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EXPERIMENTAL STRESS ANALYSIS AND FATIGUE TESTS 
OF FIVE 12-in. NPS ANSI STANDARD B16.9 TEES 

S. E. Moore So C. Grigory* 
R. A. Weed? 

ABSTRACT 

Experimental  stress ana lyses  and low-cycle f a t i g u e  
tests of f i v e  12-in. ANSI Standard B16.9 forged tees are 
documented i n  t h i s  r e p o r t .  The tees,  des igna ted  as Oak 
Ridge Nat iona l  Laboratory (ORNL) tees T-4, T-6, T-7, T-8, 
and T-15, were t e s t e d  under subcont rac t  a t  Southwest Re- 
s ea rch  I n s t i t u t e ,  and the  d a t a  were analyzed a t  ORNL. 

d i v i d u a l  loadings  on each tee, inc lud ing  i n t e r n a l  p re s su re  
and 3 mutual ly  perpendicular  f o r c e  and moment loads  on t h e  
branch and on t h e  run. Each test model w a s  instrumented 
wi th  -220, 1/16-in. three-gage, 45" s t r a i n  r o s e t t e s  on t h e  
body of t h e  tee,  and -10, l / l 6 - i n 0  two-gage, s t r a i n  r o s e t t e s  
on the  p ipe  ex tens ions .  D i a l  i n d i c a t o r s ,  mounted on a spe- 
c ia l  n o n f l e x i b l e  holding frame were used t o  measure de f l ec -  
t i o n s  and r o t a t i o n s  of t h e  p ipe  ex tens ions .  Normalized 
maximum stress i n t e n s i t i e s  f o r  each loading  cond i t ion  on 
each tee are summarized i n  t h e  t e x t .  Complete sets of 
s t ra in-gage  d a t a ,  normalized stresses, and displacement  mea- 
surements f o r  each tee are given on microf iche  i n  t h e  appen- 
d ixes .  

Following completion of t he  s t ra in-gage  tests,  each 
tee w a s  t e s t e d  t o  f a i l u r e  i n  a f u l l y  reversed  displacement- 
c o n t r o l l e d  low-cycle f a t i g u e  tes t  wi th  an a l t e r n a t i n g  t rans-  
ve r se  load appl ied  t o  t h e  branch pipe.  The load w a s  d i -  
r ec t ed  out of plane f o r  T-4, T-6, T-8, and T-15; and i n  
plane f o r  T-7. A cons tan t  i n t e r n a l  p re s su re  equal  t o  t h e  
nominal des ign  p res su re  w a s  maintained dur ing  the  f a t i g u e  
tests. F a i l u r e  d a t a  from t h e  f a t i g u e  tests are summarized 
€n t h e  t e x t .  

Experimental  stress ana lyses  were conducted f o r  13 in- 

Keywords: exper imenta l  stress a n a l y s i s ,  f a t i g u e ,  nu- 
clear p ip ing ,  p ip ing  des ign ,  ANSI B16.9 tees. 

1. INTRODUCTION 

This  r e p o r 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  
~~~ 

*Southwest Research I n s t i t u t e .  

tMechanics Research I n s t i t u t e .  
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12-in. ANSI Standard B16.9 forged piping tees performed in support of the 

ORNL Piping Program.1 The tests were conducted at Southwest Research In- 

stitute (SWRI), and the data were analyzed at Oak Ridge National Labora- 

tory (ORNL). 

marized at Mechanics Research Institute (MRI). 

The material presented in this report was collected and sum- 

The ANSI B16.9 tees are a class of commercially available butt-weld- 

ing piping products fabricated in accordance with either the ANSI B16.9* 

or the MSS-SP48 manufacturing standard.2 9 3 

sional and basic strength requirements for the fittings (piping products) 

as well as controls for certain other manufacturing variables. Fabricated 

fittings employing intersection welds, however, are considered as "pipe 

These standards include dimen- 

fabrication" and, as such, are specifically excluded. 

In the design rules for nuclear piping systems, ANSI 816.9 tees are 

recognized as a class of piping products distinct from other types of tee 

joints. They are characterized by a smooth transition region7 between the 

branch and run outlets and are normally formed from a segment of straight 

pipe using an external surface die and some means for extruding the branch 

outlet. Ratios of the outside diameter of the branch to the outside di- 

ameter of the run (do/Do) lie within the range of approximately 1/3 to 1, 

because the manufacturing standards do not include dimensions for smaller 

reductions. 

The objective of this investigation on ANSI B16.9 tees was essen- 

tially to provide sufficient baseline structural response-to-load informa- 

tion to evaluate and/or improve the adequacy of current design rules and 

criteria for nuclear power plant piping systems as defined in Sect. 111, 

Div. 1, of the ASME Boiler and Pressure Vessel Code (hereinafter referred 

to as the Code)a4 However, because of the fundamental nature of the in- 

vestigations, the information obtained will be useful in a much broader 

range of piping system design applications. 

8 

U 

*The American National Standards Institute (ANSI) was formerly the 
American Standards Association (ASA) 

tDimensiona1 details describing the geometry of the transition region 
are not included in the standard, and it is only because of established 
practice of the major suppliers that we may claim that a smooth transition 
is characteristic of B16.9 tees. 
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S p e c i f i c a l l y ,  t h e  o b j e c t t v e s  of t h e  tests desc r ibed  i n  t h i s  r e p o r t  

were t o  o b t a i n  s u f f i c i e n t  exper imenta l  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 i g u e - t o - f a i l u r e  r e s u l t s  from each tee t o  make i t  p o s s i b l e  t o :  

1. 

2. 

3.  

4. 

5 .  

6,  

7. 

expe r imen ta l ly  d e s c r i b e  the  elastic-stress d i s t r i b u t i o n s  over t h e  body 

of each tee f o r  i n t e r n a l  p r e s s u r e  and f o r  a complete set of d i r e c t  

f o r c e  and moment loading  cond i t ions  ( 13 d i f f e r e n t  l oad ings )  ; 

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

loading  cond i t ion ;  

determine d i f f e r e n c e s  i n  stress d i s t r i b u t i o n s  and magnitudes f o r  nomi- 

n a l l y  i d e n t i c a l  tees supp l i ed  by d i f f e r e n t  manufac turers ;  

determine t h e  r e l a t i v e  importance of t r a n s v e r s e  s h e a r  f o r c e  and bend- 

ing  moment loads  on tees i n  a p ip ing  system; 

provide  exper imenta l  benchmark d a t a  f o r  comparison with 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 exper imenta l  va lues  f o r  t h e  stress i n d i c e s  and f l e x i b i l i t y  

f a c t o r s  For i n d i v i d u a l  and combined loading  cond i t ions  f o r  comparison 

wi th  Code va lues ;  and 

provide  component f a t i g u e - t o - f a i l u r e  d a t a  f o r  comparison wi th  Code de- 

s i g n  cr i ter ia  and a n a l y s i s  procedures  . 
The exper imenta l  stress ana lyses  and low-cycle f a t i g u e  tests were 

performed a t  SwRI on t h e  f i v e  12-in. tees l i s t e d  i i l  Table 1.1, i n c l u d i n g  

two f u l l - o u t l e t  sched-80 carbon s t ee l  tees, one f u l l - o u t l e t  sched-160 

s t a i n l e s s  s tee l  tee, and two reducing-out le t  sched-40 s t a i n l e s s  s tee l  tees 

ob ta ined  from t h r e e  d i € f  e r e n t  manufacturers as i n d i c a t e d  The tees were 
of f - the-she l f  p roducts  s e l e c t e d  by t h e  manufacturers t o  r ep resen t  p roduc t s  

t h a t  would normally be supp l i ed  t o  t h e  b u i l d e r  of a nuc lea r  power p l an t .  

When t h e  tees were rece ived ,  they were inspec ted ,  weighed, and measured i n  

t h e  ORNL I n s p e c t i o n  Engineering Department. A s  f a r  as could be de te r -  

mined, t h e r e  w a s  no th ing  unusual about t h e  tees, which were, i n  f a c t ,  

r e p r e s e n t a t i v e  of "standard" products 

P l a s t i c  model r e p l i c a s  of t h e  two sched-40 and two sched-80 tees were 

made i n  t h e  Labora tory  Div i s ion ,  Oak Ridge Gaseous Di f fus ion  P l a n t ,  t o  

provide  hard model records  of t h e  shape of t h e  tees and f o r  uses  such as 

l a y i n g  out  s t r a i n  gages and demonstration. Attempts t o  make a p l a s t i c  
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Table 1.1. ORNL tee d e s i g n a t i o n s  

Tee 
NO Nominal s i z e  Materiala Manufacturer 

T-4 12 x 12 x 12 in .  sched 80 C 

T- 6 12 x 12  x 12 i n .  sched 80 C 

T- 7 12 x 12 x 12 in .  sched 160 ss 
T- 8 12 x 12  x 6 i n .  sched 40 ss 
T-15 12 x 12 x 6 in .  sched 40 ss 

I 

111 

11 

I1 

I 
~~~~ ~~ 

