n  t h e  l abora to ry  f o r  

test c o n t r o l  purposes. The complete sets of processed d a t a  were reviewed 

a t  t h e  test s i te ,  punched on IBM ca rds ,  and t r a n s m i t t e d  to ORNL f o r  more 

ex tens ive  a n a l y s i s .  The d e s t r u c t i v e  f a t i g u e  tests were not s t a r t e d  u n t i l  

a f t e r  it had been e s t a b l i s h e d  t h a t  (1) t h e  e l a s t i c - r e sponse  tests were 

s a t i s f a c t o r y  and ( 2 )  a l l  t he  r equ i r ed  d a t a  had been ob ta ined .  

Table 2.2. Maximum loadsa for e las t ic - response  tests 

Load T-10 T-I1 T-12 T-13 T-16 

M3X 
M3Y 
M3Z 
F3Y 
F3Z 
M2X 
M2Y 
M2Z 

F2X 
F2Y 
F2Z 

P 

2.270 x lo6 
-2.261 x IO6 

2.072 x lo6 

1.385 x IO4 
2.261 x IO6 

-4.898 x lo6 
2.562 x lo6 

-3.376 x lo5 
1.483 x lo4 
2.355 x lo4 

5.000 104 

600 

9.797 x 106 
-9.005 x lo6 

9.350 x lo6 

6.400 x 104 
5.495 x 104 

9.797 x 106 
-7.473 x 105 

9.420 x lo6 
-1.130 x lo7 

2.835 x lo4 
3.308 x lo4 

1600 

4.290 x 105 

5.980 x 105 

4.000 x lo4 
5.580 x 103 

4.900 x lo6 
-7.540 x 106 

3.400 x lo6 

6 . 0 3 0  x 105 

-6.280 x 105 
2.010 x 104 
2.460 x lo4 

600 

1.290 x lo6 

9.350 x lo5 

4.000 x lo4 

9.420 x lo6 
-9.800 x lo6 
10.550 x lo6 

2.840 x lo4 
2.840 x lo4 

-1.210 x 106 

2.010 x 104 

6 . 2 8 0  x 105 

2800 

~ 

5.190 x 105 
-7.720 105 

7.480 x 105 
2.400 x 104 
7.720 x 103 

4.450 x 105 

5.190 x lo4 

3.090 x 103 
1.070 x lo4 

-1.200 x 106 

-6.430 x 104 

120 

aMoments i n  in.-lb, fo rces  i n  l b ,  and p res su re  i n  ps i .  For s ign  conven- 
tion, see Fig. 2.1. 
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2.4 Cycl ic  Fa t igue  Tests Procedures 

Two d i f f e r e n t  types  of f a t i g u e  loadings were i n v e s t i g a t e d  i n  t h i s  

program. For models T-10 and T-16 a completely reversed ,  d e f l e c t i o n -  

c o n t r o l l e d ,  in-plane moment loading on t h e  branch (M3Z), similar t o  the  

f a t i g u e  tests of 12-in. tees conducted earlier,5 was used. 

tests a cons tan t  i n t e r n a l  pressure  equal  t o  the nominal design p res su re  

of the run p ipe  was maintained throughout t he  test. The o the r  t h r e e  

models T-11, T-12, and T-13 w e r e  f a t i g u e  t e s t e d  wi th  a c y c l i c  i n t e r n a l  

p re s su re  that  ranged from near  zero t o  about 90% of the  nominal y i e l d  

pressure of t he  run pipe.  

For these  

For a l l  f i v e  models the probable l o c a t i o n  of f a t i g u e  crack i n i t i a -  

t i o n  and f a i l u r e  w a s  assumed t o  be i n  t h e  v i c i n i t y  of t h e  s t r a i n  r o s e t t e  

t h a t  gave t h e  h ighes t  stress index i n  the e l a s t i c - r e sponse  test. Pre- 

l iminary stress index values  determined at  t h e  test s i t e  were used t o  

c a l c u l a t e  t h e  equiva len t  e las t ic  stress ranges and t o  estimate the  number 

of cyc les  t o  f a i l u r e  using empir ica l  f a t i g u e - l i f e  r e l a t i o n s .  Fa t igue  

f a i l u r e  was def ined as a through-the-wall crack e i t h e r  i n  the  body of the  

tee or  i n  one of t he  pipe-to-tee welds, as evidenced by a l eak  of t h e  

p re s su r i z ing  f l u i d .  

Fatigue-crack i n i t i a t i o n  and crack growth was monitored by means of 

u l t r a s o n i c  (UT) i n spec t ion  techniques.  Before each f a t i g u e  test t h e  

model w a s  inspec ted  t o  ob ta in  a b a s e l i n e  set of UT i n d i c a t i o n s  f o r  com- 

par i son  wi th  la ter  in spec t ions .  The model was then inspec ted  pe r iod i -  

c a l l y  during the  test t o  i d e n t i f y  crack i n i t i a t i o n  and monitor crack 

growth. These inspec t ions  were not completely r e l i a b l e ,  however, because 

of t he  complex geometry of t he  test models where t h e  r e f l e c t e d  wave pa t -  

t e r n s  were a f f e c t e d  by v a r i a t i o n s  i n  the  curva ture  and w a l l  th ickness .  

The procedure appeared t o  be success fu l  f o r  models T-10 and T-12, but not  

f o r  models T-11, T-13, or  T-16 where f a i l u r e  occurred without p r i o r  UT 

i nd ica t ion .  

The UT in spec t ions  were conducted with a s tandard  pulse-echo 45" 

shear  wave a t  2.25 MHZ using a 1.4- by 1.2-in. f i n g e r  t i p  PZT c r y s t a l  de- 

t e c t o r .  For T-10 t h e  equipment was c a l i b r a t e d  aga ins t  a 1/16-in.-diam 

hole  i n  a p iece  of s t r a i g h t  pipe whose w a l l  th ickness  w a s  approximately 
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t h e  same as t h a t  of T-10. For the  o t h e r  tees, c a l i b r a t i o n  of t h e  equip- 

ment was obtained from the r e f l e c t i o n  of t h e  corner of a 1-in.-thick 

p l a t e  with the  amplitude set a t  80% of sc reen  he igh t .  

The f a t i g u e  test of T-10 was  a l s o  monitored by a c o u s t i c  emission and 

f a t i g u e  gages,  n e i t h e r  of which gave u s e f u l  r e s u l t s .  S ix  Micro-Measurement 

brand 1/8-in. f a t i g u e  gages had been i n s t a l l e d  i n  t h e  c ro t ch  region of 

t he  tee a t  t h e  same t i m e  t h a t  the model was instrumented f o r  t he  elastic- 

response tests. Unfortunately,  however, they were not l o c a t e d  i n  the  

region of h ighes t  stress f o r  t he  in-plane branchmoment loading and were 
t h e r e f o r e  of l i t t l e  value i n  p r e d i c t i n g  f a t i g u e  f a i l u r e .  

The a c o u s t i c  emission monitoring was  conducted us ing  fou r  piezo- 

e lec t r ic  t r ansduce r s  a t t ached  t o  t h e  t es t  model. The a c o u s t i c  s i g n a l s  

were monitored during the tes t  with an o s c i l l o s c o p e  and recorded p e r i o d i -  

c a l l y  on videotape.  However, t he  a v a i l a b l e  equipment w a s  only capable of 

monitoring one channel a t  a t i m e ,  and it  w a s  not  p o s s i b l e  t o  e s t a b l i s h  

e i t h e r  t he  t o t a l  number of a c o u s t i c  emissions from each t r ansduce r  o r  t h e  

emission rates as the  tes t  progressed. Thus, very l i t t l e  u s e f u l  informa- 

t i o n  w a s  obtained.  

2.4.1 In-plane moment tests 

The in-plane moment f a t i g u e  tests of T-10 and T-16 were accomplished 

by applying a c y c l i c  force-couple t o  t h e  outboard end of the  modified 

branch-pipe load c y l i n d e r  shown i n  Fig. 2.12. Two h y d r a u l i c a l l y  coupled 

a c t u a t o r s  l o c a t e d  187 i n .  apart ,  appl ied equal  and oppos i t e  f o r c e s  t o  t h e  

h o r i z o n t a l  I-beam shown i n  t h e  f i g u r e .  One of t h e  a c t u a t o r s  was  equipped 

with a load ce l l  t o  measure the  appl ied f o r c e  and an LVDT t o  measure t h e  

h y d r a u l i c  r a m  displacement.  Loading was  c o n t r o l l e d  through a servo hy- 

d r a u l i c  valve and e l e c t r o n i c  feedhack sys t em t h a t  permit f a t i g u e  t e s t i n g  

under e i t h e r  c o n t r o l l e d  c y c l i c  load o r  c o n t r o l l e d  c y c l i c  displacement 

cond i t ions .  These tests were c o n t r o l l e d  by the  h y d r a u l i c  a c t u a t o r  ram 

displacement as measured by the  LVDT. The r a m  displacement was p e r i o d i -  

c a l l y  checked during the  test using t h e  MTS amplitude measurement panel .  

Figure 2.13 is  a schematic diagram of t he  in-plane-moment f a t i g u e - t e s t  

loading and c o n t r o l  system. 
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Fig.  2.12. Structural loading system for in-plane moment-fatigue 
tests. 

The magnitude of the c y c l i c  moment loading was selected by use of 

Markl's r e l a t i o n  t o  cause f a i l u r e  i n  -7000 cyc les  of completely reversed 

dlsplacement of the branch pipe loading mechanism. Mark1 's  empirical re- 

l a t i o n  for moment loading fat igue  f a i l u r e  i s  * l6 

Sa = A Nf'Oe2 , (2 .1)  
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Fig. 2.13. Funct ional  diagram of in-plane moment-fatigue tes t  
loading and c o n t r o l  system. 

where 

Sa = equ iva len t  elastic-stress amplitude,  

Nf = number of cyc le s  t o  f a i l u r e ,  

562,000 f o r  s t a i n l e s s  steel. 
A = an e m p i r i c a l  cons t an t  equal  t o  490,000 f o r  carbon steel ,  

Equation 2.1 g ives  Sa 2 83,400 p s i  f o r  t he  carbon steel tee T-10; and Sa 

E 95,700 p s i  f o r  t h e  s t a i n l e s s  steel tee T-16. 

To determine t h e  a c t u a t o r  displacement r equ i r ed  t o  produce the  de- 

s i r e d  value of Sa, each test model w a s  loaded with an in-plane branch mo- 

ment i n  s m a l l  loading increments w e l l  w i th in  the  e las t ic  response range. 

The maximum stresses i n  t h i s  phase of t he  test were l i m i t e d  t o  30,000 p s i  

f o r  T-10, and 20,000 p s i  f o r  T-16 t o  ensure l i n e a r  e l a s t i c  behavior.  A 

l i n e a r  s t ress-displacement  r e l a t i o n  w a s  then e s t a b l i s h e d  between t h e  

a c t u a t o r  displacement measured by t h e  moment-couple LVDT and t h e  maximum 

p r i n c i p a l  stress obtained from the  s t r a i n  r o s e t t e  a t  t h e  p o s i t i o n  of 

maximum stress i n t e n s i t y .  This r e l a t i o n  w a s  then e x t r a p o l a t e d  t o  the  de- 

s i r e d  value f o r  Sa t o  o b t a i n  the  maximum a c t u a t o r  displacements f o r  t h e  
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f a t i g u e  tests. The tes t  con t ro l s  were then set t o  maintain cons tan t  

p o s i t i v e  and negat ive  displacements  throughout t he  tests.  

The cons tan t  i n t e r n a l  pressure  was set equal  t o  the  maximum Code 

al lowable working pressure  of t he  run pipe obtained from Code Eq. ( 3 ) ,  

NB-3641.1, us ing  87.5% of the  nominal w a l l  th ickness  and zero cor ros ion  

allowance, t h a t  is, 

2 sm t 
P =  a D - 0  .8 t ’ 

0 

where 

Sm = room-temperature design stress i n t e n s i t y ,  

S, = 20 k s i  f o r  carbon s t ee l ,  

Sm = 16.7 k s i  f o r  s t a i n l e s s  s tee l ,  

t = (0.875) (0.688 i n . )  f o r  T-10, 

t = (0.875) (0.250 in . )  €or  T-16, 

Do = 24.0 in .  is t he  nominal ou t s ide  diameter of t he  run p i p e s .  

For T-10, Eq. 2.2 g ives  Pa S 1025 p s i ,  whereas f o r  T-16 Pa S 300 ps i .  

The f i r s t  22 cyc les  of t h e  f a t i g u e  test f o r  T-16 were performed wi th  

t h e  s t r u c t u r a l  loading  system i n  the  manual mode. During t h i s  po r t ion  of 

t he  tes t  -35 s t r a i n  r o s e t t e s  i n  the  most h ighly  s t r e s s e d  regions of t h e  

tes t  model were monitored. The same r o s e t t e s  were monitored again a f t e r  

435, 602, and 1201 f a t i g u e  cyc les  t o  ensure t h a t  the  tes t  w a s  proceeding 

as planned. 

The f a t i g u e  tes t  of T-10 w a s  a l s o  i n i t i a t e d  wi th  t h e  s t r u c t u r a l  sys-  

t e m  i n  manual mode. Complete sets of s t ra in-gage d a t a  were obtained a t  

d i f f e r e n t  a c t u a t o r  displacements  t o  monitor t h e  p l a s t i c  deformations 

( h y s t e r e s i s  e f f e c t s ) .  About once each day during the  e a r l y  po r t ion  of 

t h e  tes t ,  one f a t i g u e  cycle  w a s  performed slowly i n  manual mode and a 

complete set of s t ra in-gage and load-ce l l  d a t a  were obtained a t  the  maxi- 

mum moment loads t o  monitor any long-term r a t c h e t t i n g  e f f e c t s .  
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2.4.2 Cycl ic  pressure  tests 

T e s t  models T-11, T-12, and T-13 were f a t i g u e  t e s t e d  wi th  a c y c l i c  

i n t e r n a l  pressure  t h a t  ranged from near zero t o  a value corresponding t o  

-90% of t h e  nominal y i e l d  s t r e n g t h  of the  run  p i p e .  Although tes t  pres-  

su res  t h i s  high are w e l l  above any value t h a t  would be permi t ted  by t h e  

Code f o r  des ign ,  t h e  h ighes t  p re s su res  poss ib l e  f o r  t h e  tests were con- 

s ide red  necessary t o  achieve f a t i g u e  f a i l u r e s  i n  a reasonable  l eng th  of 

t i m e .  The test p res su res  were set low enough t o  ensure a g a i n s t  p l a s t i c  

r a t c h e t t i n g  i n  t h e  pipe l egs  while  s t i l l  pe rmi t t i ng  the  maximum stresses 

i n  the  body of t he  tees t o  be w e l l  i n t o  t h e  p l a s t i c  "low-cycle" f a t i g u e  

range. The maximum pressures  f o r  T-11 and T-13 were set a t  7000 p s i  and 

a t  1800 p s i  f o r  T-12. A t  t hese  p re s su res  t h e  maximum apparent  e las t ic  

stresses i n  the  tees, ca l cu la t ed  us ing  the  pre l iminary  stress i n d i c e s  ob- 

t a ined  a t  t h e  tes t  s i t e  during t h e  e l a s t i c - r e sponse  tests,  ranged from 

-75,000 p s i  f o r  T-12 t o  -132,000 p s i  f o r  T-11. 

Es t imat ing  t h e  expected f a t i g u e  l i f e  f o r  t he  c y c l i c  pressure  tests 

was not  as s t r a igh t fo rward  as f o r  t h e  c y c l i c  moment tests.  Because 

Markl 's  f a t i g u e  r e l a t i o n ,  Eq. (2 .1) ,  was  developed us ing  only bending 

moment f a t i g u e  d a t a ,  i t  may not be v a l i d  f o r  c y c l i c  p re s su re  loads .  Never- 

t h e l e s s ,  f a t i g u e - l i f e  estimates obtained by so lv ing  Eq. (2.1) f o r  Nf were 

made f o r  each of t h e  t h r e e  c y c l i c  p re s su re  tests. For T-11 , t h e  r e s u l t  
i nd ica t ed  a f a t i g u e  l i f e  of about 23,000 c y c l e s ,  but f o r  T-12 and T-13 

t h e  r e s u l t s  seemed excess ive ly  high: -370,000 cyc le s  f o r  T-12 and 

-206,000 cyc le s  €or  T-13. I€ t he  tests should have l a s t e d  t h a t  long,  we 

were concerned t h a t  the  test models might o u t l a s t  t h e  test equipment. 

Fa t igue - l i f e  estimates were, t h e r e f o r e ,  a l s o  made based on t h e  de- 

s i g n  a n a l y s i s  procedure introduced as subsubparagraph NB-3653.6 i n  t h e  

1971 e d i t i o n  o€ t h e  Code f o r  t he  design of p ip ing  systems wi th  apparent  

e l a s t i c  stresses l a r g e r  than 3 Sm. 

mum stresses Sn are t o  be mul t ip l i ed  by an " e l a s t i c - p l a s t i c "  f a c t o r  Ke 

given by the  fol lowlng:  

According t o  t h i s  procedure t h e  maxi- 

Ke = 1.0 ; f o r  Sn < 3 Sm , (2.3) 
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K = 1.0 + f o r  3 Sm < Sn < 3 m Sm , e 

K = L .  
e n '  f o r  Sn > 3 m Sm ; 

where values  of t h e  material cons t an t s  n ,  m,  and S, f o r  our tes t  models 

are 

m n - -  Mat er i  a1 'm 

Carbon s tee l  20,000 3.0 0.2 

The number of cyc les  t o  f a i l u r e  can then be est imated from the  f a t i g u e  

f a i l u r e  curve given i n  t h e  C r i t e r i a 1 7  document upon which the  design pro- 

cedures of t h e  Code are based. The number of cyc les  t o  f a i l u r e  can be 

obtained from the  r e l a t i o n :  l 8  

where 

E = 30 x lo6 is  Young's modulus f o r  carbon s t ee l ,  

A = 68.5 i s  an empir ica l  cons t an t ,  

B = 21,654 i s  an empir ica l  cons t an t ,  

Sf = Ke ( S p / 2 )  i s  the  a l t e r n a t i n g  stress amplitude.  

IJsing t h i s  procedure the  est imated f a t i g u e  l i f e  f o r  models T-11, T-12, 

and T-13 was ca l cu la t ed  t o  be 1,900,  60,900, and 24,075 cyc le s ,  respec-  

t i v e l y .  
Because n e i t h e r  of t he  above methods have been checked aga ins t  cyc l i c -  

pressure  f a t i g u e  test d a t a ,  the  f a t i g u e  l i f e  e s t ima tes  were only used i n  

a suppor t ing  r o l e  t o  he lp  plan t h e  ope ra t ion  of t h e  tests. 

gives  a summary of t he  f a t i g u e - t e s t  loadings and expected f a t i g u e  l i f e  

f o r  each of t he  f i v e  test models. Note t h a t  t h e  moment loading tes ts  f o r  

T-10 and T-16 a r e  a l s o  included.  

Table 2 . 3  



Table 2.3. Summary of f a t i g u e - t e s t  loadings and expected l i f e  cyc le s  

Apparent Expected 
stress tes t  

d amp1 i t ude l i f e  
( p s i  > e  ( c y c l e s  IS 

Maximum Pre l iminary  Apparent Shakedown Constant  Fat igue-  

loading  a 
load  load  

indexb range range 

T e s t  i n t e r n a l  stress 
model p re s su re  l o c a t i o n  

tes t  stress 

( p s i )  (gage No.) 

T-10 1025 M3Z I-2R2-E 3.8 *6,270 

T-11 100 P I-2R5-E 3.7 100 t o  

T-12 5 P I-2R6-C 2.4 5 t o  

T-13 100 P I-2R6-C 2.4 100 t o  

T-16 3 00 M3Z I-2R2-E 2.9 *3,620 

7,000 

1,800 

7,000 

f6 ,150  

100 t o  
7,000 

5 t o  
1,800 

100 t o  
7,000 

*3,085 

83,600 5,900 
( 57 5) 

65,375 23,650 
( 1,900) 

37,625 369,475 
(60,900) 

42,400 205,960 
(24,075) 

95,700 6,985 
(850) 

w 
03 

aM3Z i s  f u l l y  reversed  displacement c o n t r o l l e d  in-plane moment on branch; P i s  c o n t r o l l e d  c y c l i c  

bDetermined at  test s i t e  and used t o  e s t a b l i s h  apparent  load  range. 

‘Based on p re l imina ry  stress index and e x t r a p o l a t e d  e las t ic  load - s t r e s s  r e l a t i o n ;  u n i t s  f o r  

dMeasured wi th  load c e l l  f o r  M3Z ( l o 3  in . - lb) ;  c y c l i c  p re s su re  ( p s i )  c o n t r o l l e d  by test 

eEquiva len t  l i n e a r  e l a s t i c  stress amplitude based on pre l iminary  stress index and apparent  load 

f F i r s t  number obtained from Mark1 ‘s  r e l a t i o n ,  second number, i n  pa ren theses ,  based on NB-3653. 6 ,  

i n t e r n a l  p re s su re .  

M3Z = l o 3  in . - lb ;  f o r  P = p s i .  

equipment. 

range. 

us ing  apparent  stress range ( i . e . ,  t w i c e  ampli tude)  t o  compute Ke, and t h e  ASME f a t i g u e  f a i l u r e  
curves .  

. I e 
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The f i r s t  few pressure  cyc les  of t he  f a t i g u e  tests were conducted 

with the  tes t  models s t i l l  i n  the  loading  frame and wi th  a l l  the  s t r a i n -  

gage in s t rumen ta t ion  connected t o  the  d a t a  a c q u i s i t i o n  system. The most 

h ighly  s t r a i n e d  gages were c l o s e l y  monitored with readings taken a t  

s e v e r a l  of t he  loading s t e p s  up t o  t h e  maximum loads .  A high-pressure 

i n t e r l o c k  and a low-amplitude i n t e r l o c k  on the  MTS s t r u c t u r a l  loading  

system were used t o  ensure t h a t  both the  high- and low-pressure l i m i t s  

were reached but not  exceeded. The low end of t he  T-12 pressure  range 

was set s l i g h t l y  above zero a t  5 p s i  t o  a c t i v a t e  t h e  low-pressure i n t e r -  

lock system. Af te r  t he  f i r s t  few p res su re  cyc les  the  tes t  models were 
removed from the  loading  frame, placed in a test p i t ,  and covered wi th  a 
2-in.-thick s teel  p l a t e  where t h e  f a t i g u e  tests were completed. F igure  

2.14 i s  a schematic diagram of t h e  cyc l ic -pressure  f a t i g u e - t e s t  loading  

and c o n t r o l  system. 
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Fig. 2.14. Funct ional  diagram of 
loading and c o n t r o l  system. 
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3.  DISCUSSION OF ELASTIC-RESPONSE TEST RESULTS 

I n  a d d i t i o n  t o  the  i n i t i a l  examinations conducted a t  t h e  tes t  s i t e ,  

t h e  s t ra in-gage d a t a  were screened by two processes  p r i o r  t o  f i n a l  accep- 

tance.  The f i r s t  w a s  a computerized check based on t h e  assumption of 

l i n e a r  e l a s t i c  response.  The second was more s u b j e c t i v e ,  involv ing  vi- 

s u a l  comparisons and the  judgment of an a n a l y s t .  Af t e r  t he  d a t a  a n a l y s i s  

w a s  completed, p r i n c i p a l  stresses and stress i n t e n s i t i e s  (according t o  

the  Code d e f i n i t i o n )  w e r e  computed, t a b u l a t e d ,  and p l o t t e d  i n  two d i f -  

f e r e n t  g raph ica l  forms f o r  f u r t h e r  ana lys i s .  Complete sets of t hese  d a t a  

are given i n  the  appendixes.  

3.1 Reduction of Strain-Gage Data 

As p a r t  of t he  experimental  stress a n a l y s i s ,  a concurrent  r educ t ion  

of d a t a  w a s  performed at  the  tes t  s i te  us ing  a CE program f o r  c a l c u l a t i n g  

engineer ing  stresses and s t r a i n s .  This i n i t i a l  r educ t ion  was done t o  

monitor the d a t a  a c q u i s i t i o n  process  so  t h a t  f a u l t y  s t r a i n  gages could be 

p inpoin ted  and co r rec t ed  i f  poss ib l e .  A subsequent phase of t he  d a t a  re- 

duc t ion  used another  CE program which computes, s o r t s ,  and l is ts  a l l  of 

t h e  r e s u l t s  f o r  a l l  t ransducers .  For s t r a i n  gages,  d a t a  c o r r e c t i o n s  were 

made f o r  d e s e n s i t i z a t i o n  of t he  Wheatstone br idge due t o  lead  wire l e n g t h  

and f o r  t r a n s v e r s e  s e n s i t i v i t y .  A l i s t i n g  w a s  provided f o r  uncorrected 

s t r a i n ,  co r rec t ed  s t r a i n ,  maximum and minimum s t r a i n ,  p r i n c i p a l  stress, 

angle  of p r i n c i p a l  stress, d i r e c t e d  stresses para l le l  and perpendicular  

t o  the  gage l i n e ,  and shear  stress. The s t r a i n  gage d a t a ,  as co r rec t ed  

by t h i s  program, were then sen t  to  ORNL where they were reduced t o  

s t r a i n s  and stresses using the  computer program LINDA. 

procedure implemented by LINDA i s  summarized below i n  Sect.  3.1.1. A de- 

t a i l e d  d e s c r i p t i o n  of the  program appears  i n  Ref. 19. 

t h e  LINDA runs w a s  p l o t t e d  on graphs of stress vs s t ra in-gage loca t ion .  

These p l o t s  were then checked f o r  anomalous data po in t s  and ad jus t ed  when 

necessary.  This f i n a l  adjustment of d a t a  i s  d iscussed  i n  d e t a i l  i n  Sect .  

3.1.2. 

The d i a g n o s t i c  

The output  from 
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3 . 1 . 1  Evaluat ion of s t ra in-gage d a t a  

The computer code LINDA implements a d i agnos t i c  procedure (sub- 

rou t ine  NOSEY) f o r  i d e n t i f y i n g  and sepa ra t ing  e r r o r s  i n  s t r a i n  measure- 

ment and load a p p l i c a t i o n .  The procedure depends on t h e  hypothesis  t h a t  

the  s t r a i n s  obtained from the  tests are p ropor t iona l  t o  the  loads .  I n  

t h i s  a n a l y s i s ,  t he  d a t a  a r e  subjec ted  t o  th ree  s e p a r a t e  tests: t h e  

l i n e a r i t y  tes t ,  the  v a r i a b i l i t y  t es t ,  and the  load-adjustment tes t .  

I n  the  l i n e a r i t y  t e s t ,  t h e  nine d a t a  po in t s  acquired f o r  each gage 

under each loading  condi t ion  are f i t t e d  t o  a s t r a i g h t  l i n e  by the  method 

of least squares .  The program i d e n t i f i e s  and e l imina te s  da t a  t h a t  devi- 

ate excess ive ly  from l i n e a r  behavior ,  l eav ing  only da t a  ly ing  wi th in  a 
s p e c i f i e d  to l e rance  band. Since the  procedure depends on t h e  assumption 

of l i n e a r  behavior ,  any n o n l i n e a r i t y  i d e n t i f i e d  i n  t h i s  tes t  must be due 

e i t h e r  t o  an e r r o r  i n  the  s t r a i n  d a t a  a c q u i s i t i o n  o r  t o  the  recorded 

value of the  appl ied  loads .  

The width of t he  to l e rance  band i s  d i c t a t e d  by the  accuracy r equ i r ed ,  

but it is  a l s o  l i m i t e d  by the r e s o l u t i o n  of t he  s t r a in -da ta -acqu i s i t i on  

system. For t h e s e  tests,  t h e  l a r g e r  of two va lues  - 8 u in . / i n .  o r  15% of 

t h e  maximum s t r a i n  at  a given gage - was used as the  to l e rance  l l m i t .  

Any gage f o r  which more than 30% of the  d a t a  were l o s t  was f lagged i n  t h e  

computer output  with an a s t e r i s k .  A double a s t e r i s k  was used t o  i n d i c a t e  

t h a t  no s t r a i n  readings were recorded f o r  t h a t  loading.  This u sua l ly  in -  

d i c a t e s  an open c i r c u i t  i n  t he  da t a  a c q u i s i t i o n  system. It i s  p o s s i b l e ,  

however, that  the  co r rec t  reading was equal  t o  zero wi th in  the  accuracy 

limits of the  system (e.g., f o r  a gage on a n e u t r a l  p l ane ) .  

The v a r i a b i l i t y  test  compares the  response of a l l  t h e  s t r a i n  gages 

on the  s t r u c t u r e .  This i s  done by normalizing the  d a t a  from each gage t o  

t h e  maximum load and the  maximum s t r a i n  recorded f o r  t h a t  gage. After 

normalizing,  a l l  t he  da ta  f o r  a given loading condi t ion  vary between a 

minimum of 0 and a maximum of 1. I n  t h e  i d e a l  ca se ,  t h e  normalized da ta  

w i l l  a l l  l i e  on the  l i n e  passing through the  o r i g i n  and the  point  (1 ,  1). 

I f  t he re  i s  a l a rge  amount of s c a t t e r  i n  the  s t r a i n  d a t a  f o r  a given load  

case, but the  mean values l i e  on the  i d e a l  response l i n e ,  then the  var ia -  

t i o n s  are due t o  inaccurac i e s  i n  the  s t r a i n  d a t a  a c q u i s i t i o n  ( i . e .  , 
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s t r a i n  gages,  w i r ing ,  and/or da t a -acqu i s i t i on  system). I f ,  however, 

t he re  i s  l i t t l e  v a r i a t i o n  i n  the  values  of the  normalized s t r a i n  but t h e  

mean f o r  a given load case is  not on t h e  i d e a l  response l i n e ,  then an er- 

r o r  i n  the  recorded loading is  i n d i c a t e d .  

The load-adjustment test selects the  most c o n s i s t e n t  se t  of normal- 

ized  s t r a i n s  and uses  these  da t a  t o  mathematical ly  a d j u s t  t h e  value of 

t h e  appl ied  loads .  I f  t he  adjustments  are l a r g e ,  a l l  t h r e e  of t h e  tests 

are performed aga in  using the new va lues  of t h e  loads .  

Computer program LINDA, which uses  NOSEY as a subrou t ine ,  was used 

t o  reduce the s t r a i n  da ta  t o  ca l cu la t ed  stresses i n  both l o c a l  and pr in-  

c i p a l  coord ina tes .  A complete t a b u l a t i o n  of t hese  d a t a  i s  presented  i n  

Appendix V. There i s  a separate t a b l e  f o r  each load cond i t ion  on each 

model. Each t a b l e  p re sen t s  measured s t r a i n s ,  maximum and minimum pr in -  

c ipa l  su r face  stresses, shear  stresses, stresses along and normal t o  t h e  

gage l i n e s ,  and t h e  angle  i n  the  counterclockwise d i r e c t i o n  from the  gage 

l i n e  t o  the  maximum p r i n c i p a l  stress. 

The value of the load f o r  which LINDA computes and p r i n t s  the s t ra ins  

and stresses is c o n t r o l l e d  by the  use r .  I n  t h e  t a b u l a t i o n s  of Appendix V,  

t h e  ind ica t ed  p res su res  and moments correspond t o  those  loads t h a t  w i l l  

g ive a maximum p r i n c i p a l  stress of 1000 p s i  us ing  the  nominal dimensions 

of the piping.  The nominal f o r c e  loads i n  the  t r a n s v e r s e  shear  d i r e c t i o n s  

are equal  t o  the value t h a t  w i l l  produce a bending stress of 1000 p s i  f o r  

t h e  nominal dimensions. S p e c i f i c a l l y ,  t h e  nominal stresses are def ined  

by the  fo l lowing  r e l a t i o n s  f o r  t he  d i f f e r e n t  loadings :  

0 = 1000 p s i ,  nom 
= pDo/2Tr ( i n t e r n a l  p r e s s u r e ) ,  

= M/Zr (moment on r u n ) ,  

= M/Zb (moment on branch) ,  

= FLr/Zr ( t r a n s v e r s e  fo rce  on run ) ,  

= n b / Z b  ( t r a n s v e r s e  f o r c e  on branch) ,  

= F/Ar ( a x i a l  f o r c e  on r u n ) ,  

= F/Ab ( a x i a l  fo rce  on branch).  
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The nominal va lues  f o r  t he  geometric parameters Do, T ry  Z r ,  zb, %, and 

Ab were given ear l ier  i n  Table 1.2. 

and T-16, the  branch pipe and the  run pipes  have the  same nominal dimen- 

s i o n s ,  and thus the  va lues  f o r  the  nominal stresses are independent of 

whether the  moment loadings were appl ied  on the  branch o r  t h e  run. How- 

e v e r ,  f o r  the  reducing tees T-12 and T-13 the  nominal dimensions of t h e  

branch and run are d i f f e r e n t .  For these  t h e  nominal stresses were calcu- 

l a t e d  using the  dimensional p r o p e r t i e s  of the  pipe on which the  loading  

was appl ied .  For i n t e r n a l  pressure  the  s e c t i o n  p r o p e r t i e s  of t h e  run 

pipe were used f o r  a l l  the  tees. A n  e la s t i c  modulus of E = 30 x lo6 p s i  

and Poisson ' s  r a t i o  of v = 0 . 3  were used t o  c a l c u l a t e  t h e  stresses given 

i n  Appendix V. The r e s u l t s  should,  t h e r e f o r e ,  be ad jus t ed  by s c a l i n g  t o  

the  appropr i a t e  value of E f o r  d i f f e r e n t  materials o r  opera t ing  tempera- 

t u r e s .  

For the  f u l l - o u t l e t  tees T-10, T-11, 

There are two advantages t o  t h i s  normalizing scheme. F i r s t ,  i t  pro- 

vides  an easy means f o r  comparing the  stress i n t e n s i f i c a t i o n  e f f e c t  of 

d i f f e r e n t  loads on the  same tee and f o r  i d e n t i c a l  loads on d i f f e r e n t  

tees. Second, by scanning the  t a b u l a t i o n s  f o r  maxima, one can o b t a i n  

s p e c i a l i z e d  stress ind ices .  Comparing these  va lues  would be a f i r s t  s t e p  

toward the  development of genera l ized  stress i n d i c e s  f o r  use i n  design 

codes and s tandards .  

3.1.2 F i n a l  sc reening  and r educ t ion  

The d a t a  reduct ion  performed by NOSEY is geared toward e s t a b l i s h i n g  

a cons tan t  s t ra in- to- load  r a t i o  f o r  each gage and hence f o r  each r o s e t t e .  

I f  some of t he  d a t a  f o r  one of t h e  gages do not pass  a l l  t h e  tests,  the  

confidence i n  the  va lue  of the  ca l cu la t ed  s t r e s s  f o r  t h a t  r o s e t t e  i s  d i -  

minished. Therefore ,  t he  d a t a  were a l s o  subjec ted  t o  a f i n a l  sc reening  

i n  which the  response of each r o s e t t e  ( f o r  which p a r t  of t he  da ta  had 

been r e j e c t e d  by the  l i n e a r i t y  t e s t )  was compared wi th  the  behavior of 

ad jacent  r o s e t t e s .  This was done by s tudying  computer graphs of t h e  

maximum and minimum p r i n c i p a l  stresses vs gage loca t ion .  I f  an exces- 

s i v e l y  steep g rad ien t  was found t o  occur a t  a gage where p a r t  of the  data 

had been r e j e c t e d ,  t h e  p l o t  was compared with those of o the r  cases  f o r  

which similar stresses could be expected. The curve was then ad jus t ed  
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i f  necessary.  These comparisons were based on c e r t a i n  s imi la r i t i es  i n  
loading and symmetries i n  the  tes t  s e t u p ,  which could be e x p l o i t e d  i n  

p r e d i c t i n g  t r ends  of t he  stress p l o t s  and i d e n t i f y i n g  ques t ionab le  d a t a  

po in t s .  

I n  t h i s  series of tests the  t r a n s v e r s e  f o r c e s  were a p p l i e d  t o  t h e  

branch and t h e  run a t  d i s t a n c e s  of e i t h e r  77.0 i n .  o r  173.0 i n .  ( s e e  

Table 2.1) from the  c e n t e r  of t h e  tee. I f  i t  i s  conse rva t ive ly  assumed 

t h a t  the maximum nominal shear  stress is  equal  t o  t w i c e  t h e  app l i ed  s h e a r  

f o r c e  divided by the  c ros s - sec t iona l  area, then t h e  r a t i o  of t h e  maximum 

nominal bending stress t o  the  maximum nominal shea r  stress w i l l  range 

from about 6.5 on t h e  T-16 run o r  branch t o  about 34.0 on t h e  branch of 

T-12. The f a c t o r  of 2 comes from t h i n  s h e l l  theory and r e p r e s e n t s  t h e  

h ighes t  shea r  stress s o l u t i o n  f o r  a beam with a c i r c u l a r  c r o s s  s e c t i o n .  

Furthermore, according t o  the usual  assumptions of beam theory the shea r  

stress w i l l  be zero a t  the  point  of maximum bending stress. Therefore ,  

the stresses due t o  F2Y and M2Z should be very s imilar ,  and the  maximum 

p r i n c i p a l  stress i n  each case should be due p r imar i ly  t o  bending. The 

same holds f o r  P2Z and M2Y, and f o r  F3Z and M3X. (Reca l l  t h a t  M3Z does 

no t  have an equ iva len t  t r a n s v e r s e  load s i n c e  F3X w a s  no t  run.)  

The test models w e r e  symmetric about the plane formed by t h e  i n t e r -  

s e c t i o n  of t h e  axes of t he  run and the  branch ( t h e  l o n g i t u d i n a l  p l ane ) .  