aC = A106 Grade B carbon s tee l ;  SS = type  304L s t a i n l e s s  
s teel .  

model of t h e  sched-160 tee were unsuccess fu l  because of t h e  h e a v i e r  w a l l  

t h i c k n e s s  and excess ive  shr inkage  of t he  p l a s t i c  du r ing  cur ing .  

The tes t s  were conducted a t  SwRI i n  accordance wi th  Union Carbide Job 

S p e c i f i c a t i o n s  JS-115-229 and JS-115-235, which are inc luded  i n  Appen- 

d i x  I. All t h e  des ign ,  f a b r i c a t i o n ,  and test work was conducted at  SwRI 

i n  accordance wi th  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  was requ 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 ,  includ- 

i n g  welding procedures and welder q u a l i f i c a t i o n s  f o r  t h e  p ipe- to- tee  

j o i n t s ,  s t r a in -gage  and d i a l  i n d i c a t o r  layout  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 ra in-gage  readings  and d a t a  r e d u c t i o n ,  and load- 

i n g  c o n d i t i o n s  and o p e r a t i o n  of t he  f a t i g u e  tests. SwRI w a s  r e s p o n s i b l e  

f o r  t h e  des ign  and c o n s t r u c t i o n  of t h e  load  frames, f a b r i c a t i o n  of t h e  

t e s t  a s sembl i e s ,  i n s t rumen ta t ion  and o p e r a t i o n  of t h e  tests, r educ t ion  of 

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

d a t a  t o  ORNL f o r  f u r t h e r  eva lua t ion  and a n a l y s i s .  

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  

s e t u p  and t h e  test  procedures used by SwRI. The series of tests performed 

on each tee inc luded  a p re l imina ry  b r i t t l e  l acque r  test t o  e s t a b l i s h  t h e  

adequacy of t h e  s t r a in -gage  coverage, a series of e l a s t i c - r e s p o n s e  s t r a i n -  

gage tests,  and a low-cycle f a t i g u e - t o - f a i l u r e  test .  The bulk of t h e  con- 

t e n t  of Chap. 2 w a s  a b s t r a c t e d  from SwRI test reports.’-’ 

8 

II 
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Chapter 3 con ta ins  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 sponse  s t ra in-gage  tests. The e l a s t i c  s t ra in-gage  d a t a  reduc- 

t i o n  and a n a l y s i s  procedure is descr ibed  in Sect .  3.1. In gene ra l ,  t h e  

procedure was as follows. The computer code NOSEYlO was used t o  check t h e  

d a t a  f o r  l i n e a r  e las t ic  behavior .  Data po in t s  t h a t  devia ted  excess ive ly  

from l i n e a r i t y  were r e j e c t e d ,  and appropr i a t e  n o t a t i o n s  were made in t h e  

computer program output .  S t r e s s e s  were then c a l c u l a t e d  and t abu la t ed  (in 

normalized form) from the  d a t a  t h a t  passed the  sc reen ing  tests. S t r e s s e s  

c a l c u l a t e d  us ing  s t r a i n  d a t a  from gages where p a r t  of t h e  d a t a  had been 

r e j e c t e d  were then checked by the  a n a l y s t  f o r  anomalous behavior  and ad- 

j u s t e d  i f  necessary.  The ad jus tments  were based on comparison with re- 

s u l t s  from load cases and geometr ies  known t o  g ive  comparable stress s o h -  
t ions .  

The f i n a l  ad jus t ed  r e s u l t s  from the  e l a s t i c - r e sponse  tests were then 

t a b u l a t e d ,  summarized i n  t h e  form of normalized stress i n t e n s i t i e s  and ex- 

per imenta l  stress i n d i c e s ,  and used t o  cons t ruc t  g r a p h i c a l  contour  p l o t s  

f o r  easier i n t e r p r e t a t i o n .  Experimental  va lues  f o r  t he  ind iv ldua l - load  

stress i n d i c e s  are t abu la t ed  and d iscussed  i n  t h e  body of t he  t e x t .  Be- 

cause of t he  l a r g e  amount of d a t a  obtained from the  tests, the  ma jo r i ty  of 

t h e s e  d a t a  are presented i n  t h e  appendixes on microf iche  a t  the  end of t h e  

r e p o r t  f o r  those  r eade r s  needing benchmark information.  Resu l t s  from t h e  

i n i t i a l  d a t a  r educ t ion ,  screened and t abu la t ed  by NOSEY, are given i n  Ap- 

pendix V I .  Listings of the  f i n a l  ad jus t ed  normalized stress i n t e n s i t i e s  

f o r  each gage s i t e  and each load cond i t ion  are given in Appendix V T I .  

Comparable informat ion  is presented g r a p h i c a l l y  i n  Appendix VIII. Mate- 

r i a l s  given i n  Appendix VI11 i nc lude  p l o t s  of normalized stress i n t e n s i t y  

vs p ro jec t ed  d i s t a n c e  along s t ra in-gage  l i n e s ,  stress i n t e n s i t y  vs angu la r  

d i s t a n c e  around t h e  branch, and s t r e s s - i n t e n s i t y  contour  maps. Except f o r  

t he  contour  maps, a l l  t h e  ad jus t ed  d a t a  p o i n t s  are i d e n t i f i e d  in the  f i g -  

ures .  A r e p r e s e n t a t i v e  set of t h e  d a t a  ( f o r  i n t e r n a l  p re s su re )  given on 

microf iche  i n  Appendixes V I ,  V I T ,  and VI11 is included i n  Chap. 3. Com- 

p l e t e  sets of d i a l  i n d i c a t o r  displacement  d a t a  are given on microf iche i n  

Appendix IX. 
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R e s u l t s  from t h e  f a t i g u e - t o - f a i l u r e  tests are d i scussed  i n  Chap. 4. 

The f a t i g u e  tests were intended t o  provide component f a i l u r e  d a t a  w i t h i n  

t h e  range of 500 t o  100,000 cyc le s  us ing  t h e  most s e v e r e  app l i ed  bending 

mode (on t h e  branch) as determined from t h e  exper imenta l  stress a n a l y s i s  

tests. The t a r g e t  f a i l u r e  poin t  s e l e c t e d  f o r  a l l  f i v e  tees w a s  7,000 

f u l l y  reversed  d isp lacement -cont ro l led  bending c y c l e s ,  which cor responds  

t o  t h e  l o g a r i t h m i c  mean between 500 and 100,000 cyc les .  The tests were 

run with a cons t an t  h y d r o s t a t i c  i n t e r n a l  p r e s s u r e  equa l  t o  t h e  maximum 

Code-allowable des ign  p res su re  f o r  t h e  p ipe  ex tens ions  and a c y c l i c  bend- 

ing  load based on t h e  maximum stresses obta ined  from t h e  expe r imen ta l  

stress ana lyses .  F a i l u r e  w a s  def ined  as a through-the-wall c rack  i n  t h e  

tee ( o r  i n  one of t h e  pipe-to-tee welds) as evidenced by a p r e s s u r e  l eak .  