There was  a l s o  geometric symmetry about t he  plane pe rpend icu la r  t o  t h e  

run con ta in ing  t h e  branch a x i s  ( t h e  t r a n s v e r s e  p l ane ) .  Since the  -X end 

of t he  run was  f i xed  while t h e  +X end w a s  f ree ,  t h e  boundary cond i t ions  

are not symmetric about t h i s  plane.  However, t h e s e  ends were s u f f i -  

c i e n t l y  removed from the tee t h a t  t he  e f f e c t  of end c o n s t r a i n t  can be ex- 

pected t o  be n e g l i g i b l e  in the  region of the  tee. Thus, t h e  e l a s t i c  re- 

sponse of each model t o  i n t e r n a l  p re s su re  and t o  loads app l i ed  at t h e  

f r e e  end of t he  run should be similar f o r  the two opposing quadrants on 

which t h e  s t r a i n  gages were placed. TAoads on t h e  branch end, however, 

cannot be expected t o  give similar responses i n  opposing quadrants  be- 

cause t h e r e  w a s  no r e a c t i o n  at  the  f r e e  end and t h e  symmetry breaks down. 

The r e s u l t s  of the f i n a l  s t r a i n  gage d a t a  sc reen ing  are given i n  

Appendix V I ,  Table V I . l  i n  terms of p r i n c i p a l  stress f o r  t he  maximum 

loads given i n  Table 2.2. A t o t a l  of 317 stress values  was  a d j u s t e d ,  o r  
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about 2.5% of t h e  12,864 s o l u t i o n s  which were obtained.  Of t h e  stresses 

t h a t  were a d j u s t e d ,  283 (89%) were on t h e  i n s i d e  s u r f a c e ,  r e f l e c t i n g  t h e  

g r e a t e r  d i f f i c u l t y  of i n s t a l l i n g  s t r a i n  gages on t h e  i n s i d e  of t he  tee. 

Rose t tes  l oca t ed  on the  welds accounted f o r  106 ad jus t ed  va lues  o r  33% of 

t h e  t o t a l .  Since only about 17% of t h e  gages were loca ted  on welds,  t h i s  

i n d i c a t e s  t he  d i f f i c u l t y  involved i n  ins t rument ing  t h e  w e l d s .  

For T-13 a l l  t h r e e  of t h e  gages i n  t h e  r o s e t t e  l oca t ed  on t h e  i n s i d e  

of t he  run pipe-to-tee weld f o r  rows 5 and 6 f a i l e d  t o  give readings .  

For sone of t he  load cases t h e  a n a l y s t s  f e l t  t h a t  i t  w a s  poss ib l e  t o  as- 

s ign  a p l a u s i b l e  va lue  t o  t h e  stresses which would occur a t  those  po in t s .  

However, f o r  t h e  M3Y, M3Z, and M2Y loadings  t h e  recorded va lues  were 

simply l e f t  a t  zero.  On T-12, gage l i n e  6 on the  ou t s ide  su r face  of t h e  

top  quadrant  (+X, +Y, +Z) had so  many f a u l t y  d a t a  po in t s  f o r  t h e  F2Z 

loading  t h a t  no b a s i s  f o r  comparison o r  adjustment  could be e s t a b l i s h e d ,  

and the stresses were simply r epor t ed  as they were recorded. None of t h e  

in t e rmed ia t e  c ro t ch  l i n e  gages on T-12 o r  T-16 r equ i r ed  adjustment.  

3.2 P r e s e n t a t i o n  and Discussion of Strain-Gaae Data 

The strain-gage d a t a  are presented  i n  Appendixes V-VI1 f o r  two d i f -  

f e r e n t  s t a g e s  of reduct ion .  Appendix V g ives  t a b u l a t i o n s  of t h e  LINDA 

output .  The d a t a  i n  t h a t  appendix have not  been screened by t h e  proce- 

dure  of Sect.  3.1.2. Appendixes V I  and V I 1  con ta in  computer p l o t s  and 

t a b u l a t i o n s ,  r e s p e c t i v e l y ,  of t he  screened and ad jus t ed  da ta .  The LINDA 

output  i n  Appendix V i s  based on c a l c u l a t i o n s  us ing  E = 30.0 x lo6  p s i .  

I n  Appendix V I  t he  normalized stress i n t e n s i t i e s  f o r  T-16 have been 

sca l ed  by t h e  f a c t o r  28.3/30.0 t o  c o r r e c t  f o r  t h e  lower Young's modulus 

of s t a i n l e s s  s teel .  

During t h e  course of t h i s  test series t h e  d a t a  reduct ion  subrout ine  

NOSEY was updated s e v e r a l  times. The d a t a  i n  Appendixes V-VI1 and Table 

2.3 of Sect .  2.3 r e p r e s e n t  the  output  from s e v e r a l  d i f f e r e n t  r ev i s ions .  

Therefore ,  t h e r e  are some minor i n c o n s i s t e n c i e s  due t o  small  v a r i a t i o n s  

i n  t h e  d i a g n o s t i c  parameters  used i n  NOSEY a t  d i f f e r e n t  s t a g e s  of t h e  

program's development. 
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The t a b u l a t i o n s  given i n  Appendix V a l s o  inc lude  stress and s t r a i n  

r e s u l t s  f o r  t h e  seven r o s e t t e s  l o c a t e d  on each model on t h e  s i d e  oppos i t e  

t h e  branch. These gages are not l o c a t e d  i n  regions of high stress con- 

c e n t r a t i o n ,  and the d a t a  they suppl ied were considered of less importance 

t h a n  t h a t  obtained from the  o t h e r  gages. These a d d i t i o n a l  d a t a  p o i n t s  

were not  screened i n  t h e  manner descr ibed i n  Sect .  3.1.2 and, t h e r e f o r e ,  

are not included i n  Appendixes V I  and V I I .  

The d a t a  given i n  Appendixes V I  and V I 1  have been checked and ad- 

j u s t e d .  These appendixes include a summary of t h e  adjustments ,  t abu la -  

t i o n s  of normalized stress i n t e n s i t i e s  f o r  each load ing ,  and contour 

p l o t s  of t h e  stress i n t e n s i t i e s  f o r  each quadrant of each of t h e  tees. 

The ad jus t ed  d a t a  p o i n t s  are flagged i n  the  t a b u l a t i o n s ,  and the  maximum 

va lue  f o r  each load case has been c i r c l e d .  I n  g e n e r a l ,  it may be ob- 

served t h a t  none of t he  stress p a t t e r n s  are e x a c t l y  symmetrical, due i n  

l a r g e  p a r t  t o  s m a l l  v a r i a t i o n s  i n  t h e  tee geometry. The s t a i n l e s s  steel 

tee T-16 w a s  perhaps more symmetric than the carbon s tee l  tees, a l though 

i t  had a s i g n i f i c a n t  amount of draw-down a t  t h e  pipe-to-tee welds. For 

T-16 we have t h e r e f o r e  i d e n t i f i e d  two maximum stress v a l u e s ,  one f o r  t h e  

body and one f o r  t h e  welds. 

It may a l s o  be observed t h a t  t he  maximum stress from i n t e r n a l  pres-  

s u r e  occurred on t h e  i n s i d e  s u r f a c e  a t  t h e  c r o t c h  i n  t h e  l o n g i t u d i n a l  

plane (gage row 1) f o r  a l l  f i v e  tees. For the  t h r e e  f u l l  o u t l e t  tees t h e  

maximum stresses from the  bending loads g e n e r a l l y  occurred i n  the  c r o t c h  

r eg ion  n e a r ,  but not always i n  t h e  t r a n s v e r s e  p l ane ,  a l though t h e r e  were 

s e v e r a l  loading cases where the  maximum stress occurred a t  t he  run pipe- 

to- tee  weld. For t h e  two reducing tees, t h e  maximum stresses from t h e  

bending loads  tended t o  occur i n  the  branch near t h e  c r o t c h  i n  e i t h e r  t h e  

l o n g i t u d i n a l  o r  t r a n s v e r s e  planes,  although again t h e r e  were s e v e r a l  load- 

i n g  cases where the  maximum stress occurred a t  t h e  welds. The maximum 

stress from t o r s i o n  on t h e  run f o r  t h e  two reduced o u t l e t  tees occurred 

on t h e  i n s i d e  s u r f a c e  a t  about 45" on t h e  branch. 
/ 

Table 3.1 g i v e s  a summary of t h e  l o c a t i o n s  (by gage number) and mag- 

n i t u d e s  of t he  maximum normalized stress i n t e n s i t i e s  ( i . e . ,  experimental  

stress i n d i c e s )  f o r  each of t he  12  loadings on a l l  5 tees. The same i n -  

formation i s  shown schemat i ca l ly  i n  Figs .  3.1-3.5 f o r  each of t h e  f i v e  



47 

Tab le  3.1. Loca t ion  and v a l u e  of maximum e x p e r i m e n t a l  stress i n d i c e s  

I n t e r n a l  Branch' 
p r e s s u r e  

load moment moment f o r c e  P 
Tee In-p lane  Out-of-plane Out-of-plane Axial Tors ion  force 

F3Y M3Y M3Z M3X F3Z 

Gayb I-1R5-E I-2R2-E 0-2R2-F 0-2R2-F 0-2R2-F 0-2R3-LC 
S I  2.908 3.196 3.661 3.493 3.599 6.576 

T-10 

Gage I-2R5-E 0-2R5-G 0-2R3-E 0-2R2-E 0-2R2-E I-2Rl-LC 
S I  3.694 2.130 2.255 2.240 2.116 6.404 

T-11 

Gage I-2R6-C 0-2R6-B 0-IR1-D 0- 1 R1 -D 0-1R5-A 0-2R1-D 
S I  2.390 1.272 2.017 1.811 1.144 3.720 

T-12 

Gage I-2R6-C 0-1R6-B 0-2R1-C 0-2 R 1 -C 0-1R6-B 0-1R6-C 
S I  2.425 1.594 1.355 1.163 1.131 2.338 T-13 

Gage I-1R6-D I-2R2-E I-2CR-23e I-CR2-23e 0-CR2- 12 e 1-2 CR-23 e 
2.212 3.043 3.211 3.298 3.239 3.067 

T-16 (on tee) 

0-1R1-A 0-2R1-L 0-1R1-A T-16 (on weld) ;;ge I-2R5-A 0-2R3-L 0-1RI-A 
1.985 3.158 5.100 4.198 2.859 7.400 

Run' 

T o r s i o n  
M2X 

In-p lane  In-p lane  Out-of-plane Out-of-plane 
f o r c e  

F2X 
moment f o r c e  moment f o r c e  

M2 Z F2Y M2Y F2Z 

Gage I-lR1-D I-2Rl-C 0-2Rl-LC 0-2R 1 -L I-2R2-D I-2Rl-C 
S I  3.102 3.074 1.604 1.955 3.513 4.389 

T-10 

0-2R5-G 0-2R2-L 0-2R2-LC Gage I-2Rl-C I-1Rl-C 0-2R2-LC 
S I  1.809 1 A 1 4  1.190 1.319 1.860 1.699 

Gage I-2RI-D I-2Rl-D 0-2R4-DC 
S I  2.350 2.290 1.051 1.179 1.688 2.277 

T-11 

I-1R3-C I-2Rl-D 0-2R4-D' T-12 

Gage I-2R1-C I-1R1-C 0-1R4-DC 0- 1 R4-DC I-1R3-C I-1RI-D 
S I  2.051 2.137 1.221 . 1.236 1.584 2.381 T-13 

Gage I-2Rl-D I-2R1-D I-2R1-D 0-2R2-F I-2R2-D I-2R1-D 
2.516 2.536 1.078 1.320 3.424 3.631 

T-16 (on t e e )  

T-16 (on weld) ;;ge 0-2R2-L 0-2R2-L 0-2R2-L 0-2 R1 -L 0-2R3-L 0-2R2-L 
3.011 3.174 1.927 2.379 2.562 4.794 

'See F ig .  2.1 f o r  l oad  d i r e c t i o n  conven t ion .  

bGage = l o c a t i o n  of r o s e t t e  where maximum stress i n t e n s i t y  o c c u r r e d .  

'Located on p ipe- to- tee  weld.  

dSI = maximum norma l i zed  stress i n t e n s i t y ,  t h a t  is, e x p e r i m e n t a l  stress index .  

eLocated a t  i n t e r m e d i a t e  c r o t c h  l i n e  p o s i t i o n .  

tees. The normalizing loads are given i n  Table 3 .2 .  The f i g u r e s  show 

t h a t  t he  maximum stresses from the  d i f f e r e n t  loadings do not g e n e r a l l y  

occur a t  t h e  same l o c a t i o n s .  For some loadings ( e . g . ,  i n t e r n a l  p re s su re  

and out-of-plane bending) the maximum stress l o c a t i o n s  were widely sepa- 

r a t e d .  

Table 3.1 i s  arranged so t h a t  r e s u l t s  from t h e  bending moment and 

corresponding t r a n s v e r s e  force loadings (e.g., M3Z and F3X) can be e a s i l y  



ORNL-DWG 84-6268 ETD 

0 GAGE LOCATION 

0 n MAXIMUM FOR LOAD CASE n 

.OAD 
NO. 

1 
2 
3 
5 
6 
7 
8 
9 

10 
11 
12 
13 

LOAD 
NAME 

M3X 
M3Y 
M3Z 
F3Y 
F3Z 
M2X 
M2Y 
M2Z 
F2X 
F2Y 
F2Z 

PRES 

1 = TOP OUTSIDE 
2 = BOTTOM OUTSIDE 
3 =TOP INSIDE 
4 = BOTTOM INSIDE 

QUADRANT* 

2 
2 
4 

, 

STRESS 
INDEX 

3.66 
3.60 
3.80 
6.58 
3.49 
3.57 
1.60 
3.10 
4.39 
3.07 
1.96 
2.91 

Fig. 3.1. Location and magnitude of experimental  stress i n d i c e s  
f o r  T-10. 

c- 
m 
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LOAD 
NO. 

1 
2 
3 
5 
6 
7 
8 
9 

10 
11 
12 
13 

ORNL-DWG 84-6269 ETD 

LOAD STRESS 
NAME QUADRANT* INDEX 

M3X 2 2.26 

M3Z 2 2.13 
F3Y 4 6.40 
F3Z 2 2.24 
M2X 2 1.86 

M2Z 4 1.81 

F2Y 3 1.81 
F2Z 2 1.32 

PRES 4 3.69 

M3Y 2 2.1 2 

M2Y 2 1.19 

F2X 4 2.78 

0 GAGE LOCATION 

0 n MAXIMUM FOR LOAD CASE n 

Fig. 3.2.  Locat ion and magnitude of experimental  stress i n d i c e s  
f o r  T-11. 



ORNL-DWG 84-6270 ETD 

0 GAGE LOCATION 

0 n MAXIMUM FOR LOAD CASE n 

LOAD 
NO. 

1 
2 
3 
5 
6 
7 
8 
9 

10 
11 
12 
13 

LOAD 
NAME 

M3X 
M3Y 
M3Z 
F3Y 
F 32 
M2X 
M2Y 
M2Z 
F2X 
F2Y 
F2Z 

PRES 

"1 =TOP OUTSIDE 
2 = BOTTOM OUTSIDE 
3 = TOP INSIDE 
4 = BOTTOM INSIDE 

QUADRANT* 

1 
1 
2 
2 
1 
3 
a 
4 
4 
4 
2 
4 

STRESS 
INDEX 

2.02 
1.14 
1.27 
3.72 
1.81 
1.69 
1.05 
2.35 
2.28 
2.29 
1.18 
2.39 

Fig. 3 . 3 .  Location and magnitude of exper imenta l  stress i n d i c e s  
for T-12. 

Ln 
0 



FOR LOAD CASE n 

ORNL-DWG 84-6271 E T D  

0 GAGE LOCATION 

LOAD 
NO. 

1 
2 
3 
5 
6 
7 
8 
9 

10 
11 
12 
13 

LOAD 
NAME 

M3X 
M3Y 
M3Z 
F3Y 
F3Z 
M2X 
M2Y 
M2Z 
F2X 
F2Y 
F2Z 

PRES 

'1 = TOP OUTSIDE 
2 = BOTTOM OUTSIDE 
3 = TOP INSIDE 
4 = BOTTOM INSIDE 

QUADRANT* 

2 
1 
1 
1 
2 
3 
1 
4 
3 
3 
1 
4 

STRESS 
INDEX 

1.36 
1.13 
1.59 
2.34 
1.16 
1.58 
1.22 
2.05 
2.38 
2.14 
1.24 
2.43 

Fig. 3.4. Location and magnitude of experimental s t r e s s  ind ices  
for  T-13. 
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GAGE LOCATION 

n MAXIMUM FOR LOAD CASE n 

LOAD 
NO. 

1 
2 
3 
5 
6 
7 
8 
9 

10 
11 
12 
13 

LOAD 
NAME 

M3X 
M3Y 
M3Z 
F3Y 
F3Z 
M2X 
M2Y 
M2Z 
F2X 
F2Y 
F2Z 

PRES 

QUADRANT* 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
2 
3 

"1 =TOP OUTSIDE 
2 = BOTTOM OUTSIDE 
3 =TOP INSIDE 
4 = BOTTOM INSIDE 

STRESS 
INDEX 

3.40 
3.43 
3.23 
3.25 
3.50 
3.63 
1 .14 
2.67 
3.85 
2.69 
1.40 
2.35 

Fig .  3 .5 .  Location and magnitude of experimental stress indices  
for T-16. 



Table 3.2. Normalizing loads f o r  e l a s t i c - r e s p o n s e  data" 

Moment Transverse Axial Moment Transverse Axial 
on fo rce  on f o r c e  on on f o r c e  on f o r c e  on P res su re  

Tee branch branch branch run run run ( P s i  1 
( i n .  -1b) (1b)  ( l b )  ( in . - lb)  (1b)  (1b) 

T-10 285,000 1,647 50 ,300  285,000 1,647 50 ,300  57.25 
T-11 788,300 4,557 159,400 788 ,300  4,557 159,400 195.25 
T-12 29,900 389 11 ,910  285,000 1,647 50 ,300  57.25 
T-13 74 ,200  964 34 ,000  788 ,300 4 ,557  159,400 195.25 
T-16 109,700 1,424 18 ,650  109,700 634h 18,650 28.83 

1,424 

a 

'F2Y (nom) = 634 l b  F2Z (nom) = 1424 lb.  

See Sect. 3.1.1 €or  nominal stress r e l a t i o n s .  
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compared t o  v e r i f y  t h a t  the maximum stresses f o r  each p a i r  are approxi-  

mately equa l  f o r  a l l  f i v e  tees. The l a r g e s t  d i f f e r e n c e  i n  such a p a i r  

w a s  f o r  t h e  in-plane bending on the  run  (MZX and F2Y) of T-16. In  t h i s  

case the maximum stress i n t e n s i t i e s  d i f f e r e d  by about 18% on the  body of 

t h e  t e e  and did not occur a t  t h e  same l o c a t i o n .  The maximum stresses a t  
the weld d i f f e r e d  by about 19%. As pointed out ear l ier ,  the  r a t i o  of t h e  

bending stress t o  t h e  shear  stress i s  smaller f o r  T-16 than  f o r  t h e  o t h e r  

models and thus  r e s u l t s  from pure bending and t r a n s v e r s e  f o r c e  loadings 

f o r  T-16 should d i f f e r  more than f o r  o t h e r  tees. Of  t h e  remaining 19 

p a i r s  of pure moment and t r a n s v e r s e  f o r c e  load ings ,  13 gave maximum 

stresses wi th in  15% of each o the r .  