R e s u l t s  from t h e  f a t i g u e  tests are t a b u l a t e d  and d i scussed  i n  t h e  t e x t .  

Resu l t s  from both the  e l a s t i c - r e s p o n s e  and f a t i g u e  tests,  along wi th  

similar d a t a  from 24-in. ANSI B16.9 tees, w i l l  be used i n  a s e p a r a t e  re- 

p o r t  t o  d i s c u s s  t h e  adequacy of c u r r e n t  ASME Code procedures f o r  t h e  de- 

s i g n  of nuc lea r  power p l a n t  p ip ing  systems. 
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2. TEST DESCRIPTION 

. 

The test work d e s c r i p t i o n  given i n  t h i s  chapter  i s  d iv ided  i n t o  t h r e e  

g e n e r a l  c a t e g o r i e s  : p r e p a r a t i o n  of t h e  test assemblies  (models) and load- 

ing  frames, performance of t h e  s t a t i c  e l a s t i c - r e s p o n s e  tests,  and per for -  

mance of t h e  low-cycle f a t i g u e  tests.  Each s u b j e c t  i s  d iscussed  i n  d e t a i l  

i n  t h e  fo l lowing  s e c t i o n s .  

2.1 T e s t  Assembly and Loading Frame PreDarat ion 

General p r e p a r a t i o n s  f o r  conducting t h e  tests included f a b r i c a t i o n  of 

two tes t  frames and c o n s t r u c t i o n  and i n s t r u m e n t a t i o n  of each of t h e  tes t  

models. Each s t e p  w a s  c a r r i e d  out  as c a r e f u l l y  and p r e c i s e l y  as p o s s i b l e .  

L o g i s t i c s  f o r  t e s t i n g  t h e  f i v e  tees l i s t e d  ear l ie r  i n  Table 1.1 re- 

qui red  s e t t i n g  up both t h e  test f a c i l i t y  and a s e p a r a t e  f a c i l i t y  f o r  model 

f a b r i c a t i o n .  The tes t  work w a s  a c t u a l l y  conducted a t  SwRI under two sepa- 

ra te  s u b c o n t r a c t s ,  t h e  f i r s t  of which c a l l e d  f o r  f a b r i c a t i n g  and t e s t i n g  

f o u r  tees (T-4, T-6, T-8, and T-15) w i t h i n  one year .  The experimental  

a n a l y s i s  f o r  T-7 w a s  added la te r  under t h e  second s u b c o n t r a c t .  The tes t  

program f o r  each of t h e  5 tees w a s  t o  i n c l u d e  experimental  stress a n a l y s e s  

f o r  13 l o a d i n g  c o n d i t i o n s  and a low-cycle f a t i g u e  tes t  t o  f a i l u r e .  To 

meet t h e  t i m e  requirements ,  two tes t  frames were cons t ruc ted  so t h a t  ex- 

per imenta l  stress a n a l y s i s  and f a t i g u e  t e s t i n g  could be conducted s imulta-  

neously.  When a l l  t h e  experimental  stress ana lyses  were completed, both 

t es t  frames were used f o r  f a t i g u e  t e s t i n g .  

When i t  w a s  decided t o  add T-7, t h e  sched-160 tee, t o  t h e  test pro- 

gram, work f o r  t h e  o t h e r  tees had been i n  progress  f o r  n e a r l y  10 months. 

The two test frames t h a t  had been cons t ruc ted  ea r l i e r  were s u f f i c i e n t l y  

overdesigned so  t h a t  only minor modi f ica t ions  were needed t o  provide t h e  

h igher  loads  requi red  t o  tes t  t h e  h e a v i e r  tee. However, t h e r e  were o t h e r  

unique problems t h a t  had t o  be overcome. One of t h e s e  was t h e  unavai l -  

a b i l i t y  of sched-160, type  304L s t a i n l e s s  s t ee l  pipe because of long de- 

l i v e r y  q u o t a t i o n s  and minimum q u a n t i t y  requirements .  Consequently,  t h e  

T-7 tes t  assembly was f a b r i c a t e d  using 6-in.-long s t a i n l e s s  s tee l  p ipe  

s t u b s  welded t o  t h e  tee,  wi th  t h e  remainder of t h e  branch and run pipe 
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e x t e n s i o n s  f a b r i c a t e d  from carbon s tee l  pipe.  The 6-in.-long p ipe  s t u b s  

( a l s o  needed f o r  o t h e r  reasons  desc r ibed  l a t e r )  were made from 1.5-in.- 

t h i c k ,  type  304L s t a i n l e s s  steel  p l a t e .  There was a s u f f i c i e n t  q u a n t i t y  

of t h i s  material on hand a t  SwRI t o  f a b r i c a t e  f i v e  6-in.-long p ipe  s t u b s ,  

two of which were used t o  q u a l i f y  t h e  welder and welding procedures.  F u l l  

d e t a i l s  of t h e  f a b r i c a t i o n  and t e s t i n g  schedule  are g iven  i n  Appendix XI. 

I n  some cases it w a s  p o s s i b l e  t o  c a r r y  out some of t h e  t a s k s  s imul ta -  

neously.  

2.1.1 Stra in-gage  l ayou t  

A gene ra l  scheme w a s  e s t a b l i s h e d  f o r  s t r a in -gage  l ayou t  t h a t  would 

g ive  ample coverage of two quadrants  of each tee wi th  matching gages on 

t h e  i n s i d e  and o u t s i d e  s u r f a c e s  t o  de te rmine  t h e  maximum stresses f o r  any 

one of t h e  13 d i f f e r e n t  loading  cond i t ions  and f o r  both t h e  membrane and 

bending stress d i s t r € b u t i o n s .  P a r t i c u l a r  a t t e n t i o n  was g iven  t o  t h e  in- 

s t rumen ta t ion  of t h e  branch-run t r a n s i t i o n  reg ion  and t o  t h e  problem of 

l o c a t i n g  gages on t h e  i n s i d e  s u r f a c e  "back t o  back" w i t h  t h e  gages on t h e  

ou t s ide .  

Two terms must be de f ined  he re  t o  adequa te ly  d e s c r i b e  t h e  gage lay- 

ou t .  The term "c ro tch  l i n e "  is  used t o  denote  a l i n e  l y i n g  a long  the  ap- 

proximate r o o t  of t h e  t r a n s i t i o n  reg ion  between t h e  branch and run of t h e  

tee. The term "gage l i n e , "  or  "4 l i n e , "  i s  used t o  denote  a l i n e  on t h e  

o u t s i d e  s u r f a c e  of t h e  tee formed by t h e  i n t e r s e c t i o n  of a d i a m e t r i c a l  

p lane  through t h e  branch a t  an angle  of 4 degrees  from t h e  l o n g i t u d i n a l  

p lane  of t h e  tee. A t  t h e  c r o t c h  l i n e ,  t h e  gage l-lne changes d i r e c t i o n  so 

t h a t  it i n t e r s e c t s  c i r c u m f e r e n t i a l  l i n e s  on the  run a t  an ang le  of I# = 

(90 - 4 )  degrees ,  as shown schemat i ca l ly  i n  Fig. 2.1. For each tee, gage 

l i n e s  were loca ted  i n  t h e  + = 0" t o  90" quadrant  and i n  t h e  180" t o  270" 

quadrant  a t  22.5" i n t e r v a l s .  Ten three-gage s t r a i n  r o s e t t e s  were spaced 

more o r  less uniformly a long  each gage l i n e  with one of t h e  r o s e t t e s  

always l o c a t e d  on t h e  i n t e r s e c t i o n  of t h e  4 l i n e  wi th  t h e  c r o t c h  l i n e .  

The c r o t c h  l i n e  w a s  a l s o  instrumented wi th  an extra r o s e t t e  midway between 

each 4 l i n e .  I s o m e t r i c  views of t he  gage l ayou t  f o r  t h e  0" t o  90" quad- 

r a n t  of t h e  f u l l - o u t l e t  tee T-4 and the  reducing-out le t  tee T-15 are shown 
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CROTCH LINE 

Fig. 2.1. Strain-gage l i n e  nomenclature. 

i n  F igs .  2.2 and 2.3, r e s p e c t i v e l y .  A complete set  f o r  each tee is g iven  

i n  Appendix 111, 

Stra in-gage  p o s i t i o n s  f o r  t h e  i n s i d e  s u r f a c e  were loca ted  by pass ing  

a l i n e  through each o u t s i d e  gage p o s i t i o n  normal t o  the  midplane of t h e  

s h e l l  ( t e e ) ,  For t h e  models con ta in ing  T-4, T-6, T-8, and T-15, c r o s s  

s e c t i o n s  of t h e  tee a t  the  0" 4 l i n e  and the  45" 4 l i n e  were o u t l i n e d  by 

s e c t i o n i n g  p l a s t i c  models of t h e  r e s p e c t i v e  tees. For T-7, t h e  c r o s s  sec- 

t i o n s  a t  t h e  0" @ l i n e  and t h e  45" $ l i n e  were o u t l i n e d  by trimming card- 

board u n t i l  a good f i t  was obta ined  on t h e  i n s i d e  and o u t s i d e  s u r f a c e s  and 

then spac ing  the  cardboard p i eces  t o  match th i ckness  measurements on t h e  

c y l i n d e r  w a l l s  , Although t h i s  procedure gave adequate r e s u l t s ,  a p l a s t i c  

model would have made the  j o b  easier. This procedure w a s  necessary  t o  es- 

t a b l i s h  t h e  "normal t o  t h e  midplane" i n  t h e  c ro t ch  a r e a  where t h e  geometry 

was too  complicated t o  be t r e a t e d  a n a l y t i c a l l y ,  

Af t e r  t h e  s t r a in -gage  p o s i t i o n s  were determined, t h e i r  l o c a t i o n s  were 

measured i n  three-dimensional X n  coord ina te s  and recorded. These "exac t"  

l o c a t i o n s  are given f o r  each tee i n  Appendix 111. For a c c u r a t e  determina- 

t i o n  of t h e  XM, coord ina te s  a t  each gage s i t e ,  the  tees were placed on a 

p r e c i s i o n  p lane  t a b l e ,  as shown i n  Fig. 2.4, and t h e  e l e v a t i o n  of each 



10 

a
 

I- u1 I 
M

 
co I -I 
2
 

11: 
0

 

e 
* I w 
%

I 
0
 

U
 

d
 

cd 
k
 
a
 (d
 
3
 

w
 

0
 
0
 

Q
\ 

0
 

u
 

0
 0
 

a M
 

tu bo 
I C

 
s
l 

(d
 

k
 

U
 

CI) 

N
 

N
 



11 

I -I 
z
 

0
 
a
 

I
 

0
 
z
 

U
 

m
 

a 



ORNL-PHOTO 6402-83 

Fig. 2.4. Determination of XYZ coordinates of strain-gage rosette 
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gage p o s i t i o n  was measured r e l a t i v e  t o  a r e f e r e n c e  po in t  on t h e  tee wi th  a 

v e r n i e r  h e i g h t  gage. A simple but time-consuming procedure a c c u r a t e l y  lo- 

ca ted  t h e  r o s e t t e s  on t h e  i n s i d e  s u r f a c e  r e l a t i v e  t o  those  on the  o u t s i d e  

s u r f a c e  and a l s o  e s t a b l i s h e d  the  X m  coord ina te s .  Reference marks a t  0" ,  

go", 180", and 270" around t h e  branch o u t l e t  p lus  t h r e e  marks in a 

s t r a i g h t  l i n e  a c r o s s  t h e  bottom, as shown i n  Fig.  2.5, had p rev ious ly  been 

stamped on t h e  tees. Combinations of t h e s e  seven r e f e r e n c e  p o i n t s  were 

used t o  d e f i n e  p l anes  pas s ing  through t h e  i n t e r s e c t i o n  of t h e  axes of t h e  

branch and run. 

The s t r a in -gage  r o s e t t e s  used throughout t h e  test program were Micro- 

Measurement type EA-06-062RP-120, op t ion  W f o r  t h e  carbon s tee l  tees (T-4 

and T-6) and type EA-09-062RP-120, op t ion  W f o r  t h e  s t a i n l e s s  s t ee l  tees 

(T-7, T-8, T-15). Each s t r a i n  r o s e t t e  c o n s i s t s  of t h r e e  1/16-in.-long 

temperature-compensated gages o r i e n t e d  a t  45" ang le s  and numbered counter- 

clockwise ( f o r  t h e s e  t e s t s ) .  Gage 2 ( t h e  c e n t e r  gage) was pos i t i oned  t o  

measure s t r a i n  i n  t h e  d i r e c t i o n  of t he  4 l i n e  o r  t h e  c r o t c h  l i n e  on which 

ORNL-DWG 83-5793 ETD 
L 

0 -  ORNL MARKS 

Fig. 2.5. Loca t ion  of marks used f o r  i d e n t i f y i n g  r e f e r e n c e  planes.  
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i t  was placed.  

ment. The Xn coord ina te s  f o r  each r o s e t t e  are re ferenced  t o  t h e  c e n t e r  

of gage 2. 

The gages were bonded t o  t h e  s u r f a c e  wi th  Eastman 910 ce- 

The d i r e c t i o n  of t he  p r i n c i p a l  stresses t h a t  are presented  l a te r  i n  

t h i s  r e p o r t  is g iven  r e l a t i v e  t o  the  d i r e c t i o n  of gage 2 ( i . e . ,  a long a $ 

l i n e  or  c ro t ch  l i n e )  wi th  a p o s i t i v e  angle  being counterclockwise.  The 

o r i e n t a t i o n ,  t he  numbering system used f o r  i d e n t i f i c a t i o n ,  and t h e  XYZ co- 

o r d i n a t e s  of each r o s e t t e  are given f o r  a l l  f i v e  tees i n  Appendix 111. 

Photographs of t he  gage i n s t a l l a t i o n  (both  i n s i d e  and o u t s i d e )  i n  t h e  0"  

t o  90" quadrant  of T-4 are shown i n  Fig. 2.6. A s  a f i n a l  check on the  ac- 

curacy of t he  s t ra in-gage  l o c a t i o n s ,  a set of computer p l o t s  w a s  made f o r  

each tee us ing  the  repor ted  coord ina te s  as inpu t .  On t h e  b a s i s  of t h e  re- 

s u l t s  of t h i s  computer check, a few minor ad jus tments  i n  the  recorded gage 

p o s i t i o n s  were made. 