The above d i f f e r e n c e s  are due t o  a t  l eas t  t h r e e  f a c t o r s .  F i r s t ,  

even though the  e f f e c t  of t r a n s v e r s e  shea r  i s  small ,  it i s  not n e g l i g i b l e  

and an i n f l u e n c e  of a few percent  may be expected. Second, t h e  nominal 

bending stress f o r  t h e  appl ied t r a n s v e r s e  f o r c e  w a s  c a l c u l a t e d  using a 

moment arm equa l  in l eng th  t o  the  d i s t a n c e  from t h e  i n t e r s e c t i o n  of t h e  

pipe and run axes t o  the point  of load a p p l i c a t i o n .  This w i l l  i n t roduce  

some e r r o r s ,  s i n c e  the  maximum bending w i l l  not always occur a t  t h i s  

po in t .  Third,  e r r o r s  may be caused by f a u l t y  d a t a  t h a t  survived a l l  t h e  

sc reen ing  procedures. 

Because the  maximum stress i n t e n s i t i e s  given i n  t h i s  s e c t i o n  are 

normalized i n  the  same fashion as t he  stress i n d i c e s  given i n  Table NB- 

3681(a)-1 of t he  ASME Code, a d i r e c t  comparison of t h e  two can be made. 

It must be emphasized, however, t h a t  t he  Code i n d i c e s  are intended t o  

r e p r e s e n t  maximum stress i n t e n s i t i e s  r e s u l t i n g  from any admiss ib l e  com- 

b i n a t i o n  of l oad ings .  Thus, f i rm  conclusions regarding the  adequacy of 

t h e  Code stress i n d i c e s  cannot be made u n t i l  t h e  experimental  d a t a  are 

s tud ied  i n  the  proper con tex t .  A separate r e p o r t  on t h a t  s u b j e c t  i s  

being prepared. 

3.3 Representat ive Data f o r  P res su re  Loads 

For those r eade r s  who may not have ready access  t o  a microf iche 

reader  o r  who may not be i n t e r e s t e d  i n  a l l  t h e  s t ra in-gage d a t a  given i n  

t h e  appendixes,  a p o r t i o n  of t h e  d a t a  f o r  t h e  i n t e r n a l  p re s su re  load ing  
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case has been a b s t r a c t e d  f o r  f u l l - s i z e  p r e s e n t a t i o n  and f u r t h e r  d i scus-  

s ions .  Normalized values  f o r  t h e  stress i n t e n s i t y  determined f o r  each 

gage s i te  i n  each of t he  two quadrants  f o r  both i n s i d e  and ou t s ide  su r -  

f a c e s  are l i s t e d  i n  Tables 3.3-3.7. 

one su r face  of each tee are shown i n  Figs.  3.6-3.10. 

Computer generated contour p l o t s  f o r  

The d a t a  i n  Tables 3.3-3.7 are arranged i n  four  sets, one set f o r  

each quadrant s u r f a c e ,  and t h e  maximum value  i n  each set i s  c i r c l e d .  The 

l a r g e s t  of those ,  a long with the  i d e n t i f y i n g  gage number, was given 

ear l ie r  i n  Table 3 . 1 .  A few of t h e  values  given i n  t h e  t a b l e s  have been 

ad jus t ed ,  as discussed i n  Sect .  3.1, and are i d e n t i f i e d  by a s o l i d  tri- 

angle  (A). Values f o r  t h e  stress i n t e n s i t i e s  f o r  a l l  t h e  gage s i tes ,  

toge the r  wi th  t h e  XYZ coord ina te  l o c a t i o n  da ta  given i n  Appendix 111, 

should provide va luable  sets of experimental  benchmark d a t a  f o r  compari- 

son with a n a l y t i c a l  s o l u t i o n s  and/or  p h o t o e l a s t i c  model s t u d i e s .  

3 . 4  F l e x i b i l i t y  Fac tors  

F l e x i b i l i t y  f a c t o r s  are numbers used t o  modify t h e  force-displace-  

ment and/or  moment-rotation r e l a t i o n s h i p s  of the  i d e a l i z e d  "st i f f  l i n e "  

s t r e n g t h - o f m a t e r i a l s  a n a l y t i c a l  models used i n  p ip ing  system design t o  

c a l c u l a t e  t h e  f o r c e  and moment d i s t r i b u t i o n s .  In  gene ra l ,  d i f f e r e n t  

f l e x i b i l i t y  f a c t o r s  w i l l  be used f o r  each type  of p ip ing  system compo- 

nent ,  j u s t  as d i f f e r e n t  stress i n d i c e s  are used f o r  t he  d i f f e r e n t  com- 

ponents. Whether o r  no t  a s p e c i f i c  f l e x i b i l i t y  €ac to r  i s  a c t u a l l y  de- 

f ined  depends, however, on whether t he  component deforms s u b s t a n t i a l l y  

more or  less than p red ic t ed  by t h e  p ip ing  system design model. Elbows, 

f o r  example, might be modeled as a r ight-angle  i n t e r s e c t i o n  of two 

s t r a i g h t  beams, o r  as a s i n g l e  curved beam. I n  e i t h e r  case t h e  d isp lace-  

ments and r o t a t i o n s  of one end of the  elbow wi th  r e spec t  t o  the  o the r  end 

w i l l  be s u b s t a n t i a l l y  g r e a t e r  than p red ic t ed .  F l e x i b i l i t y  f a c t o r s  are 

t h e r e f o r e  used t o  c o r r e c t  f o r  t he  d e f i c i e n c i e s  of t h e  design model. 

I n  present-day p ip ing  system ana lyses ,  f l e x i b i l i t y  f a c t o r s  are only 

used t o  modify t h e  moment-rotation r e l a t i o n s h i p s ,  and i t  i s  usua l ly  as- 

sumed t h a t  t h e  force-displacement r e l a t i o n s h i p s  of t h e  s t rength-of  - 



Table 3.3. Normalized stress intensities for T-10 with internal pressure 

Stress intensity on top outside surface Stress intensity on top inside surface 

Row 1 Row 2 Row 3 Row 4 Row 5 Row 1 Row 2 Row 3 Row 4 Row 5 
Gage Gage 

A 

B 

C 

n 
E 

F 

G 

H 

J 

K 

L 

Gage 

1.5021 

1.4868 

1.4252 

(1.7193) 
1.6314 

1.1375 

1.1383 

1.2487 

1.2610 

1.1519 

1.2622 

1.0386 

1.0249 

1.2307 

1.4539 

1.6367 

1.7185 

1.5976 

1.2655 

1.2167 

1.1599 

0.9879 

0.5836 

0.7005 

0.8485 

0.7907 

0.8056 

0.8899 

0.9174 

0.9113 

0.8934 

0.8200 

0.7968 

0.6694 

0.6667 

n. 8059 

0.7797 

0.8881 

0.7688 

0.7636 

0.6881 

0.9757 

0.n 

0.0 

0.7934 

0.6333 

0.7208 

0.8904 

1.0692 

0.8667 

0.8185 

1.0141 

1.2069 

0.0 

0.0 

Stress intensity on hottom outside surface 

Row 1 Row 2 P.0w 3 Row 4 Row 5 

A 

B 

C 

D 

E 

F 

G 

H 

J 

K 

L 

Gage 

n. 1707 

0.4351 

0.2981 

0.1097 

0.1424 

0.4318 

0.4919 

0.6448 

0.6196 

0.4806 

0.3912. 

0.6496 

0.5619 

0.4755 

0.4331 

0.5713 

0.6415 

0.5025 

0.1777 

0.4141 

0.5753 

0.9376 

1.3198 

1.5190 

1.7112 

1.6978 

1,4864 

1.2575 

1.3853 

1.4500 

1.4224 

1.3942 

1.3390 

1.5105 

1.8494 

2.2138 

2.4735 

2.4850 

2.4409 

2.1900 

1.7089 

1.5172 

0.0 

0.0 

1.7775 

2.0851 

2.4320 

2.7899 

(2.9075) 

2.5917 

2.4521 

2.0034 

1.6445 

0.0 

0.0 

Stress intensity on bottom inside surface 
~~ ~ ~~ 

Row 1 Row 2 Row 3 Row 4 Row 5 

A 1.6382 1.1196 0.6777 n .7287 0.8295 A 0.2172 0.8074 1.9879 1.5899 1.8702. 

C 1.7486 1.2369 n.7114 0.7156 0.9275 c 0.4020 0.8394 1.8559 2.2504 2.2554 

R 1.7451 i.n466 0.6174 n.6523 0.8094 R 0.2835 0.8183 1.6478 1.8690 2.1564. 

n 1.7839 1.5115 0.7269 0.8059 0.9702 D 0.4194 0.6491 1.7270. 2.4829 2.5381. 

E 1.5690 1.7295 0.8788 0.8599 1.1714 E 0.0421 0.4823 1.6793. 2.6130 @mA) 
F 1.1509 (j7TiQ 1-1.9185 0.8706 1.0290 F 0.4750 0.5686 1.5298 2.5083 2.4366 

c 1.1111 1.6415 0.9027 0.8876 1.0707 G 0.4929 0.4529 1.6120 2.0753 2.2518. 

H 1.2081 1.4235 0.9267 0.7806 1.1510 H 0.5763 0.2202 1.5853 1.4971. 1.7247 

J 1.1267 1.3352 0.9170 1.1214 1.2566 J 0.5602 0.3467 1.4360 1.2223. 1.4885. 