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

Each tes t  assembly cons i s t ed  of a 12-in. N P S  forged ANSI B16.9 p ip ing  

tee, t h r e e  p i eces  of 54-in.-long p ipe ,  t h r e e  6-in.-long p ipe  s t u b s ,  and 

t h r e e  1- f t2  by 3/4-in.-thick carbon s tee l  p l a t e s  f o r  end f i x t u r e s  t o  which 

loads  could be appl ied .  Except f o r  t he  end p l a t e s ,  t he  models con ta in ing  

T-4 and T-6 were made e n t i r e l y  of sched-80 A106 Grade B carbon s t ee l ,  and 

the  T-8 and T-15 models were made e n t i r e l y  of sched-40 type  304L s t a i n l e s s  

s tee l .  As  mentioned ear l ie r ,  t he  54-in. p ipes  used i n  t h e  T-7 model were 

made of sched-160 A106 Grade B carbon s teel .  Because T-4, T-6, and T-7 

are f u l l - o u t l e t  tees, 12-in. pipe w a s  used f o r  t h e  branch as w e l l  as f o r  

t he  run pipe ex tens ions .  The minimum and maximum i n s i d e  d iameters ,  out-  

s i d e  d iameters ,  w a l l  t h i cknesses ,  and the  weights  of t h e  6-in. p ipe  s t u b s  

are presented  i n  Table 2.1. Also g iven  are the  weights  of t he  tees be fo re  

and a f t e r  welding and g r ind ing  had been completed. Table 2.2 g ives  the  

corresponding ANSI B36.10 s tandard  nominal dimensions and s e c t i o n  proper- 

t ies  of t h e  branch and run pipe extensions.11'12 

The f a b r i c a t i o n  of t he  model had t o  be performed i n  a manner t h a t  

would permit  t h e  i n s t a l l a t i o n  of s t r a i n  gages on t h e  i n s i d e  s u r f a c e  of t h e  

tee and on the  pipe-to-tee weldment. According t o  t h e  test  s p e c i f i c a -  

t i o n s ,  t h e  pipe- to- tee  weld was t o  be ground f l u s h  wi th  t h e  p ipe  s u r f a c e  
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Table 2.1. Weight and measurement of tees 

T- 4 T- 6 
~ ~~ ~ 

Pipe s t u b  Pipe s t u b  Pipe s t u b  T o t a l  P ipe  s t u b  Pipe s t u b  Pipe s t u b  T o t a l  
No. 3 weight No. 1 No. 2 No. 3 weight No. 1 No. 2 

Maximum I D ,  i n .  
Minimum I D ,  i n .  
Maximum OD, i n .  
Minimum OD, i n .  
Weight of s t u b s ,  l b  
Weight of tee, l b  
Weight of t e e  and 

s t u b s  a f t e r  gr ind-  
ing  and welding, l b  

11.455 11.464 11.450 
11.351 11.348 11.360 
12.850 12.850 12.830 
12.800 12.790 12.830 
38.25 38.50 39.10 115.85 

248.5 
385 .O 

T- 7 

11.459 11.482 11.449 
10.871 11.383 11.336 
12.840 12.840 12.840 
12.810 12.790 12.800 
38.50 38.,50 38.50 115.5 

227.5 
343.0 

T- 8 
~~ ~~~~ _ _ _ _ _ ~  _ _ _ _ _ ~  ~~~ ~~ 

Pipe stub, Pipe s t u b  Pipe s t u b  T o t a l  
No. 1 No. 2 No. 3 weight 

-~ ~~ 

Pipe  s t u b  Pipe s t u b  Pipe s t u b  T o t a l  
No. 1 No. 2 No. 3 weight 

11.989 
11.964 
12.840 
12.800 

6.091 Maximum I D ,  i n .  10.126 10.128 10.127 12.005 
6.052 Minimum I D ,  i n .  10.125 10.125 10.125 11.969 
6.641 Maximum OD, i n .  12.750 12.750 12.750 12.840 

Minimun: OD, i n .  12.748 12.747 12.748 12.810 6.625 

Weight of tee, l b  497.5 155.0 
Weight of t e e  and 737.5 215.0 

Weight of s t u b s ,  l b  66.50 66.5 66.5 199.55 24.00 9.0 24.5 57.5 

s t u b s  a f t e r  gr ind-  
ing and welding, l b  

T-15 

Pipe s t u b  Pipe s t u b  Pipe s t u b  T o t a l  
No. 1 No. 2 No. 3 weight 

Maximum I D ,  i n .  12.021 6.087 12.029 
Minimum I D ,  i n .  11.931 6.067 11.929 
Maximum OD, i n .  12.740 6.643 12.760 
Minimum OD, i n .  12.680 6.623 12.680 
Weight of s t u b s ,  l b  23.50 9.00 23.50 56.0 
Weight of t e e ,  l b  143 . 5 
Weight of tee and 202 . 0 

s t u b s  a f t e r  gr ind-  
ing  and welding, l b  

I i f i  + 1/16 in. 

k 1 6  f 1/16 in.-+-,l6 t 1/16 in.+ 

e 
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Table 2.2. Nominal dimensionsa of branch 
and run p ipe  ex tens ions  

Outs ide  d iameter  Wall t h i c k n e s s  
( i n . )  ( i n . )  

T e e  
Run Branch Run Branch 
( D o )  (do) O r )  (Tb)  

T-4 12.750 128750 0.687 0.687 

T- 6 12 . 750 12.750 0.687 0.687 

T- 7 12.750 12.750 1 . 312 1.312 

T- 8 128 750 6.625 0.406 0.280 

T-15 12.750 6.625 0.406 0.280 

Moment of i n e r t i a  Cross s e c t i o n  area 
( i n . 4 )  ( i n . 2 )  

Run Branch Run Branch 
T e e  

(1,) ( I b )  (Ar) (Ab)  

T-4 47580 475.0 26.04 26 . 04 

T- 6 475.0 475.0 26.04 26 . 04 

T- 7 781 .O 781.0 47.14 47.14 

T- 8 300 . 0 28.14 15.74 5.58 

T-15 300 . 0 28.14 15.74 5.58 

uNominal p ipe  dimensions taken from 
Ref. 12.  

i n  o rde r  t o  i n s t a l l  s t r a i n  gages a t  t h e  weld j o i n t s  and t o  ensure  t h a t  no 

d i s c o n t i n u i t y  would remain t h a t  might cause a f a t i g u e  c rack  t o  be i n i t i -  

a t e d  prematurely dur ing  t h e  f a t i g u e  tes t  . To accomplish t h e s e  o b j e c t i v e s ,  

6-in.-long p ipe  s t u b s  were welded t o  t h e  tee. These ex tens ions  permi t ted  

access t o  the  i n s i d e  s u r f a c e  of t h e  tee f o r  s t r a in -gage  i n s t a l l a t i o n  and 

g r ind ing .  

gages so t h a t ,  wi th  minimum care, t h e  in s t rumen ta t ion  would not be damaged 

by the  hea t  from welding. 

They a l s o  removed the  pipe-to-pipe weld f a r  enough from the  
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Excep t iona l  weld q u a l i t y  was s p e c i f i e d  f o r  t h e  pipe-to-tee weldment 

t o  minimize t h e  p o s s i b i l i t y  of a f a t i g u e  c rack  i n i t i a t i n g  a t  t h e  weld 

r a t h e r  than  i n  t h e  tee dur ing  t h e  low-cycle f a t i g u e  test .  The procedures 

f o r  welding and nondes t ruc t ive  i n s p e c t i o n  developed t o  meet t h e s e  r equ i r e -  

ments are p resen ted  i n  Appendix I V .  

t h e  metal p r e p a r a t i o n  conforms wi th  Fig.  NB-4250-1 of t h e  CodeO4 

was s u c c e s s f u l l y  q u a l i f i e d  us ing  t h e s e  acceptance  cr i ter ia  and welding 

procedures ,  and nondes t ruc t ive  i n s p e c t i o n s  of t h e  pipe-to-tee weldments 

were performed p r i o r  t o  the  s t ra in-gage  i n s t a l l a t i o n .  

dur ing  t h e  tungs t en - ine r t  gas (TIG) welding is shown i n  Fig.  2.7. 

Note i n  t h e  welding procedures t h a t  

A welder  

A photograph of T-8 

A f t e r  t h e  6-in0-long p ipe  s t u b s  were a t t a c h e d ,  t h e  tee was p laced  on 

t h e  p r e c i s i o n  p lane  t a b l e  s o  t h a t  xy7, coord ina te s  f o r  t h e  gage l o c a t i o n s  

on t h e  pipe-to-tee weldment could be determined. S t r a i n  gages were then  

i n s t a l l e d  on t h e  i n s i d e  s u r f a c e  of t h e  tee. When t h i s  was completed, t h e  

4.5-ft-long p ipe  l e g s  were welded t o  t h e  tee,  and t h e  load ing  f i x t u r e s  

were welded t o  t h e  pipe.  Care was taken  t o  keep t h e  i n t e r p a s s  tempera ture  

of t h e  pipe-to-pipe weld down t o  prevent  damage t o  t h e  s t r a i n  gages. The 

tempera ture  of t h e  p ipe  s t u b  3 i n .  from t h e  weld was  checked a f t e r  each 

welding pass  wi th  a Tempi ls t ik  wax p e n c i l  and w a s  not allowed t o  exceed 

250°F. 

2.1.3 T e s t  s e t u p  

The model w a s  i n s t a l l e d  f o r  t e s t i n g  i n  a l a r g e  test frame s p e c i f i -  

c a l l y  designed and cons t ruc t ed  f o r  t h i s  program. The 12 moment, s h e a r ,  

and t h r u s t  l oads  t h a t  were t o  be app l i ed  are shown schemat i ca l ly  i n  

Fig.  2.8. It should be noted t h a t  f o r  t h e s e  load ing  cases one end of t h e  

run w a s  f i x e d  ( i  .e., bo l t ed  t o  t h e  load frame), whi le  t h e  branch and t h e  

o t h e r  end of t h e  run were f r e e .  The loads  were app l i ed  one a t  a t i m e  t o  

e i t h e r  t h e  branch or  t h e  free end of t h e  run wi th  t h e  model suppor ted  only  

a t  t h e  f i x e d  end. For t h e  i n t e r n a l - p r e s s u r e  case, t h e  model w a s  f i x e d  a t  

t h e  load frame, and t h e  free end was suppor ted  by bea r ings  t o  coun te rac t  

t h e  weight of t h e  p r e s s u r i z i n g  f l u i d .  

The test frame was designed so  t h a t  8-in0-bore,  l2 - in0-s t roke  hydrau- 

l i c  j a c k s  could be bo l t ed  i n  the  v a r i o u s  p o s i t i o n s  r equ i r ed  t o  apply  t o r -  

s i o n ,  bending, t h r u s t ,  and in-plane s h e a r  loads .  Hydraul ic  j a c k s  wi th  a 
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Fig. 2.7. T-8 dur ing  TIG welding of t h i r d  p ipe  s tub .  
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Fig. 2.8. Loading nomenclature ( a l l  l o a d s  p o s i t i v e  as shown). 

5-in. bore and 12-in. s t r o k e  were used t o  apply the  out-of-plane s h e a r  

loads .  

applying out-of-plane bending on the  branch ( load  case M3X). 
above t h e  f i x e d  end of the  run conta ins  the  hole  p a t t e r n  where the  hydrau- 

l i c  j a c k s  were a t t a c h e d  t o  apply e i t h e r  t he  t o r s i o n  (M3Y) o r  in-plane 

s h e a r  (F3X) loads  . 

Figure  2.9 shows T-4 i n  p lace  with two h y d r a u l i c  j a c k s  set up f o r  
The channel 

A moment-couple was  appl ied  t o  t h e  end of t he  branch or  run f o r  t he  

bending- and to r s ion - load  cases .  Because the  p i s t o n  area w a s  smaller on 

t h e  s i d e  of t he  p i s t o n  rod,  a h igher  p r e s s u r e  w a s  appl ied  t o  the  j a c k  t h a t  

w a s  " p u l l i n g "  than w a s  appl ied  t o  the  j a c k  t h a t  w a s  "pushing" t o  ach ieve  

equal  and oppos i te  loads.  During o p e r a t i o n  of t he  tests, two t e c h n i c i a n s  

were r e q u i r e d  t o  manually c o n t r o l  t he  two high-pressure needle  va lves  i n  

o r d e r  t o  c a r e f u l l y  maintain a cons tan t  load on t h e  model while  a t h i r d  

t e c h n i c i a n  recorded the  da ta .  For the  d i r e c t - f  orce-load cases, the  l o a d s  

could be a p p l i e d  using the  same p r e s s u r e  l e v e l  f o r  both h y d r a u l i c  j a c k s ;  

consequent ly ,  only two t e c h n i c i a n s  were requi red .  

8 

. 
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. 
Fig. 2.9. T-4 p r i o r  t o  b r i t t l e  coa t ing  a n a l y s i s .  
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The l o c a t i o n  of the  shear  vec to r  f o r  apply ing  t h e  t r ansve r se - fo rce  

loads  F2X, F2Z, F3X, and F3Z w a s  determined by t h e  p o s i t i o n  of t h e  hydrau- 

l i c  j a c k  a t tachments ,  as shown i n  Fig.  2.9 f o r  T-4. The d i s t a n c e  of t hese  

v e c t o r s  from t h e  c e n t e r  of each t e e  is given i n  Table  2.3. 

Table 2.3. Dis tance  "L" of t h e  t r a n s v e r s e  shea r  v e c t o r s  
from the  c e n t e r  of each teea 

T e e  No. 
Moment arm 

T-4 T-6 T-7 T-8 T-15 

Branch (Lb) 77-118 79-318 77-13/16 77-318 76-3/16 

Run ( L r  1 77-718 77-718 78-718 77-718 77-718 
~~ 

aDistances are i n  inches .  

To accommodate t h e  hydrau l i c  j acks  and tee models, t h e  o v e r a l l  dimen- 

s i o n s  of t h e  test frames were 25 f t  long x 13.5 f t  h igh  x 7 f t  wide. The 

main load-car ry ing  members were 12 WF 85 beams. Approximately 19 tons  of 

steel  w a s  used i n  each frame. The frames were capable  of w i ths t and ing  

500,000 l b  i n  t h e  F2X mode, 200,000 l b  i n  t h e  F3Y mode, 300,000 f t - l b  i n  

bending, 200,000 f t - l b  i n  t o r s i o n ,  and 100,000 l b  i n  shea r .  The load ing  

frame t h a t  was  used t o  test  T-7 w a s  r e in fo rced  a t  t h e  p o s i t i o n s  where t h e  

to r s iona l - load  j a c k s  w e r e  a t t ached  t o  the  frame. With t h i s  mod i f i ca t ion ,  

t h e  s t r u c t u r e  w a s  a b l e  t o  wi ths tand  a 300,000 f t - l b  t o r s i o n a l  load - a 

100,000 f t - l b  capac i ty  i n c r e a s e  over t h e  un re in fo rced  s t r u c t u r e .  No o t h e r  

changes were made f o r  t h e  T-7 tests. A photograph of one of t h e  test 

frames i s  shown i n  Fig.  2.10; f a b r i c a t i o n  had j u s t  been completed when t h e  

photograph was made, and t h e  frame is  l y i n g  on i t s  s i d e .  

For each load case, displacements  (and r o t a t i o n s )  of t he  pipe exten-  

s i o n s  were measured f o r  use i n  determining f l e x i b i l i t y  f a c t o r s .  Displace-  

ments w e r e  measured us ing  c i r c u l a r  d i a l  i n d i c a t o r s ,  a c c u r a t e  t o  t h e  near-  

est 0.0005 i n .  A ske tch  of t h e  mounting frame f o r  t he  d i a l  i n d i c a t o r s  on 

T-7 may be seen  i n  Fig. 2.11. S i m i l a r  f i g u r e s  f o r  t h e  d i a l  i n d i c a t o r  
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. 

frames f o r  a l l  f i v e  tees are given i n  Appendix I X .  Note t h a t  t he  d i a l  in- 

d i c a t o r  frame is  mounted only a t  the  s teel  r i n g  near  t he  f ixed  end so t h a t  

a l l  d e f l e c t i o n s  were measured r e l a t i v e  t o  a poin t  on the  model. S ix teen  

d i a l  i n d i c a t o r s  were monitored. The numbering system used f o r  the  d i a l  

i n d i c a t o r s ,  t h e i r  exact l o c a t i o n s ,  and the  l o c a t i o n  of t h e  poin t  a t  which 

the  mounting frame is a t t ached  t o  the  model are a l s o  shown i n  Fig.  2.11. 