K 1.0393 1.1895 0.8431 0.0 0.0 K 0.3700 0.6847 1.3690 0.0 0.0 

L 1.1547 0.9950 0.8672 0.0 0.0 L 0.6020 0.9293 1.2589 0.0 0.0 
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Table 3.4. Normalized stress i n t e n s i t i e s  for  T-11 with internal  pressure 

~~~ ~~ 

Stress  in tens i ty  on top outside surface 
Gage Gage 

R o w  1 R o w  2 R o w  3 ROW 4 ROW 5 

A 

B 

C 

D 

E 

F 

c, 

H 

J 

K 

L 

1.0120 

1.0753 

1.1068 

1.4204 

1.3064 

1.1098 

1 .0152 

0.9698 

0.8619 

0.9483 

1 .0176 

0.9494 

1.0114 

1.2335 

1.3410 

(1.555? 

1.4297 

1.4207 

1.3675 

1.1914 

1.0393 

n. 9572 

0.7414 

0.8079 

0.9006 

0.9965 

1.0186 

1.0785 

1.0444 

1.0309 

0.9527 

0.8373 

0.7575 

0.5971 

0.5918 

0.5825 

0.5534 

0.5421 

0.5825 

0.6068 

0.6081 

0.6476 

0.0 

0.0 

0.5214 

0.4853 

0.4717 

0.4961 

0.4659 

0.5254 

0.6076 

0.5060 

0.5295 

0.0 

0.0 

A 

B 

C 

D 

E 

F 

G 

H 

J 

K 

L 

Stress  i n t e n s i t y  on top ins ide  surface 
~ ~~~ ~ 

R o w  1 R o w  2 R o w  3 R o w  4 R o w  5 

0.6915 0.9661 1.4421 1.8272 2.2698. 

0.6075 0.6964 1.5648 2.0405 2.3596 

0.5130 0.5822 1.5910 2.4295 2.7876 

0.4198 0.5044 1.3544 2.6130 3.1747 

0.3674 0.2736 0.9842 2.5947 0-9 
0.4393. 0.1862 0.7865 2.5037 2.9555 

0.5003. 0.1995 0.9018 2.3741 2.6871 

0.5485 0.1814 1.1283 1.9948 2.1654 

0.5817 0.5264 1.4191 1.7719 1.8750 

0.8158 0.8085 1.4262 0.0 0.0 

0.8516 0.9100 1.4433 0.0 0.0 

Stress in tens i ty  on bottom outside surface Stress  in tens i ty  on bottom ins ide  surface 

R o w  1 Row 2 R o w  3 R o w  4 R o w  5 R o w  1 R o w  2 R o w  3 R o w  4 R o w  5 
Cage Gage 

A 1.0777 0.9300 0.6868 0.5528 0.5038 A 0.6834. 0.9574 1.5001 1.8991 2.1011 

B 1.0604 1.0203 0.7727 o s 6 9 2  0.4826 R 0.6224. 0.9371 1.5759 2.2167 2.2902 

C 1.1134 1.1259 0.8795 0.6157 0.4290 C 0.5128 n.8116 1.6071 2.4436 2.7579. 

D 1.4294 1.3114 0.9727 0.5415 0.3814 D 0.3963 0.5085 1.4298 2.6306 3.2237 

E 1.2876 1.4761 1.1711 0.5768 0.3840 E 0.3661. 0.3120 1.0754 2.5412 (3.6944) 

F 1.0606 (1.5463) 1.1026 0.6088 0.4240 F 0.3316 0.2188 0.7681 2.5547 3.6121. 

G 1.0156 1.4428 1.0830 0.6260 0.5439 G 0.3051. 0.2600 0.8678 2.3905 2.7117 

H 1.0156 1.3340 1.0537 0.5680 0.4551 H 0.3173. 0.2070 1.0432 2.0591 2.1696 

J 0.9476 1.1447 1.0037 0.5738 0.4897 J 0.4393. 0.4778 1.3994 1.8556 1.9034 

K 0.5459 1.0243 0.8558 0.0 0.0 K 0.5613. 0.7113 1.4162 0.0 0.0 

1, 0.9982 0.9929 0.7921 0.0 0.0 L 0.6834. 0.8041 1.5099 0.0 0.0 



Table 3.5. Normalized stress intensities for T-12 with internal pressure 

Stress intensity on top outside surface Stress intensity on top inside surface 

Row 1 Row 2 Row 3 Row 4 Row 5 Row 6 Row 1 Row 2 Row 3 Row 4 Row 5 Row 6 
Gage Gage 

A 

B 

C 

D 

E 

F 

G 

H 

J 
K 

~~ ~ ~~ 

1.1703 0.7997 0.8555 1.1175 1.0012 

1.1570 0.9045 0.7143 0.6974 0.6987 

1.0032 0.9602 0.8497 0.7740 0.9285 

1.1244 1.2365 1.1405 1.0315 1.0772 

- 1 . 3 5 4 6  1.3231 0.0 1.0551 
1.0077 1.2853 0.9227 0.0 0.6835 

n.8178 1.0157 n.8640 0.0 0.5862 

0.6414 0.8298 0.8323 0.0 0.6466 

0.3888 0.5817 0.7191 0.0 0.7128 

0.2649 0.4201 0.5277 0.0 0.9172 

Intensities at crotch line gages 
Gage 12 Cage 23 Gage 56 ~~- 
1.4632 1.4073 0.9704 

0.9485 

0.7834 

1.0335 

1.0977 

1.0144 

0.5773 

n.4641 

0. 6494 

0.484 1 

0.9482 

A 

B 

C 

D 

E 

F 

G 

H 

J 

K 

0.7172 

0.4843 

0.5482 

0.5035 

0.5541 

0.4213 

0.6554 
0.8314 

1.0589 
1.1771 

0.8771 

0.8562 

0.8105 

0.7915 

0.7400 

0.3417 

0.5920 
0.6940 

0.9439 

1.1417 

0.9939 

1.1923 

1.5631 

1.3785 

1.0807 

0.7174 

0.5265 

0.6390 

0.7681 

0.9534 

1.3529 

0.6945 

0.7439 

0.9028 

0.0 

0.0 

0.0 

0 .0  

0.0 
0.0 

1.0508 

1.4651 

2.1386 

1.9819 

1.5697 

1.0189 

0.8618 

0.7879 

0.8723 

1.0476 

Intensities at crotch line gages 
Gage 12 Gage 23 Gage 56 --- 
0.5563 0.8797 1.7464 

0.9951 

2.0142. 

(2.2611) 
2.0905 

1.6008 

1.1246 

0.8909 

0.7883 

0.8229 

0.9693 

Stress intensity on bottom outside surface Stress intensity on bottom inside surface 

Row 1 Row 2 Row 3 Row 4 Row 5 Row 6 Row 1 Row 2 Row 3 Row 4 ROW 5 ROW 6 
Gage Gage 

A 

B 

C 

D 

E 

F 

G 

H 

J 

K 

1.2163 0.8451 0.8037 1.2272 0.9889 

1.1571 0.9335 0.7174 0.6588 0.7575 

1.0893 1.0279 0.8580 0.6749 1.0088 

1.2196 1.3609 1.2909 0.9621 1.0812 

1.3630 0.5362) 1.2314 0.0 1.0815 

0.9481 1.2007 0.8377 0.0 0.6998 
0.6853 0.8696 0.7576 0.0 0.5803 

0.5011 0.7177 0.6980 0.0 0.5657 
0.3126 0.4462 0.5757 0.0 0.6858 
0.1861 0.2387 0.3711 0.0 0.8322 

Intensities at crotch line gages 
Gage 12 Gage 23 Gage 56 --- 

0.7976 

0.7616 

0.9452 

0.9931 

0.9554 

0.5905 

0.4842 

0.5149 

0.6663 

0.8282 

A 

B 

C 

D 

E 

F 

G 

H 

J 

K 

0.6822 

0.6168 

0.6088 

0.5547 

0.5564 

0.4056 

0.7830 

0.9517 

1.1545. 

1.2977 

0.9587 

0.8876 

0.9443 

0.8553 

0.7535 

0.4928 

0.7699 

0.8624 

1.1366 

1.3413 

1.0614 

1.2757 

1.5691 

1.4049 

1.0432 

0.7869 

0.6736 

0.7224 

0.8951 

1.1604 

1.2819 

0.7885 

0.7711 

1.0662 

0.0 

0.0 

0.0 

0.0 

0.0 

0 .0  

1.0164 

1.5156 

2.1032 

1.9931 

1.5243 

1.0358 

0.8445 

0.7521 

0.8730 

0.9629 

Intensities at crotch line gages 
Gage 12 Gage 23 Gage 56 --- 

0.9947 

1.6279 

(2.3902) 

2.2907 

1.6305 

1.1331 

0.9347 

0.8273 

0.8144 

0.9209 

1.4808 1.4078 1.0344 0.5330 0.9474 1.5098 



. 

Table 3.6. Normalized s t r e s s  i n t e n s i t i e s  for  T-13 with internal  pressure 

- 
Stress in tens i ty  on top outside surface Stress  in tens i ty  on top ins ide  surface 

R o w  1 R o w  2 R o w  3 R o w  4 R o w  5 R o w  6 R o w  1 R o w  2 R o w  3 R o w  4 R o w  5 R o w  6 
Gage Gage 

-- --- __ -- 
A 

B 

C 

D 

E 

F 

G 

H 

J 

K 

Gage 

0.9159 

1.0146 

1.1194 

1.1255 

0.9650 

0.7166 

0.6003 

0.4601 

0.3584 

0.2972 

0.9381 

1.1091 

1.1472 

(1-3) 

1.1374 

0.9092 

0.7179 

0.5551 

0.4495 

0.3724 

0.6822 

0.7479 

0.8167 

i.nooi 
0.9641 

0.7466 

0.6693 

0.6479 

0.5587 

0.4996 

0.9332 

0.6608 

0.6618 

0.7303 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.5709 

0.6789 

0.6763 

0.5246 

0.8231 

0.6853 

0.6407 

0.6338 

0.6667 

0.6716 

0.5836 

0.7316 

0.7748 

0.7684 

0.6381 

0.7109 

0.6333 

0.6165 

0.6151 

0.7398 

A 

B 

C 

n 
E 

F 

G 

H 

J 

K 

1.0326 

0.8769 

0.6314 

0.3241 

0.3377 

0.5602 

0.9502 

1.1696 

I .  2698 

1.3926 

1.1228 

1.0978 

0.8228. 

0.6938 

0.6647 

0.6244 

0.9685 

1.1795 

1.2135 

1.4051 

1.3807. 

1.5927 

1.6261 

1.4455 

1.2366 

1.0552 

0.9873 
1.1543 

1.2127 

1.2986 

1.3982 

1.0447 

1.1483 

1.1715. 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.9550 

1.9091 

2.2279 

1.7801 

1.3022 

1.1337 

1.1638 

1.1366. 

1.1582 

1.1366. 

1.5899. 

1.9854 

(2-7) 

1.9813 

1.3394 

1.2426 

1.1567 

1.1394 

1.1237 

1.1715. 

Stress  in tens i ty  on hottom outside surface Stress i n t e n s i t y  on bottom ins ide  surface 

R o w  1 Row 2 Row 3 ROW 4 R o w  5 R o w  6 R o w  1 R o w  2 R o w  3 R o w  4 R o w  5 Row 6 
- Gags ---- ---- --___---_- 

A 0.8817 0.8353 0.6695 0.9185 0.6798 0.5940 A 1.3110. 1.3110. 1.3601 1.4125 1.7991. 1.6374 
B 0.9941 0.9135 0.7239 0.7016 0.6704 0.6896 B 0.9637 1.1023 1.5258 1.1061 1.9100 1.9842 

D 1.0706 (1.0923) 0.9273 0.6752 0 . ~ 2 6 1  0.7484 D 0.48604 0.6420 1.4296 1.1848 1.9161 1.6917 

F 0.6655 0.8547 0.7684 0.0 0.7077 0.6448 F 0.5175 0.6863 1.0481 0.0 1.2288 1.2782 

C 1.0783 0.9916 0.8129 0.6266 0.6978 0.6826 c 0.6317 0.9434 1.6412 1.1503 2.2153 (2.4253 

E 0.9543 1.0801 1.0054 0.0 0.8289 0.7467 E 0.3724 0.7355 1.1640 0.0 1.2795 1,3807. 

c, 0.5566 0.6910 n.6892 0.0 0.6316 0.6042 G 0.9585 0.9420 0.9795 0.0 1.1385 1.1994 

H 0.4303 0.5475 0.5955 0.0 0.6206 0.6374 H 1.2486 1.1258 1.0919 0.0 1.1154 1.1314 
J 0.3056 0.4321 0.5317 0.0 0.6695 0.7320 J 1.3508 1.2914 1.2055 0.0 1.1080 1.1715. 
K 0.3023 0.3238 0.4422 0.0 0.6768 0.6697 K 1.3431 1.2694 1.1589 0.0 1.1440 1.1307 

-- - -__ - ___ -__-- 
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Table 3.7. Normalized s tres s  in tens i t i e s  for T-16 with internal pressure 

-~ 
Stress intens i ty  on top outside surface Stress intens i ty  on top inside surface 

Row 1 Row 2 Row 3 Row 4 Row 5 Row 1 R w  2 Row 3 Row 4 Row 5 
Gage Gage 

A 

B 

C 

D 

E 

F 

G 

n 
J 

K 

L 

1.4150 

0.4428) 
1.2458 

1.1461 

1.3994 

0.7021 

0.9169 

1.1903 

1.1405 

0.9941 

1.1363 

0.8194 

0.8610 

1.0206 

0.9984 

1.0563 

1.2565 

1.1162 

1 .0634 

0.7989 

0.6610 

0.9490 

0.5664 

11.4076 

0.4347 

0.4142 

0.5183 

0.5320 

0.5648 

0.6100 

0.6595 

0.6847 

0.6199 

0.5980 

0.3891 

0.4137 

0.6814 

0.9576 

0.6939 

0.6315 

0.5888 

1.1011 

n.n 
0.0 

n. 5406 

n. 5606 
0.8540 

0.7473 

0.3911 

0.9780 

0.6261 

0.6888 

1.7601 

0.0 

0.0 

A 
B 

C 

D 

E 

F 

G 

H 

J 

K 

L 

1.2713 

0.5521. 

0.8458 

0.4361 

0.2349 

0.3598 

0.3612 

0.6403 

0.8028 

0.3848 

0.7333 

1.1285. 

0.8571 

0.5303 

0.2379 

0.4380 

0,7734 

0.5048 

0.0466 

0.4951 

0.8008 

1.2138 

1.1647 

1.1677 

1.2432 

1.4309 

1.2568 

1.0956 

1.2129 

1.1825 

1.0345 

n. 8027 
0.8991 

1.0821 

1.1891 

1.5511 

1.6998 

1.7068 

1.6197 

1.3788 

1.1771 

0.9355 

0.0 

0.0 

1.6409 

1.7856 

2.0200 

(2.3454) 
2.2834 

1.8926 

1.5933 

1.1546. 

0.8872. 

0.0 

0.0 

Intens i t i e s  at crotch l ine  gages 
Gage 12 Gage 23 Gage 34 Gage 45 
1.3869 0.8836 0.7136 0.6582 
---- 

~ 

Gage 

~ ~ 

Stress intens i ty  on bottom outside surface Stress intens i ty  on bottom ins ide  surface 
Gage 

Row 1 Row 2 Row 3 Row 4 Row 5 Row 1 Row 2 ROW 3 ROW 4 ROW 5 

A 

B 

C 

D 

E 

F 

G 

H 

J 

K 

L 

(1.7798) 
1.6503 

1.4651 

1.3833 

1.3683 

0.8565 

0.9455 

1.1079 

1.0041 

0.7808 

0.8417 

1.0677 

0.7353 

0.8184 

0.8986 

0.9715 

1.0980 

0.9999 

0.9166 

0.7338 

0.6876 

1.1222 

0.9121 

0.3780 

0.4143 

0.4791 

0.5746 

n. 5698 

0.5174 

0.5470 

0.5398 

0.6617 

0.8175 

0.8542 

0.4992 

0.5831 

0.7350 

n.71~0 

0.5351 

0.7273 

0.4262 

1.4519 

0.0 

0.0 

Intens i t i e s  at crotch l ine  gages 
GaEe 12 Gage 23 Gage 34 Gage 45 - _ _ _ _ _ _ -  
0.3423 0.2006 0.1738 0.5427 

0.5919 

0.4092 

0.6401 

0.9631 

0.9735 

0.7455 

0.5323 

0.4095 

1.9352 

0.0 

0.0 

A 

B 

C 

D 

E 

F 

G 

H 

J 

K 

L 

0.6942 1.0147 1.1947 1.1486 

0.1072 0.9795 1.1033 1.1869 1.7648 

0.6173 0.9953 1.1721 1.5483 1.7474 

0.5875 0.6544 1.5355 1.8623 1.9545 

0.1517 0.2758 1.3265 1.8526 2.0477 

0.4913. 0.3970 1.2590 1.8551 2.0205 

0.5903. 0.2799 1.1667. 1.5671 1.7106 

0.6890 0.2410 1.0761 1.1800 1.4435 

0.5825 0.5386 0.8860 1.1310 1.3483 

0.3474 n.7153. 0.8902 0.0 0.0 

0.6920 0.9915 0.8829 0.0 0.0 

Intens i t i e s  at  crotch l ine  gages 
Gage 12 Gage 23 Gage 34 Gage 45 
0.5978 0.7125 1.3248 0.8392 
~ - - -  
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ORNL-DWG 84-6273 ETD 

+ 

CONTOUR VALUES 

PI 0.0 
0 Y.ODOOE-01 
A 8.0000E-01 
+ 1.2000E 00 
X 1.6000E 00 
0 2.0000E 00 
9 2.4000E 00 
X 2.BOOOE 00 

+ 

Fig. 3 .6 .  I n t e r n a l  p re s su re  stress index contour  p l o t  f o r  quadrant 1 
i n s i d e  s u r f a c e  of T-10. 
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ORNL-DWG 84-6274 ETD 

+ 

+ 

CONTOUR VALUES 
II) 0.0 
0 4.0000E-01 
A 8.0000E-01 + 1.2000E 00 
X 1.6000E 00 
0 2.0000E 00 
9. 2.11000E 00 
X 2.8000E 00 
X 3.2000E 00 

+ 

Fig. 3.7. I n t e r n a l  p re s su re  stress index contour  p l o t  f o r  quadrant  1 
i n s i d e  s u r f a c e  of T-11. 



6 3  

ORNL-DWG 84-6275 ETD 

CONTOUR VALUES 
El 0.0 
0 2.5000E-01 
A 5.0000E-01 + 7.5000E-01 
X 1.0000E 00 
0 1.2500E 00 + 1.5000E 00 
X 1.7500E 00 
X 2.0000E 00 
r$ 2.2500E 00 

+ 

Fig. 3.8. I n t e r n a l  p re s su re  stress index contour  p l o t  f o r  quadrant  1 
i n s i d e  s u r f a c e  of T-12. 
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ORNL-DWG 84-6276 ETD 

CONTOUR VALUES 
D 0.0 
0 2.SOOOE-01 
A 5.ODOOE-01 + 7.5000E-01 
X 1.0000E 00 
0 1.2500E 00 
9 1.5000E 00 
X 1.7500E 00 
X 2.ODDOE 00 
fi 2.2500E 00 + 

Fig .  3.9. I n t e r n a l  p re s su re  stress index contour  p l o t  for quadrant  1 
i n s i d e  s u r f  ace of T- 13. 



6 5  

+ 

+ 

ORNL-DWG 84-6277 ETD 

CONTOUR VALUES 

a 0.0 
0 2.5000E-01 
A 5.0000E-01 + 7.5000E-01 
X 1.0000E 00 
0 1.2500E 00 
'P 1.5000E 00 
X 1.7500E 00 
X 2. OOOOE 00 

+ 

Fig. 3.10. I n t e r n a l  p re s su re  stress index contour p l o t  f o r  quad- 
r a n t  1 i n s i d e  s u r f a c e  of T-16. 
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materials model are s u f f i c i e n t l y  a c c u r a t e  f o r  design purposes. 

i t y  f a c t o r s  are a l s o  def ined only f o r  t he  average r o t a t i o n  of one end of 

t he  component with r e spec t  t o  the o t h e r  end. 

of planes perpendicular  t o  t h e  c e n t e r l i n e ( s )  of t h e  component o r  t he  ro- 

t a t i o n s  of planes between the  component ends are t h e r e f o r e  not given by 

f l e x i b i l i t y  f a c t o r s .  

F l e x i b i l -  

Information about warping 

F l e x i b i l i t y  f a c t o r s  are def ined i n  terms of t h e  t h r e e  or thogonal  

components of t h e  end-plane r o t a t i o n s  ( r e l a t i v e  t o  a r e fe rence  end) t h a t  

might be caused by any one of t h e  or thogonal  set  of equ i l ib r ium moment 

loads t h a t  might be app l i ed .  For two-ended components such as elbows, 

r educe r s ,  and segments of s t r a i g h t  p ipe ,  one can t h e r e f o r e  d e f i n e  as many 

as nine f l e x i b i l i t y  f a c t o r s  -one  f o r  each of t h e  t h r e e  components of t h e  

end-plane r o t a t i o n  t h a t  might be caused by each of t he  t h r e e  end-plane 

moment components, f o r  example, in-plane,  out-of-plane,  and t o r s i o n .  For 

three-ended components, such as tees and branch connect ions,  one can de- 

f i n e  36 f l e x i b i l i t y  f a c t o r s ;  t h e r e  are 6 sets of s t a t i c  equ i l ib r ium mo- 

ments and 3 orthogonal  r o t a t i o n s  f o r  each of 2 end-planes r e l a t i v e  t o  t h e  

r e f e r e n c e  end. 

These p o t e n t i a l  f l e x i b i l i t y  f a c t o r s  are de f ined  as t h e  r a t i o  of t h e  

r o t a t i o n  0 of t h e  i end-plane about t he  j a x i s  due t o  t h e  end-plane mo- 

ment MRm a c t i n g  on t h e  R end i n  t h e  m d i r e c t i o n  t o  t h e  corresponding 

nominal r o t a t i o n  Onom, by the  r e l a t i v e l y  simple expres s ion  

i = 2 , 3  ,..., n j = x , y , z  

ki j Rm ('nom)ijRm ' R = 2,3 ,..., n m = x,y,z  
9 (3.1) = ' i j g m  . 

where n i s  t h e  number of component ends with i , R  = 1 r e p r e s e n t i n g  t h e  

r e f e r e n c e  end. I n  t h i s  form t h e  f l e x i b i l i t y  f a c t o r s  are nondimensional 

s c a l a r s  i n  t h e  same sense t h a t  stress i n d i c e s  are nondimensional. I n  t h e  

same manner i t  is  a l s o  important t o  e x p l i c i t l y  d e f i n e  t h e  normalizing 

term (enom)ij  Rm 
model t h a t  w i l l  be used i n  the  p ip ing  system a n a l y s i s .  

from a s t rength-of  -materials a n a l y s i s  of t h e  component 

F o r t u n a t e l y ,  many of t he  f l e x i b i l i t y  f a c t o r s  def ined by Eq. ( 3 . 1 )  

are so c l o s e  t o  0.0 o r  1.0 t h a t  they can be ignored i n  design. 
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General ly ,  i f  t he  component i s  symmetric, then 

= O ; j f m ,  ki j Rm 

f 0 ;  j = m ,  

because one would not  expect a given moment component MRm t o  produce end- 

plane r o t a t i o n s  i n  d i r e c t i o n s  perpendicular  t o  the  d i r e c t i o n  of the  mo- 

ment. The f l e x i b i l i t y  f a c t o r s  kijRm; j = m are c a l l e d  primary, and the  

o t h e r s  are c a l l e d  secondary. 

For two-ended symmetric p ip ing  components, E q s .  (3.1) and (3.2) wi th  

n = 2 = i = R give nine f l e x i b i l i t y  f a c t o r s ,  s i x  of which are zero,  t h a t  

i s  9 

(3.3) 

f o r  t he  t h r e e  moment components MAm = M2x, M 

r o t a t i o n s  8 
M Z z ,  and the  a s soc ia t ed  

2Y' 

One o r  more of the  f l e x i b i l i t y  f a c t o r s  given by Eq. ( 3 . 3 )  w i l l  equal  
2 j  2m' 

1.0, i f  t he  end-planes of t he  p ip ing  component a c t u a l l y  r o t a t e  as pre-  

d i c t e d  by t h e  s t r e n g t h - o f - m a t e r i a l s  model. 

span of s t r a i g h t  pipe t h a t  i s  longer  than  -3 pipe diameters  when t h e  p ipe  

i s  modeled as a c y l i n d r i c a l  beam. For a 90" elbow t h a t  i s  modeled as a 
curved beam, the  f l e x i b i l i t y  f a c t o r  f o r  t he  t o r s i o n a l  r o t a t i o n  of t he  end 

caused by the  t o r s i o n a l  component of t he  end-moment i s  usua l ly  taken as 

A l l  t h r e e  equal  1.0 f o r  a 

1.0. The o the r  two, f o r  in-plane and out-of-plane moments, are d i f f e r e n t  

from 1.0 and have been determined exper imenta l ly  and/or a n a l y t i c a l l y  by a 

number of au thors .  

For three-ended components, such as ANSI B16.9 tees,  Eq. (3.1) with  

n = 3 gives  36 f l e x i b i l i t y  f a c t o r s ,  24 of which are probably zero [ E q .  

(3.2)J. The 12 primary f l e x i b i l i t y  f a c t o r s  wi th  i , R  = 2,3 and j = m = 293 
are l i s t e d  i n  Table 3 .8  along with the  a s soc ia t ed  end-plane r o t a t i o n s  and 

moment loads shown schemat ica l ly  i n  Fig. 3.11. 
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Table 3 . 8 .  F l e x i b i l i t y  factors f o r  
three-ended piping components 

End moment loads MRm End -plane 
rot a t  ions 

M 2Y M2 z M3 x 3Y M3 z M M2x 

0 0 

0 
e 2 x ~ m  k2x2x 0 0 k2x3 x 

2 Y 3 Y  
k 0 0 k 

2 Y 2 Y  
0 

0 0 k2z2z 0 0 k2z3z 
0 k3x2x 

0 k 0 0 k 

e 2 y ~ m  

'2z~m 

e 3 x ~ m  

e 3 y ~ m  

0 

0 
kg x3 x 0 0 

3 Y 3 Y  3Y2Y 
83zRm 0 0 kg 22 z 0 0 k3z3z 

ORNL-DWG 84-6278 ETD 

Fig. 3 . 1 1 .  End-plane rotations for moment loading f l e x i b i l i t y  
f a c t o r s .  
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A s  noted earlier,  the  determinat ion and use of f l e x i b i l i t y  f a c t o r s  

f o r  piping system design r e q u i r e s  a commonly accepted s t rength-of-  

materials f l e x i b i l i t y  a n a l y s i s  model. 

de f ined  the  f l e x i b i l i t y  model f o r  ANSI B16.9 tees i n  Class 1 p ip ing  as 

fol lows 

P r i o r  t o  about 1975 t h e  ASME Code 

[ NB-3687 41 : 

... t h e  load displacement r e l a t i o n s h i p s  s h a l l  be obtained by 
assuming t h a t  t he  run pipe and branch pipe extend t o  t h e  in -  
t e r s e c t i o n  of t he  run pipe c e n t e r  l i n e  wi th  t h e  branch pipe 
c e n t e r  l i n e .  The imaginary j u n c t i o n  i s  t o  be assumed t o  be 
r i g i d .  

NB-3687.4 w a s  subsequently r ev i sed  by changing the  last  sentence t o  read:  

The imaginary j u n c t i o n  is t o  be assumed r i g i d ,  and the  imagi- 
nary l e n g t h  of branch pipe from the  j u n c t u r e  t o  t h e  run pipe 
s u r f a c e  i s  a l s o  t o  be assumed as r i g i d .  

Changing t h a t  sentence changes t h e  f l e x i b i l i t y  model from t h e  one shown 

i n  Fig. 3.12(a) t o  the  one shown i n  Fig. 3.12(b). Because the  Code does 

not  s p e c i f y  the  a s s o c i a t e d  f l e x i b i l i t y  f a c t o r s ,  we may assume t h a t  a l l  12 

of t he  primary f l e x i b i l i t y  f a c t o r s  are t o  be taken equal  t o  1.0 and t h e  

o t h e r s  equal  t o  0.0. 

The AlSME Code does not give an e x p l i c i t  d e f i n i t i o n  of t h e  f l e x i b i l -  

i t y  model f o r  Class 2 o r  3 piping tees, but from the  wording i n  foo tno te  

2 of Fig. NC/ND-3673.2(b)-l it can be i n f e r r e d  t h a t  t h e  model shown i n  

Fig. 3.12(a) is intended. For Class 2 o r  3 p ip ing  tees, t h e  Code simply 

says t h a t  t h e  f l e x i b i l i t y  f a c t o r  equals  1. From t h a t  we i n f e r  t h a t  a l l  

12 of the primary f l e x i b i l i t y  f a c t o r s  are assumed equal  t o  1.0 and the  

secondary f l e x i b i l i t y  f a c t o r s  equal  0.0. This means, of course,  t h a t  the 

f l e x i b i l i t y  f a c t o r s  are ignored i n  conducting the  p ip ing  system design 

analyses .  
The experimental  determinat ion of f l e x i b i l i t y  f a c t o r s  f o r  ANSI B16.9 

tees r e q u i r e s  the  measurement of each of t he  s i x  end-plane r o t a t i o n s  

l i s t e d  i n  Table 3.8 f o r  each of t he  s i x  moment loads.  I d e a l l y ,  t hese  ro- 

t a t i o n s  should be measured between the  pipe-to-tee welds. However, be- 

cause those end-planes can be expected t o  warp s l i g h t l y  as t h e  test m d e l  

i s  loaded, t he  r e fe rence  planes f o r  t h e  LVDT hardware (discussed earlier 

i n  Sect. 2.1.1) were placed about halfway between t h e  pipe-to-tee welds 
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BRANCH 

( a )  PRE-1975 CLASS 1 MODEL 

k 

BRANCH 
PIPE 

( b )  POST-1975 CLASS 1 MODEL 

Fig. 3.12. F l e x i b i l i t y  a n a l y s i s  models f o r  ANSI B16.9 tees i n  ASME 
Class 1 p ip ing  systems. 

and the  loading  f l anges  where d i s t o r t i o n  of t he  planes perpendicular  t o  

t h e  pipe axes would be minimal. The measured r o t a t i o n s  were then "COT- 

rec ted"  by s u b t r a c t i n g  the  r o t a t i o n s  of t he  l eng th  of pipe between t h e  

LVDT hardware attachment po in t s  and t h e  pipe-to-tee welds c a l c u l a t e d  

using simple beam theory and the a c t u a l  (measured average)  p i p e  dimen- 

s ions .  This is c o n s i s t e n t  with both of the  f l e x i b i l i t y  models shown i n  

Fig. 3.12. 
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The primary pipe-to-tee weld-plane r o t a t i o n s  f o r  t h e  maximum moment 

loads given earlier i n  Table 2.2 are l i s t e d  i n  Table 3.9. Comparable ro-  

t a t i o n s  f o r  t he  t r a n s v e r s e  f o r c e  loads (plus  the axial load F on t h e  

branch) are l i s t e d  i n  Table 3.10. Measured secondary r o t a t i o n s  were 

gene ra l ly  one o r  two o rde r s  of magnitude smaller than t h e  primary r o t a -  

t i o n s .  The a s s o c i a t e d  f l e x i b i l i t y  f a c t o r s  would t h e r e f o r e  be e s s e n t i a l l y  

ze ro  as expected. The o r i g i n a l  d a t a  are given i n  Refs. 8-13. 

3 Y  

Primary f l e x i b i l i t y  f a c t o r s  based on the d a t a  i n  Tables 3.9 and 3.10 

f o r  t he  pre-1975 Class 1 f l e x i b i l i t y  model [Fig. 3.12(a)] are given i n  

Table 3.9. Primary end-plane r o t a t i o n s a  
f o r  moment loadings 

Load' Rotat ion T-10 T-11 T-12 T-13 T-16 

M2x O 2 X 2 X  

' 3 x 2 ~  

2 Y 2 Y  

3 Y2Y 

M e 
e 

2Y 

M2z '2222 

'3222 

M3x ' 2 x 3 ~  

e3x3x 

M e 
e 3Y 2 Y 3 Y  

3 Y 3 Y  

M 3 Z  '2232 

O3232 

1.271 

0.440 

1.140 

0.651 

2.300 

1.150 

0.785 

1.302 

0.338 

1.383 

0.930 

2.136 

0.295 

0.221 

1.088 

0.544 

1.532 

0.707 

0.536 

0.677 

0.381 

0.375 

0.674 

1.349 

0.847' 

0.529' 

1.755 

0.752 

1 A17 

0.452 

0.046' 

2.576 

0.050 

0.763' 

0.078 

1.742 

0.589' 

0.221' 

0.943 

0.471 

1.142 

0.571 

0.003' 

0.861 

0.044 

0.615' 

0.051 

0.492 

0.343 

0.145 

0.405 

0.230 

0.118 

0.059 

d 
6.538 

0.130 

0.809 

0.819 

2.254 
~ ~ ~~ 

aAngular r o t a t i o n s  i n  rad x 

'Moment load magnitudes given earlier i n  Table 2.2. 

Inaccurac i e s  in d a t a  measurement make t h i s  number C 

suspec t .  

%easured value too small t o  be r e l i a b l e .  
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Table 3.10. Primary end-plane ro t a t ions"  
f o r  fo rce  loadings  

Load Rotation' T-10 T-11 T-12 T-13 T-16 

This case not run 
F2X 

F2x 02y2x 

F2y (M2z) O2z2y 

1.219 0.551 0.991 0.473 0.259 

0.853 0.289 0.519 0.217 0.526 
Y3X 

2.133 0.767 0.925 0.591 1.220 

1.119 0.340 0.485 0.310 0.512 

0.777 0.520 d 0.048e 0.529 

1.255 0.514 2.345 1.125 0.733 

0.113 0.019 d d d 
0.212 0.033 d d 0.139 

'3Z2J' 

F 3 Z  (M3X) ' 2 X 3 Z  

O3X3 z 

O 3 Z 3 Y  

F 3Y ' 2 Z 3 Y  

F3x (M3z) This case not run 

a 

bForce load magnitudes given ear l ie r  i n  Table 2.2. 
C 

Angular r o t a t i o n  i n  rad x 

r o t a t i o n  of i plane about j axis i j t m '  Subsc r ip t s  on 0 

from fo rce  load on R plane i n  m d i r e c t i o n .  

dMeasured va lue  too small t o  be r e l i a b l e .  
e Inaccurac i e s  i n  data measurement make t h i s  number 

suspec t .  

Table 3.11. Table 3.12 conta ins  the  corresponding f l e x i b i l i t y  f a c t o r s  

f o r  t he  post-1975 Class 1 model [Fig. 3 .12(b)] .  The only d i f f e r e n c e s  are 

f o r  the branch-end r o t a t i o n s  caused by loadings  on the  branch, f o r  ex- 
ample, k 

i n  Tables 3.11 and 3.12 are a l s o  arranged f o r  easy comparison of t he  

f l e x i b i l i t y  f a c t o r s  obtained from the  t r ansve r se  fo rce  loadings  with 

2 Y 2 Y  
those  obtained from the  corresponding moment loads ,  f o r  example, k 

from F wi th  k from M . I n  most cases  these  numbers are e s s e n t i -  

a l l y  equal.  The l a r g e s t  d i f f e r e n c e  w a s  f o r  t he  out-of-plane moment on 

the  run of T-16 where k 

f o r  the  out-of-plane moment on t h e  branch 14 The numbers 3x' 3 X 3 X  

22 2 Y 2 Y  2Y 

( f o r  F2z) = 1.2, whereas k ( f o r  M ) = 0.4. 
3 Y 2 Y  3 Y 2 Y  2 Y  
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Table 3.11. Primary f l e x i b i l i t y  f a c t o r s  
f o r  pre-1975 tee model 

F l e x i b i l i t y  ANSI B16.9 tee 
Type of loada f a c t o r  

T-10 T-11 T-12 T-13 T-16 

Torsion on run 

Out-of -p l ane  moment 
on run 

In-plane moment on 
run 

Out -of -plane moment 
on branch 

Torsion on branch 

In -p lane  moment on 
branch 

Axial fo rce  on 
branch 

M2x 

M 
2Y 

F2 z (M2y) 

M2 z 

F2y ('2z) 

M3 x 

F3y (M3x) 

M 
3Y 

M3 z 

F3x (M3z) 

F 
3Y 

k2 x2 x 

k2Y2Y 

k3x2x 

3Y2Y 

2Y2Y 

3Y2Y 

k 

k 

k 

k2z2z 

k2z2z 

k3z2z 

k 3 ~ 2 z  

k2x3x 

k3x3x 

k3x3x 

k2Y3Y 

k2x3x 

k 

k2z3z 

3 Y 3 Y  

k3z3z 

k3z3z 

k2z3z 

k 2 ~ 3 y  

1.3 
0.9 

0.7 
0.8 

0.9 

1.2 

2.7 

2.7 

2.5 

2.5 

1.6 

1.5 

1.5 

1.4 

0.9 

1.6 

2.7 
3.1 

0.2 

0.3 

0.8 

0.8 

0.8 

0.8 

1.3 
1.2 

1.3 
1.1 

0.7 

0.5 

0.7 

0.4 

0.7 
0.3 

1.2 
1.2 

<0.4 

<0.5 

0.7 

0.6 

0.7 

0.7 

0.9 

0.8 

0.8 

0.8 

<0.5 
1.8 

h 
1.8 

0.5 

<0.3 

0.8 
0.9 

This case not run 

1.6 0.6 h 
3.0 1.0 b 

<0.4 

<0.3 

0.8 

0.8 

0.8 

0.7 

0.9 

0.9 

1 .o 
1 .o 

<0.3 

0.5 

<0.4 
0.6 

0.6 
<0.3 

0.9 
0.4 

b 
b 

0.7 

0.6 

0.4 
0.4 

0.3 

1.2 

2.5 
2.5 

2.5 

2 .o 

b 

1.2 

1.5 
1.2 

0.4 
1.0 

2.4 
3.3 

b 
1.5 

k3z3y 

%loment load corresponding t o  ind ica t ed  fo rce  load i n  parentheses .  

'Data ueasuremente too small  t o  determine f l e x i b i l i t y  f a c t o r s .  
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Table 3.12. Primary f l e x i b i l i t y  f a c t o r s  
f o r  post-1975 t e e  model 

ANSI B16.9 tee F l e x i b i l i t y  Type of loada  
factor T-10 T-11 T-12 T-13 T-16 

Torsion on run  

Out-of - p l a n e  moment 
on run 

In-p lane  moment on 
run 

Out -of -plane moment 
on branch 

Torsion on hranch 

In-plane moment on 
branch 

Axial f o r c e  on 
branch 

M2x 

M 
2Y 

F 2 Z  (M2y) 

M2z 

F2y (M2z) 

M3x 

F3z (M3x) 

M 
3Y 

M3 z 

F3x (M3z) 

F 
3Y 

k2x2x 

k3x2x 

k 

k 

k 

k 

2 Y 2 Y  

3Y2Y 

2Y2Y 

3Y2Y 

k2z2z  

k2z2z 

k3z2z 

k3 22 z 

k2x3 x 

k3x3x 

k3 x3 x 

k2x3x 

k 

k 
2Y3Y 

3Y3Y 

k2z3z 
k3z3z 

k3z3z 

k2z3y 
k3z3" 

k2z3z 

1.3 

0.9 

0.7 

0.8 

0.9 

1.2 

2.7 

2.7 

2.5 

2.5 

1.6 

2.2 

1.5 

2.0 

0.9 

2.7 

2.7 

4.8 

0.2 

0.3 

0.8 

0.8 

0.8 

0.8 

1.3 

1.2 

1.3 

1.1 

0.7 

0.7 

0.7 

0.6 

0.7 

0.5 

1.2 

1.9 

<0.4 

<0.5 

0.7 

0.6 

0.7 

0.7 

0.9 

0.8 

0.8 

0.8 

<0.5 

7.1 

h 
6.6 

0.5 

(1.3 

0.8 

3.7 

This case  not run 

1.6 0.6 h 
3.0 1.0 h 

<0.4 

<0.3 

0.8 

0.8 

0.8 

0.7 

0.9 

0.9 

1.0 

1.0 

<0.3 

2.0 

<0.4 

2.2 

0.6 

<1.3 

0.9 

1.7 

h 
h 

0.7 

0.6 

0.4 

0.4 

0.3 

1.2 

2.5 

2.5 

2.5 

2.0 

h 
1.7 

1.5 

1.7 

0.4 

1.7 

2.4 

5.1 

h 
1.5 

.__ 

aMoment load corresponding t o  i n d i c a t e d  f o r c e  load i n  parentheses .  

'Data measurements too s m a l l  t o  determine f l e x i b i l i t y  f a c t o r s .  
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Our guess is t h a t  k ( f o r  FZz)  f o r  both T-10 and T-16 are probably too 

high because a l l  the o t h e r  numbers f o r  t he  out-of-plane moment on the  run 

are less than 1.0. 

3 Y 2 Y  

It may be noted t h a t  of t he  93 f l e x i b i l i t y  f a c t o r s  l i s t e d  i n  Table 

3.11 s l i g h t l y  more than ha l f  (58) are less than 1.0 and the rest (35) are 

equa l  t o  or  g r e a t e r  than 1.0, with an o v e r a l l  average of 1.1. This i n -  

d i c a t e s  t h a t  the gene ra l  p r a c t i c e  of i gnor ing  f l e x i h i l i t y  f a c t o r s  f o r  

ANSI B16.9 tees i n  piping system design i s  e s s e n t i a l l y  c o r r e c t .  The d a t a  

a l s o  show t h a t  t h e  two reducing tees T-12 and T-13 as w e l l  as the sched. 

160 tee T-11 were somewhat more r i g i d  than the  f l e x i b i l i t y  model (kave 

0.75). The l i g h t e r  schedule f u l l - o u t l e t  tees T-10 and T-16 were somewhat 

more f l e x i b l e  (kave 5 1.6). 

however, t o  be s i g n i f i c a n t  i n  most design s i t u a t i o n s .  

These d i f f e r e n c e s  are not l a r g e  enough, 

Changing t h e  f l e x i b i l i t y  model from t h e  pre-1975 model [Fig. 3.12(a)] 

t o  t h e  post-1975 model [Fig.  3.12(b)] e s s e n t i a l l y  doubled the  a f f e c t e d  

f l e x i b i l i t y  f a c t o r s  (k3x3x, k and k g Z s z )  from an average value of 

-1.2 t o  about 2.5. This i n d i c a t e s  t h a t  t h e  pre-1975 model i s  more cor- 

rect f o r  t h i s  p a r t i c u l a r  set of 24-in. tees. A much l a r g e r  s tudy would 

be needed t o  support  a general  conclusion. However, i n  n e i t h e r  case are 
t h e  f l e x i b i l i t y  f a c t o r s  d i f f e r e n t  enough from 1.0 t o  make much d i f f e r e n c e  

i n  design. 

3Y3Y’  
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4. DISCUSSION OF FATIGUE TESTS 

As discussed i n  Chap. 2,  each tee was f a t i g u e  t e s t e d  t o  f a i l u r e  f o l -  

lowing t h e  12 e las t ic  response tests and v e r i f i c a t i o n  of da t a .  Two of 

the tees, T-10 and T-16, were t e s t e d  with a f u l l y  reversed displacement 

c o n t r o l l e d  i n - p l a n e  bending moment on t h e  branch superposed on a cons t an t  

i n t e r n a l  p re s su re .  Fat igue f a i l u r e  f o r  t h e s e  tees w a s  expected i n  about 

7000 cyc le s .  The o t h e r  t h r e e ,  T-11, T-12, and T-13, were t e s t e d  with a 

c y c l i c  i n t e r n a l  p re s su re  t h a t  ranged from near zero t o  about 90% of t h e  

nominal y i e l d  p re s su re  of t h e  pipe l e g s .  Various f a i l u r e  estimates 

ranged between 1,900 cyc le s  f o r  T-11 and 370,000 cyc le s  f o r  T-12 as d i s -  

cussed earlier i n  Sect.  2.4. Fat igue f a i l u r e  f o r  a l l  f i v e  tees w a s  de- 

f i n e d  as a through-the-wall crack i n  the  body of t h e  tee or  i n  one of t h e  

pipe-to-tee welds as evidenced by a loss of p r e s s u r i z i n g  f l u i d .  

The f a t i g u e  f a i l u r e s  f o r  four  of t h e  tees occur red ,  as expected,  i n  

t h e  v i c i n i t y  of t h e  h ighes t  stresses; T-16 f a i l e d  a t  one of t h e  pipe-to- 

tee welds. Table 4.1 gives  a summary of t he  number of test cyc le s  t o  

f a i l u r e  and the  p red ic t ed  cycles .  These d a t a  w i l l  be used i n  a la ter  

s tudy of gene ra l  design r u l e s .  

A t  t h e  conclusion of each test t h e  B16.9 tee was cu t  out of t h e  test 

model and examined me ta l log raph ica l ly .  The tee was then r e tu rned  t o  ORNL 

Table 4.1. Summary of p r e d i c t e d  and 
experimental  f a t i g u e - l i f e  c y c l e s  

b P r e d i c t o r  Experimental  
r e s u l t s  Tee Loadinga 

Mark1 Sect .  2.4.2 

T-10 M3Z 5,900 575 18,532 

T-11 P 23,650 1,900 2,875 

T-12 P 369,475 60,900 76,620 

T-13 P 205,960 24,075 15,084 

T-16 M3Z 6,985 850 2,344 

a l s o  Table 2.3. 

hSee Sect.  2.4 f o r  p r e d i c t i o n  method d e t a i l s .  
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f o r  u l t i m a t e  d i sposa l .  The f a t i g u e  tes t  of each tee is  discussed i n d i -  

v i d u a l l y  below. 

4.1 Cycl ic  Moment Test of T-10 

The T-10 model was  f a t i g u e  t e s t e d  with an in-plane c y c l i c  moment on 

the branch of approximately k6.2 x lo6 in.-lb and a constant  i n t e r n a l  

p r e s s u r e  of 1025 ps i .  

For the  f i r s t  few cycles  t h e  model was t e s t e d  with the  s t r u c t u r a l  l oad ing  

system i n  t h e  manual mode and with a l l  t h e  s t r a i n  gages connected t o  t h e  

d a t a  a c q u i s i t i o n  system. Pseudos t r e s ses ,  c a l c u l a t e d  d i r e c t l y  from t h e  

s t ra in-gage d a t a  using e las t ic  r educ t ion  formulas,  i n d i c a t e d  maximum 