The d i a l  i n d i c a t o r s  were c a r e f u l l y  and c o n s i s t e n t l y  mounted with t h e i r  

p o i n t e r s  15 in .  from the  c e n t e r  of t he  pipe.  A template  w a s  used t o  lo-  

cate t h e s e  ins t ruments  i n  l i e u  of measuring from t h e  ou t s ide  su r face  of 

t he  pipe.  Dial i n d i c a t o r  readings  were, of course ,  obtained manually and 

are l i s t e d  i n  Appendix I X .  

Strain-gage r o s e t t e s  were a l s o  mounted on the  t h r e e  pipe l egs  of t he  

model t o  monitor t he  loads .  F igure  2.11 shows the  l o c a t i o n  and i d e n t i f i -  

c a t i o n  of t hese  r o s e t t e s  f o r  T-7. Note t h a t  two a d d i t i o n a l  r o s e t t e s  were 

mounted on the  bottom of the  tee on both the  i n s i d e  and o u t s i d e  s u r f a c e s .  

The r o s e t t e  l o c a t i o n s  on the  pipe l e g s  and on the  bottom of the  tee were 

given a 400 series des igna t ion  ( i . e . ,  400-1, 401-2) t o  d i s t i n g u i s h  them 

from r o s e t t e s  i n  t h e  main a r r a y  on the  tee. 

The s t ra in-gage  da ta  were recorded on a B & F Model SY 156 da ta  ac- 

q u i s i t i o n  system. To speed up r educ t ion  of t he  d a t a ,  a high-speed paper- 

tape  punch w a s  i n s t a l l e d  on the  B & F so t h a t  da t a  were s imul taneous ly  

p r i n t e d  on adding-machine-type paper and punched on t e l e t y p e  paper tape.  

The p r i n t e r  in format ion  w a s  used f o r  on-l ine review of t he  s t r a i n  da t a  and 

f o r  t he  permanent record.  The t e l e t y p e  paper tape  w a s  fed i n t o  an IBM 

paper-tape-to-card conve r t e r ,  which quick ly  t r a n s f e r r e d  the  d a t a  t o  IBM 

ca rds  . 
The da ta  a c q u i s i t i o n  system w a s  only capable  of handl ing 100 s t r a i n  

gages at one t i m e ,  r ecord ing  da ta  a t  a rate of f i v e  channels per second, 

and p r i n t i n g  gage readings  d i r e c t l y  i n  s t r a i n  t o  the  n e a r e s t  microinch per 

inch.  Because each model contained 681 i n d i v i d u a l  s t r a i n  gages,  it w a s  

necessary  t o  perform the  tes t  f o r  each load condi t ion  seven times t o  ob- 

t a i n  a complete set of da t a .  

The tests were conducted i n  an a i r -condi t ioned  l abora to ry  where the  

temperature  is  maintained a t  75°F. The temperature  normally does not  

f l u c t u a t e  more than - +2"F t h e r e ,  except when l a r g e  doors are opened once or  
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twice each day t o  t r a n s f e r  l a r g e  equipment. The doors do not remain open 

more than  a few minutes a t  a t i m e ,  and t h e  a i r - c o n d i t i o n i n g  system r e t u r n s  

t h e  l a b o r a t o r y  tempera ture  t o  normal w i t h i n  15 min a f t e r  t h e  doors  are 

shu t .  Because t h e  s t r a i n  gages and wi r ing  were tempera ture  compensated, 

t h e s e  occas iona l  tempera ture  f l u c t u a t i o n s  were not expected t o  cause ap- 

pa ren t  r ead ings  of more than  +5 vin . / in .  During t h e  e a r l y  p a r t  of t h e  

t e s t i n g  program, however, NOSEY a n a l y s i s  of t h e  d a t a  i n d i c a t e d  t h a t  t h e  

e f f e c t s  of tempera ture  v a r i a t i o n s  could be d e t e c t e d .  The re fo re ,  t h e  tests 

were re run  wi th  t h e  l a b o r a t o r y  doors kept  c losed ,  and t h e  doors were not 

opened du r ing  a l l  t h e  subsequent tests. 

2.2 S t a t i c  Load T e s t  Procedure 

Two exper imenta l  stress a n a l y s i s  techniques  were used i n  c a r r y i n g  out  

t h e  s t a t i c  load  test  p o r t i o n s  of t h e  program. The f i r s t  w a s  a q u a l i t a t i v e  

test us ing  a b r i t t l e  l acque r  coa t ing  t o  determine i f  t h e  o u t s i d e  s t r a i n -  

gage l ayou t  w a s  adequate.  The second w a s  a q u a n t i t a t i v e  test du r ing  which 

d a t a  were acqui red  from electr ical  r e s i s t a n c e  s t r a i n  gages l o c a t e d  on two 

quadrants  of t h e  tee and d i a l  i n d i c a t o r s  l o c a t e d  on t h e  branch and run of 

t h e  test  model. 

The b r i t t l e  l acque r  tests were performed on a l l  tees except  T-6 and 

T-15. Because T-6 and T-15 were nominally t h e  same as T-4 and T-8, re- 

s p e c t i v e l y ,  i t  w a s  f e l t  t h a t  no new in fo rma t ion  would be ob ta ined  by du- 

p l i c a t i n g  t h e s e  e f f o r t s .  A gene ra l  d e s c r i p t i o n  of t h e s e  tests is g iven  in 

t h e  fo l lowing  paragraphs.  A more d e t a i l e d  d i s c u s s i o n  of t h e  test  r e s u l t s  

is g iven  i n  Appendix V. 

The q u a n t i t a t i v e  tests were performed on each tee and c o n s t i t u t e d  t h e  

primary p o r t i o n  of t h e  s t a t i c  load test program. The procedure followed 

i n  performing t h e s e  tests is descr ibed  i n  Sect.  2.2.2. 

2.2.1 I n v e s t i g a t i o n  of s t ra in-gage  l ayou t  adequacy 

The b r i t t l e  coa t ing  tes t  was performed on T-4, T-7, and T-8 p r i m a r i l y  

t o  determine i f  t h e  s t ra in-gage  layout  w a s  adequate.  For t h e s e  tests, a 

St resscoa t -brand  b r i t t l e  l acque r  w a s  sprayed on t h e  o u t e r  s u r f a c e  of t h e  

tee. The l a c q u e r  s e n s i t i v i t y  w a s  450 ~ i n . / i n .  f o r  t h e  T-4 test  and 

. 
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600 p in . / in .  f o r  t h e  o t h e r  two tees. Seve ra l  d i f f e r e n t  l oads  were app l i ed  

t o  each tee s t a r t i n g  wi th  an out-of-plane bending load  on t h e  branch 

(M3X), because it w a s  expected t h a t  t h i s  loading  would produce t h e  h i g h e s t  

stresses. The loads  were app l i ed  u n t i l  c racking  was observed, and photo- 

graphs were taken be fo re  moving t o  t h e  next load cond i t ion .  

Out-of-plane bending loads  were app l i ed  t o  t h e  branch i n  small inc re -  

ments t o  a maximum load  of 41,000 f t - l b  on T-4, 100,000 f t - l b  on T-7, and 

14,000 f t - l b  on T-8. An out-of-plane s h e a r  load was app l i ed  i n  t h e  same 

manner t o  a maximum of 12,000 l b  f o r  T-4, 20,000 l b  f o r  T-7, and 12,000 l b  

f o r  T-8. The out-of-plane shea r  f o r c e  (F3Z) w a s  app l i ed  i n  a d i r e c t i o n  

t h a t  gave an e f f e c t i v e  bending moment (M3X) wi th  an oppos-ite s i g n  from 

t h a t  of t h e  a p p l i e d  moment t es t s  i n d i c a t e d  i n  Fig. 2.8. The T-4 tests 

a l s o  inc luded  a p p l i c a t i o n  of out-of-plane bending and shea r  loads  (M2Y and 

F2Z) on t h e  run pipe. These loads  were not app l i ed  t o  T-7 and T-8 du r ing  

t h e  b r i t t l e  l acque r  tests. 