p r i n c i p a l  values  of 83,600 and -83,500 p s i  f o r  t h e  p o s i t i v e  and nega t ive  

displacements of t he  branch p ipe ,  r e s p e c t i v e l y .  These values  are i n  

e x c e l l e n t  agreement with the  e x t r a p o l a t e d  values  used t o  e s t a b l i s h  t h e  

test cond i t ions  (Sect .  2.4.1). 

Loading cond i t ions  were given ear l ier  i n  Table 2.3. 

Figure 4.1 shows t h e  maximum pseudos t r e s s  as a f u n c t i o n  of a c t u a t o r  

displacement.  From t h i s  f i g u r e  and a similar curve of load vs a c t u a t o r  

displacement (not shown), it was ev iden t  t h a t  some h y s t e r e s i s  occurred 

during each cycle .  

each loading cyc le  t h a t  r equ i r ed  a small amount of f o r c e  t o  r e t u r n  t h e  

branch pipe t o  the  i n i t i a l  n e u t r a l  p o s i t i o n  before  s t a r t i n g  the  next  

cyc le .  

A small amount of p l a s t i c  deformation occurred during 

The i n i t i a l  b a s e l i n e  UT i n s p e c t i o n  of T-10 gave f i v e  i n d i c a t i o n s  

from the body of t h e  tee and the  pipe-to-tee welds. One of t hese  showed 

apprec iab le  growth during t h e  f a t i g u e  tes t ,  although it did not produce 

t h e  f i n a l  f a i l u r e .  Several  new UT. i n d i c a t i o n s  a l s o  occurred during t h e  

tes t .  Of chief  i n t e r e s t  was one loca ted  a t  t h e  p o s i t i o n  of strain-gage 

r o s e t t e  I-2R2-E. This was the p o s i t i o n  of t h e  h ighes t  p r i n c i p a l  stress 
on the  i n s i d e  s u r f a c e  measured during t h e  e l a s t i c  response tests. The UT 

i n d i c a t i o n  f i r s t  appeared a t  3,700 cyc le s  and continued t o  grow u n t i l  a 
through-the-wall crack occurred a t  18,532 cycles .  Crack growth i s  shown 

i n  Table 4.2. The l o c a t i o n  and o r i e n t a t i o n  of t he  f a t i g u e  crack i s  shown 

i n  Fig. 4.2. This crack was centered a t  t h e  i n t e r s e c t i o n  of t he  XZ and 

YZ planes and o r i e n t e d  a t  about 45" from the  branch and run axes. It w a s  
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Fig. 4.1. Maximum p r i n c i p a l  p seudos t r e s s  as f u n c t i o n  of a c t u a t o r  
displacement f o r  T-10 in-plane moment-fatigue test .  

about 6 i n .  long a t  t he  i n s i d e  s u r f a c e  and about 1-1/2 i n .  long a t  t h e  

o u t s i d e  su r face .  The as-measured s u r f a c e  f i n i s h  i n  t h e  region of t h e  

crack ranged from about 60 t o  250 u in . / i n .  

Approximately once each day during t h e  e a r l y  p a r t  of t h e  tes t ,  one 

f a t i g u e  cyc le  was performed slowly i n  manual mode and a complete set of 
s t ra in-gage and load-cel l  d a t a  were recorded a t  maximum load. The d a t a  

given i n  Table 4.3 i n d i c a t e  t h a t  e s s e n t i a l l y  constant  test parameters 

e x i s t e d  throughout t he  test . 
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Table 4 . 2 .  Ultrasonic examination 
indicated fatigue-crack 

growth for T-l@ 

Cycle 
No. 

Indicated crack 
length 
( in.  1 

12,250 
12,500 
12,790 
13,212 
13,464 
13,664 
13,856 
14,118 
14,350 
14,541 
15,129 
15,435 
15,748 
16,009 
16,359 
16,640 
16,9 59 
17,276 
17,587 
17,900 
18,532 

1 
2-318 
3 
3-1 J 4  
3-112 
4-118 
4-114 
4-114 
4-112 
4-3J4 
5 
5-118 
5-1j4 
5-112 
6 
6-31 4 
7-118 
8 

8 
8-1/2 (failure) 

a 

aCrack initiation and growth 
at rosette position I-2R2-E. 

Table 4.3. Pseudostress range 
for T-10 fatigue tes t  

Maximum Average load Calculated 
c e l l  reading Cycle pseudostress moment 

( l b )  ( i n .  -1b) No. range" 
&si) 

1 
7 00 
1,300 
2,500 
3,717 
5,300 
6,500 
8,000 
10,500 
12,587 

f83.6 32,900 6,150,000 
*8 5.9 32,800 6,130,000 
f86 .5  31,700 5,9 30,000 
f86.3 32,000 5,980,000 
f 8  5.3 32,300 6,040,000 

f86.7 
f86.3 

*a 5.8 

33,000 6,170,000 
31,700 5,930,000 

aCalculated directly from strain-gage readings 
using e las t i c  stress-reduction formulas. 



80 

ORNL-PHOTO 7887-79 

Fig. 4.2. Pos t - f a i lu re - f a t igue  crack on o u t s i d e  s u r f a c e  of T-10 
a f t e r  18,532 cyc le s .  

4.2 Cvclic P res su re  T e s t  of T-11 

The T-11 model w a s  f a t i g u e  t e s t e d  wi th  a c y c l i c  i n t e r n a l  p re s su re  

from 100 t o  7000 p s i .  A t  t he  start of t h e  test -40 s t r a i n  gages, l o c a t e d  

i n  r eg ions  of high stress, were connected t o  t h e  d a t a  a c q u i s i t i o n  system. 

These were monitored f o r  s e v e r a l  cyc le s  be fo re  the  tee was  removed from 

t h e  load ing  frame and placed in t h e  test p i t .  

cated a cons ide rab le  amount of p l a s t i c  y i e l d i n g  i n  t h e  c r o t c h  r eg ion  

du r ing  t h e  f i r s t  p re s su re  cyc le ,  but not enough gages had been l e f t  at-  

tached t o  the  d a t a  a c q u i s i t i o n  system t o  map t h e  e x t e n t  of t he  p l a s t i c  

zone. 

The s t ra in-gage d a t a  i n d i -  
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The f i r s t  UT i n s p e c t i o n ,  a f t e r  t h e  i n i t i a l  b a s e l i n e  i n s p e c t i o n ,  was 
made at 2000 cycles .  There was  no i n d i c a t i o n  of fa t igue-crack i n i t i a -  

t i o n .  However, a t  2875 c y c l e s  a through-the-wall  crack about 3-1 /2  i n .  

long developed i n  the  c r o t c h ,  r e s u l t i n g  i n  a loss of t ransformer o i l .  

Figures  4.3 and 4.4 show c lose -up  v i e w s  of t he  crack on t h e  o u t s i d e  and 

i n s i d e  s u r f a c e s ,  r e s p e c t i v e l y .  

A m e t a l l u r g i c a l  examination of s e c t i o n s  of t h e  tee from t h e  f r a c t u r e  

region revealed low d u c t i l i t y  and the  presence of s u l f i d e  s t r i n g e r s  per- 

pend icu la r  t o  t h e  f r a c t u r e  su r face .  Specimens cut  perpendicular  t o  t h e  

ORN L-PHOTO 6054-84 

Fig.  4 . 3 .  C l o s e v p  v i e w  of f a t i g u e - f a i l u r e  crack on o u t s i d e  
s u r f a c e  of T-11 (2875 cyc le s ) .  
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I 

Fig.  4.4. Close-up v i e w  of f a t i g u e - f a i l u r e  crack on i n s i d e  s u r f a c e  
of T-11 (2875 cyc le s ) .  

f r a c t u r e  s u r f a c e  and t e s t e d  in a t e n s i l e  machine f a i l e d  i n  a " b r i t t l e "  

manner. Specimens taken p a r a l l e l  t o  t h e  f r a c t u r e  s u r f a c e  had about t w i c e  

t he  r educ t ion  i n  area a t  f a i l u r e  and much b e t t e r  d u c t i l i t y .  There w a s  

no th ing ,  however, t o  i n d i c a t e  t h a t  t h e  material d id  not  meet t h e  r e q u i r e -  

ments of t h e  Code f o r  carbon steel p ip ing  products .  The m e t a l l u r g i c a l  

l a b o r a t o r y  r e p o r t  is  contained in Appendix VIII. 
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4 . 3  Cyclic  P res su re  T e s t  of T-12 

I I I I I 1 1 1 I 

ROSETTE I-2R6-C - 
- A@ I 
- d7@ - 

- /:/ /:/ 
- - 

- 

- - 
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The T-12 model w a s  f a t i g u e  t e s t e d  with a c y c l i c  i n t e r n a l  p re s su re  

from 5 t o  1800 p s i .  (A minimum pres su re  of 5 p s i  w a s  needed t o  a c t i v a t e  

t h e  low-pressure c o n t r o l s . )  For t h i s  test a l l  t h e  s t r a i n  gages remained 

connected t o  t h e  d a t a  a c q u i s i t i o n  system f o r  t he  f i r s t  21 p res su re  c y c l e s  

a f t e r  which t h e  tes t  model was removed from t h e  loading frame and placed 

i n  the  test p i t .  Table 4.4 g ives  a summary of t he  cumulative s t r a i n s  re- 
corded f o r  two of t he  gages i n  the  h ighes t  s t r e s s e d  regions of t he  tee: 
gage No. 477 a t  r o s e t t e  I-1R6-C and gage No. 648 a t  r o s e t t e  I-2R6-C. 

Figure 4.5 shows the  e l a s t i c a l l y  c a l c u l a t e d  stress f o r  r o s e t t e  I-2R6-C as 

a f u n c t i o n  of i n t e r n a l  p re s su re  f o r  cycle  21. The maximum value of 

-86,500 p s i  i s  somewhat g r e a t e r  than the  maximum equ iva len t  e las t ic  value 

/7 400 - 

0. 0 741 20 40 1 I 60 I 1 1 1 -  80 100 
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Table 4.4. Cumulative strains for 
T-12 pressure fatigue test 

Cycle Pressure Gage 477 Gage 648 
No. (Psi 1 (pin./in.) (pin./in*) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 
1 2a 

13 

14 

15 

16 

17 

18 

19 

20 

21 

0 
1800 

0 
1800 

0 
1800 

0 
1800 

0 
1800 

0 
1800 

0 
1800 

0 
1800 

0 
1800 

0 
1800 

0 
1800 

0 
1800 

0 
1800 

0 
1800 

0 
1800 

0 
1800 

0 
1800 

0 
1800 

0 
1800 

0 
1800 

0 

0 
1462 

- 4 2 5  
7600 

1698 
-2 28 
1817 
-9 1 

2013 
184 

2268 
224 

2288 
244 

2346 
283 

2386 
322 

2445 
38 1 

2563 

519 
2656 

529 
267 1 

544 
2681 

544 
2685 

549 
2700 

568 
2700 

563 
2735 

588 
2749 

593 
2752 

657 

-306 

0 
4277 
1546 
4338 
1724 
4397 
1763 
4457 
1803 
4515 
1882 
4536 
1921 
4594 
1980 
4751 
21 19 
4869 
2197 
4948 
2256 
5027 

2354 
5114 
2398 
5124 
2418 
5 144 
2438 
5163 
2452 
5178 
2482 
5 198 
2487 
5242 
2521 
5267 
2521 
5355 
26 19 

not taken for cycle 12.  



85 

c 

of -75,000 p s i  c a l c u l a t e d  using t h e  e l a s t i c - r e sponse  d a t a ,  i n d i c a t i n g  a 

s u b s t a n t i a l  amount of p l a s t i c  deformation. The f i g u r e  a l s o  shows t h a t  

shakedown had not occurred a f t e r  2 1  cyc le s .  

This tee was o r i g i n a l l y  scheduled f o r  f a t i g u e  t e s t i n g  with a c y c l i c  

moment on the branch pipe.  

s e n t i a l l y  no stresses i n  the  pipe ex tens ions  beyond t h e  loading f l anges .  

Therefore ,  no s p e c i a l  care w a s  taken i n  the  design or  f a b r i c a t i o n  of t h e  

end c losu res .  However, a f t e r  t he  e l a s t i c - r e sponse  tests were completed 

i t  was decided t o  f a t i g u e  tes t  T-12 with a c y c l i c  i n t e r n a l  pressure.  For 

t h i s  loading , stress concen t r a t ions  a t  t he  end c l o s u r e s  caused s e v e r a l  

premature f a i l u r e s .  

prolonged t h e  tes t ,  they appa ren t ly  did not a f f e c t  t h e  primary r e s u l t s .  

They d i d ,  however, g r a p h i c a l l y  i l l u s t r a t e  the r educ t ion  i n  f a t i g u e  l i f e  

of a s t r u c t u r a l  component t h a t  i s  not properly designed o r  f a b r i c a t e d .  

For t h a t  type of loading t h e r e  would be es- 

Although t h e s e  premature f a i l u r e s  were annoying and 

The f i r s t  premature f a i l u r e  occurred a t  22,357 cycles  when a 

through-the-wall crack developed i n  t h e  weld t h a t  a t t ached  t h e  hemi- 

s p h e r i c a l  cap t o  t h e  A end (end "A" corresponds t o  the  f i x e d  end i n  the  

s t a t i c  load tests, while end "B" i s  the  f r e e  end) of t h e  tee. This crack 

developed because the hacking r i n g s  (see Appendix IV) were not removed 

a f t e r  welding t h e  end caps on. The cracked area was ground out and re- 
welded. In  an e f f o r t  t o  decrease the  stress i n  t h e  weld area, weld ma- 

t e r i a l  was b u i l t  up -1/2 i n .  beyond the  OD of t he  p ipe  i n  t h e  area of t h e  

crack. The corresponding weld on t h e  B end of t he  tee assembly was mag- 

naf luxed t o  a depth of -3/16 i n . ,  and no i n d i c a t i o n  of cracking w a s  

found. 

A t  24,250 c y c l e s  a similar through-the-wall crack developed i n  the  

B end of the tee assembly. The crack w a s  ground out and rewelded. Ad- 

d i t i o n a l  weld buildup was added i n  t h e  area around t h e  crack as was done 

on the  A end. 

A t  27,883 c y c l e s  another through-the-wall crack developed at  the B 

end of t he  tee. The crack propagated completely through both the o r i g i -  

n a l  weld and t h e  weld buildup. At t h i s  t i m e  a l l  of t h e  extension pipes 

were cut off  t o  remove the f l anges  and excess nozz le s ,  and the caps were 

welded back on with f u l l  p e n e t r a t i o n  welds. These welds were not stress 

re l i eved .  
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A t  47,890 c y c l e s  a crack occurred a t  the  weld j o i n i n g  t h e  cap t o  the 

run p ip ing  (see Appendix I V ) .  New heads were welded on both ends of t h e  

run pipe a t  t h i s  t i m e .  Af t e r  r ep lac ing  the  end caps,  t he  assembly was 
s u c c e s s f u l l y  loaded u n t i l  a through-the-wall crack developed i n  the  tee 
a t  cyc le  number 76,620 i n  the  v i c i n i t y  of r o s e t t e  I-2R6-C. The crack 

(Fig.  4.6) was about 3/8 in .  long and required almost 600 p s i  i n t e r n a l  

p r e s s u r e  be fo re  leakage could be observed. 

The tee w a s  i n i t i a l l y  given a b a s e l i n e  UT. examination t o  ensure t h a t  

i t  was  f r e e  of imperfect ions.  Af t e r  i n i t i a t i o n  of t he  tes t ,  t h e  tee was 
UT in spec ted  p e r i o d i c a l l y  every 400 t o  500 c y c l e s  u n t i l  a t  63,851 c y c l e s  

when the  f i r s t  i n d i c a t i o n  w a s  l oca t ed ;  UT i n s p e c t i o n  w a s  then ad jus t ed  

t o  every 100 t o  200 cyc le s .  Appendix V I 1 1  shows the  l o c a t i o n  of t he  UT 

i n d i c a t i o n s  and t h e i r  r e s p e c t i v e  l eng ths  and amplitudes as a func t ion  of 

t he  number of cyc le s .  

O f  s p e c i a l  i n t e r e s t  is the  f a c t  t h a t  -9000 c y c l e s  p r i o r  t o  f a i l u r e ,  

UT examination showed i n d i c a t i o n s  of crack i n i t i a t i o n .  Appendix V I 1 1  

con ta ins  cop ie s  of t h e  log s h e e t s  from t h i s  test. These l o g  s h e e t s  

c l e a r l y  show the  way i n  which the  UT i n d i c a t i o n s  grew and coalesced u n t i l  

a c rack  f i n a l l y  propagated through t h e  tee. 

4.4 Cyclic  P res su re  Test of T-13 

The T-13 model was  f a t i g u e  t e s t e d  with a c y c l i c  i n t e r n a l  p re s su re  

from 100 t o  7000 p s i .  For t h i s  t es t ,  as w e l l  as f o r  some of t he  o t h e r s ,  

a l l  of t h e  s t r a i n  gages remained connected t o  the  d a t a  a c q u i s i t i o n  system 

during t h e  f i r s t  18 c y c l e s ,  with the  model r e s t i n g  i n  the loading frame. 

Complete sets of d a t a  were recorded a t  s e v e r a l  p re s su re  s t e p s  up t o  t h e  

maximum of 7000 p s i  f o r  t he  f i r s t  13 cyc le s .  A cons ide rab le  amount of 

p l a s t i c  y i e l d i n g  occurred i n  the  c ro t ch  region during the  f i r s t  c y c l e ,  

but subsequent c y c l e s  i n d i c a t e d  shakedown t o  a c o n s i s t e n t  c y c l i c  be- 

havior.  A f t e r  13 c y c l e s ,  a l l  but t he  6 most h igh ly  s t r a i n e d  gages were 
disconnected,  and 4 more p res su re  c y c l e s  were run. A t  t h a t  t i m e  i t  ap- 

peared t h a t  t h e r e  was  no s i g n i f i c a n t  i n c r e a s e  i n  the  cumulative s t r a i n s  

f o r  any of t he  gages from one cyc le  t o  the  next .  Table 4.5 shows t h e  
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Fig. 4.6. Post-failure-fatigue crack on outside surface of T-12 
after 76,620 pressure cycles. 
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Table 4.5. Cumulative s t r a i n s  f o r  
T-13 p res su re  f a t i g u e  test  

Cycle Gage 477 Gage 648 
No. (Rose t t e  I-1R6-C) (Rose t t e  I-2R6-C) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

13057 
13393 
13626 
13806 
14020 
14045 
14063 

Deleted 
14142 
14203 
14260 

De l e  t ed 
14341 
14319 
14378 
14378 
14418 

13729 
13869 
14044 
14166 
14360 
14347 
14364 

Deleted 
14404 
14446 
14483 

Deleted 
14565 
14545 
14563 
14563 
14583 

maximum cumulative s t r a i n s  f o r  t h e  2 most h igh ly  s t r a i n e d  gages f o r  each 

of t h e  f i r s t  17 p r e s s u r e  cycles .  

For p re s su re  cyc le  18, t h e  s i x  s t r a i n  r o s e t t e s  were rezeroed and t h e  

s t r a i n s  were recorded at  every 100-psi increment i n  t h e  7000-psi loading-  

unloading cycle .  Since the  gages had been rezeroed,  and s i n c e  shakedown 

w a s  e s s e n t i a l l y  complete, t hese  readings gave the c y c l i c  s t r a i n s  f o r  t h e  

remainder of t h e  tes t .  At r o s e t t e  p o s i t i o n s  I-1R6-C and I-2R6-C t h e  maxi- 

mum s t r a i n s  were -3580 pin. / in .  

f o r  r o s e t t e  I-1R6-C converted t o  pseudos t r e s s  as a f u n c t i o n  of i n t e r n a l  

p re s su re  f o r  cyc le  18. The maximum value a t  7,000 p s i  p re s su re  is  107,100 

p s i  as compared with an e x t r a p o l a t e d  apparent  e las t ic  stress of 86,000 p s i  

based on the  e l a s t i c - r e sponse  da t a .  The d i f f e r e n c e  (21,100 p s i )  as w e l l  

as t h e  h y s t e r s i s  i n  t h e  curve of Fig. 4.7 shows t h a t  a cons ide rab le  

amount of p l a s t i c  s t r a i n  occurred du r ing  each cyc le ,  a l though no apparent  

p l a s t i c  d i s t o r t i o n  of t h e  tee occurred a f t e r  t h e  f i r s t  cycle .  

Figure 4.7 shows the  s t r a i n  r ead ings  



89 

Fig.  4.7. Maximum p r i n c i p a l  pseudos t ress  as func t ion  of i n t e r n a l  
p re s su re  f o r  cyc le  18 of T-13 f a t i g u e  test. 

Af t e r  cyc le  18, t he  tes t  model was moved t o  the  test p i t .  The s i x  

r o s e t t e s  were reconnected t o  the  d a t a  a c q u i s i t i o n  system and monitored 

p e r i o d i c a l l y  dur ing  the  remainder of t he  test. There w a s  no s i g n i f i c a n t  

i n c r e a s e  i n  t h e  cumulative s t r a i n s  dur ing  t h i s  po r t ion  of t he  tes t .  
I n  a d d i t i o n  t o  the i n i t i a l  base l ine  UT i n s p e c t i o n ,  16 UT i n s p e c t i o n s  

were made between cyc les  500 and 14,000 with no i n d i c a t i o n  of f a t igue -  

crack i n i t i a t i o n .  A t  15,084 c y c l e s ,  however, a through-the-wall crack 

developed a t  t h e  c ro t ch  i n  the  l o n g i t u d i n a l  plane of t he  tee,  near  

r o s e t t e  I-2R6-C as shown schemat ica l ly  i n  Fig. 4.8. The crack was about 
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FATIGUE CRACK WAS 
ORIENTED AS SHOWN \r 
ON OPPOSITE SIDE OF 
THE BRANCH 

Fig. 4.8. Fa t igue - fa i lu re  crack l o c a t i o n  on T-13 a f t e r  15,084 
p res su re  cyc le s .  

5-1/2 i n .  long on the  i n s i d e  s u r f a c e  (Fig.  4 .9 ) ,  but  only about 5/8 i n .  

long on the  o u t s i d e  s u r f a c e  and r equ i r ed  over 1400 p s i  i n t e r n a l  p r e s s u r e  

t o  produce v i s i b l e  leakage. 

examination are given i n  Appendix VIII. 

Resu l t s  of t h e  p o s t t e s t  m e t a l l u r g i c a l  

4.5 Cyclic Moment Test of T-16 

The T-16 model w a s  f a t i g u e  t e s t e d  with an i n - p l a n e  c y c l i c  moment on 

the branch of approximately &3.6 x 106 in.-lb and a constant  i n t e r n a l  

p re s su re  of 300 p s i .  Loading cond i t ions  were given earlier i n  Table 2 .3 .  
For t h e  f i r s t  22 c y c l e s ,  the model was t e s t e d  with t h e  s t r u c t u r a l  l oad ing  

system i n  t h e  manual mode with a l l  t h e  s t r a i n  gages a t t ached  t o  t h e  d a t a  

a c q u i s i t i o n  system. Approximately 35 of t he  most h igh ly  s t r a i n e d  r o s e t t e s  
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were monitored cont inuously.  The same r o s e t t e s  were monitored aga in  at  

cyc les  435, 602, and 1201. Figure 4.10 shows the  maximum pseudos t ress  

measured a t  r o s e t t e  p o s i t i o n  I-2R2-F ( see  Fig. 2.2) as a func t ion  of 

a c t u a t o r  displacement f o r  the  f i r s t  four  cyc les  and aga in  f o r  cyc le  22. 

F igure  4.11 shows t h e  appl ied  load L,, i n  pounds (M3Z = Lb x 187) as a 

f u n c t i o n  of a c t u a t o r  displacement f o r  cyc les  1,  4 ,  and 435. Note t h a t  

f o r  t h i s  test  the  maximum a c t u a t o r  displacement w a s  cons tan t  a t  f2 .5  i n . ,  

but  t h e  requi red  load increased  from 13,650 l b  (2,552,550 in.-lb) t o  

17,000 l b  (3,179,000 in . - lb)  wi th in  the  f i r s t  four  cyc le s .  T h e r e a f t e r ,  

i t  remained e s s e n t i a l l y  cons t an t ,  a l though some work hardening of t h e  

material continued f o r  s e v e r a l  hundred cyc le s .  

A t  cyc le  2344 a through-the-wal l  crack developed i n  the  branch w e l d  

near  the top  of t he  tee i n  t h e  v i c i n i t y  of r o s e t t e  0-1R2-A, as shown 

schemat ica l ly  i n  Fig. 4.12. This i s  near the n e u t r a l  a x i s  of t he  branch 

p ipe  and oppos i te  t he  f ixed  end of t he  test  model. 

The crack was  -2-1/2 i n .  long on the  ou t s ide  su r face .  It was 

obviously very t i g h t  because t h e r e  w a s  no t ransformer  o i l  leakage when 

t h e  moment loading  was removed (equal  t o  zero)  even though t h e  i n t e r n a l  

p re s su re  w a s  held cons tan t  a t  300 p s i .  However, as soon as t h e  moment 

was increased  s l i g h t l y ,  t ransformer  o i l  leakage was ev ident .  

No completely s a t i s f a c t o r y  reason f o r  the  f a t i g u e  f a i l u r e  having 

occurred a t  t h e  weld could be developed, a l though t h e r e  was a consider-  

ab le  amount of "draw down" i n  t h e  model. X rays  taken  a t  t h e  time t h e  

model w a s  f a b r i c a t e d  showed a s m a l l  area of po ros i ty  less than 1/32 i n .  

in diameter i n  the  reg ion  of t h e  f a i l u r e .  However, a s imilar  a rea  w a s  

l oca t ed  -90° around the  branch, i n  a reg ion  of h ighe r  stress, with no f a -  

t igue-crack i n i t i a t i o n .  UT examinations conducted p e r i o d i c a l l y  through- 

out the  tes t  did not r evea l  any f a t i g u e  crack i n i t i a t i o n .  
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Fig. 4.12. Fatigue-failure crack location on T-16 after 2344  
cycles of in-plane moment on the branch. 
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5. SUMMARY AND CONCLUSIONS 

This r e p o r t ,  along with the  materials contained i n  the  appendixes,  

is  a complete documentation of a series of experimental  e l a s t i c - r e sponse  

stress analyses  and low-cycle f a t i g u e - t o - f a i l u r e  tests of f i v e  24-in. NPS 

ANSI Standard B16.9 forged piping tees made by one of t h e  major s u p p l i e r s  

of piping products  t o  t h e  nuc lea r  power i n d u s t r y .  The o b j e c t i v e s  of t h e  

s tudy  were t o  provide s u f f i c i e n t  b a s e l i n e  s t r u c t u r a l  response-to-load in -  

formation t o  enable  us t o  eva lua te  and/or propose improvements t o  t h e  

c u r r e n t  ASME Code design r u l e s  and cri teria.  

The test assemblies f o r  each of t he  f i v e  tees were cons t ruc t ed  by 

a t t a c h i n g ,  with nuc lea r  q u a l i t y  welds, subassemblies made of s t anda rd  

s i z e  24-in. p ipe ,  end-closures,  loading f l a n g e s ,  and va r ious  nozzles  f o r  

f i l l i n g  and vent ing the  model and f o r  i n s t rumen ta t ion  wire access t o  t h e  

i n s i d e  s u r f a c e  of the tees. Each test model w a s  instrumented wi th  about 

225 three-gage s t r a i n  r o s e t t e s  and 6 LVDTs and loaded wi th  12  d i f f e r e n t  

loadings i n  the  e las t ic  response range, i nc lud ing  i n t e r n a l  p re s su re  and 

d i r e c t  f o r c e  and bending moment loads app l i ed  t o  t h e  pipe ex tens ion  sub- 

assemblies.  We have attempted t o  p re sen t  t h e  experimental  r e s u l t s  i n  a 

manner t h a t  w i l l  s e rve  t h e  needs of r e s e a r c h  workers w i t h  va r ious  i n t e r -  

ests. For those i n t e r e s t e d  p r i m a r i l y  i n  experimental  t echn iques ,  we have 

included complete sets of s p e c i f i c a t i o n s  f o r  c o n s t r u c t i n g  and t e s t i n g  t h e  

models as w e l l  as complete documentation of t he  materials and procedures 

used i n  t h e  tests. 

For those r eade r s  needing experimental  benchmark d a t a  for compari- 

sons with e i t h e r  t h e o r e t i c a l  or  o the r  experimental  s t r e s s - a n a l y s i s  s t u d i e s ,  

w e  have included d e t a i l e d  l i s t i n g s  of t h e  measured s t r a i n s  and c a l c u l a t e d  

p r i n c i p a l  stresses, d i r e c t e d  stress components, and stress i n t e n s i t i e s ,  

as w e l l  as p r e c i s e  s t ra in-gage l o c a t i o n  d a t a  i n  t h e  appendixes. The 

s t ra in-gage l o c a t i o n  da ta  may a l s o  be used t o  provide a r a t h e r  d e t a i l e d  

d e s c r i p t i o n  of t he  model geometry. For those r eade r s  concerned p r i m a r i l y  

with Code-related design c a l c u l a t i o n s ,  we have normalized and summarized 

t h e  r e s u l t s  f o r  d i r e c t  comparison with Code values.  

Resu l t s  from t h e  e l a s t i c - r e sponse  tests are a l s o  presented graphi- 

c a l l y . i n  t h e  form of normalized s t r e s s - i n t e n s i t y  contour p l o t s .  These 
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f i g u r e s  give a d e t a i l e d  d e s c r i p t i o n  of t h e  elastic-stress d i s t r i b u t i o n s  

over the body of each tee as w e l l  as showing the l o c a t i o n s  and magnitudes 

of the maximum stresses f o r  each of t h e  12 d i f f e r e n t  loadings.  

Resu l t s  from the e l a s t i c - r e sponse  tests of t hese  p a r t i c u l a r  f i v e  

24-in. ANSI B16.9 tees support  t he  fol lowing observat ions.  In  gene ra l ,  

the stress d i s t r i b u t i o n s  f o r  a l l  the loadings were smooth and without  

s t e e p  g r a d i e n t s  or  sharp d i s c o n t i n u i t i e s .  Thus, t h e  maximum stresses 

were l o c a t e d  e i t h e r  a t  o r  very near one of the s t r a i n  gages. This,  i n  

a d d i t i o n  t o  the  d e t a i l e d  ana lyses  and numerous tests of t he  d a t a ,  j u s t i f y  

a very high confidence i n  the  accuracy of the reported r e s u l t s .  

A s  expected, t h e  e las t ic  response t o  i n t e r n a l  p re s su re  w a s  essen- 

t i a l l y  symmetric with r e s p e c t  t o  t h e  t r a n s v e r s e  p l ane ,  with the maximum 

va lue  loca ted  i n  the  c ro t ch  on t h e  i n s i d e  s u r f a c e  a t  t h e  l o n g i t u d i n a l  

plane f o r  a l l  f i v e  tees. Minor d i f f e r e n c e s  between the  stresses i n  t h e  

d i f f e r e n t  quadrants may be a sc r ibed  t o  small nonsymmetries i n  the  tee 

geometries.  Also as expected, the maximum stresses from the  d i f f e r e n t  

moment loadings tended t o  occur i n  the  c ro t ch  but a t  d i f f e r e n t  l o c a t i o n s  

around the tee. Exceptions,  however, make it impossible  t o  s ta te  a gen- 

eral  r u l e .  

The h ighes t  experimental  stress i n d i c e s  f o r  a l l  t h e  tees r e s u l t e d  

from a x i a l  loads on the branch. A d i r e c t  comparison between the  numbers 

from axial  loads and bending loads i s  misleading,  however, because of t he  

d i f f e r e n t  normalizing f a c t o r s .  Transverse-force loads and bending-moment 

loads  gave comparable r e s u l t s  f o r  both the  branch and run loadings* t o  

wi th in  10 t o  15% except for out-of-plane loadings on T-10 and T-16, f o r  

which the d i f f e r e n c e  was  -22%. These r e s u l t s  support  t h e  cu r ren t  prac- 

t i c e s  of i gnor ing  t r a n s v e r s e  shear  i n  the  s t r e s s - index  method of the Code 

f o r  q u a l i f y i n g  p ip ing  system designs,  but suggest t h a t  axial t h r u s t  loads 

should be considered.  F i rm conclusions regarding the adequacy of t h e  

stress i n d i c e s  given i n  the Code f o r  p ip ing  system tees cannot be made 

u n t i l  the  experimental  d a t a  are s tud ied  f u r t h e r  and d a t a  from o the r  tests 
are included. This w i l l  be done i n  a s e p a r a t e  r epor t .  

* 
Note, however, t h a t  i n - p l a n e  f o r c e  loadings on t h e  branch were not 

run because of loading-frame l i m i t a t i o n s .  
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After the  e l a s t i c - r e sponse  tests were completed and t h e  d a t a  were 
reduced and examined f o r  a c c e p t a b i l i t y ,  each tee was f a t i g u e  t e s t e d  t o  

f a i l u r e  wi th  e i t h e r  a displacement c o n t r o l l e d  i n - p l a n e  moment load on t h e  

branch o r  a c y c l i c  i n t e r n a l  p re s su re .  

w i t h  a c y c l i c  i n - p l a n e  moment load wi th  a cons t an t  i n t e r n a l  p re s su re  

equal  t o  the  nominal design p res su re .  Models T-11, T-12, and T-13 were 

t e s t e d  wi th  a c y c l i c  i n t e r n a l  p re s su re  up t o  about 90% of t h e  nominal 

y i e l d  p re s su re  of t h e  a t t ached  pipe subassemblies.  

Models T-10 and T-16 were t e s t e d  

Before each f a t i g u e  tes t ,  t h e  test models were UT inspec ted  t o  ob- 

t a i n  a base l i n e  set of i n d i c a t i o n s  f o r  comparison with l a te r  inspec-  

t i o n s .  The model was then p e r i o d i c a l l y  in spec ted  throughout t h e  test  t o  

i d e n t i f y  fa t igue-crack i n i t i a t i o n  and monitor crack growth. This proce- 

dure appeared t o  be s u c c e s s f u l  f o r  models T-10 and T-12, but  not  f o r  

models T-11, T-13, or  T-16 where f a t i g u e  f a i l u r e  occurred without p r i o r  

UT i n d i c a t i o n .  

During t h e  f i r s t  few loading c y c l e s  the  maximum s t r a i n  ranges were 

measured f o r  a l l  f i v e  tees. Shakedown t o  e s s e n t i a l l y  e las t ic  behavior 

occurred f o r  t h e  two cyclic-moment tests wi th in  t h e  f i r s t  four  o r  f i v e  

cyc le s .  A small amount of p l a s t i c  r a t c h e t t i n g  a t  t h e  l o c a t i o n  of maximum 

stress w a s  observed f o r  t he  3 c y c l i c  p r e s s u r e  tests a f t e r  20 cyc le s .  

However, none of t h e  test models were v i s i b l y  d i s t o r t e d  even a f t e r  f a i l -  

u re .  

The s i z e s  of t h e  f a t i g u e - f a i l u r e  cracks were small f o r  a l l  f i v e  

tees, and u s u a l l y  a cons ide rab le  amount of load was  r equ i r ed  t o  produce 

leakage. Three of t h e  tees were a l s o  given a p o s t t e s t  m e t a l l u r g i c a l  

examination. R e s u l t s ,  i nc lud ing  photographs of t h e  f a i l u r e  s u r f a c e s ,  are 

included i n  Appendix VIII. 

For a l l  of t h e  test models except T-16 t h e  f a t i g u e - f a i l u r e  crack w a s  

l oca t ed  i n  t h e  region of t he  tee with t h e  h i g h e s t  maximum stresses d e t e r -  

mined during t h e  e l a s t i c - r e sponse  tests. For T-16, t he  f a t i g u e  crack was 
l o c a t e d  i n  one of t h e  pipe-to-tee welds in a region of apparent  l o w  

stress. For t h i s  s t a i n l e s s  steel  model, however, t h e r e  was an apprec i -  

a b l e  amount of draw down at  the  welds; i t  i s  p o s t u l a t e d  t h a t  t h i s  may 

have been a c o n t r i b u t i n g  f a c t o r .  

. 
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For the  two in -p lane  moment tests (T-10 and T-16) t he  number of 

loading cyc le s  t o  f a i l u r e  agreed reasonably w e l l  with l i f e - c y c l e  predic-  

t i o n s  based on Markl's empi r i ca l  c o r r e l a t i o n ,  even though the f a i l u r e  lo-  

c a t i o n  f o r  T-16 was anomalous. The l i f e  p r e d i c t i o n  f o r  T-10 w a s  con- 

s e r v a t i v e  by a f a c t o r  of 3, whereas f o r  T-16 i t  was  unconservative by a 

f a c t o r  of 3. For both tees the  experimental  r e s u l t  i s  w e l l  w i th in  t h e  

ASME Code design margin of 20. 
For the  t h r e e  c y c l i c  p re s su re  tests, Mark1 ' s  c o r r e l a t i o n  (based on 

moment loading f a t i g u e  d a t a )  did not provide good l i f e - c y c l e  p red ic -  

t i o n s .  Those p r e d i c t i o n s  were unconservative (h igh )  by f a c t o r s  ranging 

from about 5 t o  14. Better l i f e - c y c l e  p r e d i c t i o n s  were obtained with a 
procedure based on t h e  1971 Code Class 1 design method f o r  low-cycle 

f a t i g u e .  These p r e d i c t i o n s  were wi th in  a f a c t o r  of k1.6. 
In a d d i t i o n  t o  the  f a t i g u e  f a i l u r e  d a t a ,  some information was ob- 

t a ined  on crack i n i t i a t i o n ,  p l a s t i c  deformation, and shakedown s t r a i n  

range t h a t  may be of value f o r  f u r t h e r  study. The f a t i g u e  tes t  r e s u l t s  

as w e l l  as the e l a s t i c - r e sponse  test  r e s u l t s  w i l l  be used i n  a s e p a r a t e  

s tudy  t o  assess the c u r r e n t  ASME Code design procedures f o r  nuc lea r  power 

p l an t  piping systems . 

h 
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