An e v a l u a t i o n  of t h e  r e s u l t s  of each test showed t h a t  t h e  s t r a in -gage  

coverage was adequate.  Photographs and s i g n i f i c a n t  comments r e l a t i v e  t o  

t h e  b r i t t l e  l acque r  tests are presented  i n  Appendix V. 

2.2.2 Elas t ic  load  tests 

Following completion of t h e  b r i t t l e  coa t ing  tests f o r  each tee and 

subsequent review of t h e  test d a t a ,  s t r a i n  gages were i n s t a l l e d  on t h e  ex- 

t e r n a l  s u r f a c e  of t h e  tees. These gages,  t o g e t h e r  wi th  t h e  gages prev i -  

ous ly  i n s t a l l e d  on t h e  i n t e r n a l  s u r f a c e ,  and t h e  d i a l  i n d i c a t o r s  c o n s t i -  

t u t e d  the  primary sources  of d a t a  €or  t h e  e l a s t i c  load tests. 

The e las t ic  load tests performed on each tee c o n s i s t e d  of a series of 

13 load  c o n d i t i o n s  as i l l u s t r a t e d  schemat i ca l ly  i n  Fig. 2.8. P r i o r  t o  any 

of t h e  tests, a load ing  schedule  w a s  e s t a b l i s h e d  t o  l i m i t  t h e  maximum load  

f o r  any load  cond i t ion  t o  a va lue  t h a t  would gene ra t e  a nominal stress of 

20,000 p s i  i n  t h e  p ipe .  The maximum load t h a t  was a c t u a l l y  a p p l i e d ,  how- 

e v e r ,  w a s  l i m i t e d  by t h e  requirement t h a t  s t r a i n s  not exceed 1000 pin./ in.  

dur ing  any test  t o  prec lude  t h e  p o s s i b i l i t y  of i n a d v e r t e n t  y i e ld ing .  The 

scheduled loads  and t h e  maximum loads  t h a t  were app l i ed  are given i n  

Table 2.4. Each loading  was app l i ed  t o  one-half of t h e  programmed maximum 

load ,  and then  t h e  s t r a i n  gages were read. I f  t h e  readings  showed t h a t  



Table 2.4. Maximum l o a d s  f o r  e l a s t i c - r e s p o n s e  s t r a i n - g a g e  tests 

T-4 T- 6 T- 7 T-8 T-15 
Load 

c o n d i t i o n  Scheduled Actua l  Scheduled A c t u a l  Scheduled A c t u a l  Scheduled Actua l  Scheduled A c t u a l  
maximud maximumb maximu6 maximumb maximuma maximurnb maximuma maximumb maximuma maximumb 

P r e s s u r e ,  p s i g  

M3X, 1000 f t - l b  
M3Y, 1000 f t - l b  
M3Z, 1000 f t - l b  

F3X, 1000 l b  
F3Y, 1000 l b  
F3Z, 1000 l b  

M 2 X ,  1000 f t - l b  
M 2 Y ,  1000 f t - l b  
M2Z, 1000 f t - l b  

F2X, 1000 l b  
F2Y, 1000 l b  
F2Z, 1000 l b  

2 200 

123 
246 
123 

20 

20 

246 
123 
123 

520 
20 
20 

20' 

1000 

61.5 
123 
64 

12 
53 
17 

123 
150 
61.5 

260 
12 
12 

2 200 

123 
246 
123 

20 

20 

246 
123 
123 

520 
20 
20 

20c 

1000 

61.5 
92.25 
64 

12 
53 
17 

123 
150 
61.5 

260 
12 
12 

3750 

202 
404 
202 

33.9 
33.6' 
33.9 

404 
202 
202 

945 
33.25 
33.25 

1000 

150 
150 
150 

20 
100 
33.2 

150 
200 
150 

400 
33.2 
33.2 

9 50 

14 
28' 
14 

4 
10 
4 

146 
73 
73 

292 
10 
10 

600 

7 
21 
18 

3.5 
24 
2 

80 
91.25 
73 

200 
12 
12 

9 50 

14 
28 
14 

4 

4 
1 0' 

146 
73 
73 

292 
10 
10 

600 

7 
21 
18 

3.5 
24 
2 

80 
91.25 
73 

200 
8 
12 

aBased on a nominal  p i p e  stress of 20 ksi in t h e  p ipe .  

bNeeded t o  a t t a i n  a maximum s t r a i n  on t h e  tee n e a r  1000 p i n . / i n .  

'Limited by t h e  maximtim stress in t h e  p ipe  a t  t h e  f i x e d  end. 

a I I I I I 
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t h e  s t r a i n  would exceed t h e  upper l i m i t  of 1000 pin./ in. ,  t h e  maximum load  

was a d j u s t e d  accord ingly .  A f t e r  de te rmining  t h e  a l lowable  maximum load  

f o r  a p a r t i c u l a r  load cond i t ion ,  t h e  tee w a s  loaded t o  t h e  maximum load  

and unloaded u n t i l  l i n e a r  e l a s t i c  behavior was observed. For most of t h e  

gages,  l i n e a r  e las t ic  response was a t t a i n e d  on t h e  f i r s t  cyc le .  Three cy- 

cles were app l i ed  f o r  good measure because only  t h e  gages i n  t h e  high- 

stress reg ions  were a c t u a l l y  monitored du r ing  t h e  test .  

F igu re  2.12 shows T-7 i n  t h e  loading  frame dur ing  t h e  exper imenta l  

stress a n a l y s i s .  Two h y d r a u l i c  j a c k s  are set up f o r  apply ing  e i t h e r  a 

t o r s i o n a l  moment M3Y o r  an in-plane t r a n s v e r s e  f o r c e  F3X on t h e  branch. 

The load ing  c l e v i s e s  f o r  app l ing  out-of-plane bending M3X o r  axial  t h r u s t  

F3Y on t h e  branch can be seen  i n  t h e  upper p a r t  of t h e  photograph. 

When r eco rd ing  d a t a ,  t h e  tees were loaded i n  f o u r  incrementa l  s t e p s  

t o  t h e  maximum load. The s t e p s  were then  r epea ted  du r ing  unloading ,  giv- 

i n g  a t o t a l  of n i n e  s t r a i n  readings  f o r  each gage f o r  each load  case. 

These d a t a  were recorded and r e t a i n e d  f o r  later use.  Two runs were made 

f o r  each load ing  c o n d i t i o n ,  and t h e  d a t a  were reviewed be fo re  going on t o  

t h e  next l oad ing  cond i t ion .  

A s  noted ear l ier ,  t h e  s t r a i n  d a t a  were recorded on a B & F Model 

SY 156 d a t a  a c q u i s i t i o n  system equipped wi th  a high-speed paper-tape 

punch. An IBM paper-tape-to-card conve r t e r  t r a n s f e r r e d  the  d a t a  t o  IBM 

ca rds ,  and t h e  d a t a  were reviewed a t  SwRI u s ing  t h e  computer program NOSEY 

b e f o r e  t h e  ca rds  were s e n t  t o  ORNL f o r  more e x t e n s i v e  a n a l y s i s .  Destruc- 

t i v e  f a t i g u e  tests were not a f t e r  i t  had been e s t a b l i s h e d  

t h a t  the s t r a in -gage  tests were s a c i s r a c c o r y  and t h a t  a l l  me r e q u i r e a  

e l a s t i c - r e s p o n s e  d a t a  had been obta ined .  

2 .3  Fa t igue  T e s t  Procedure 

. 

The procedure planned f o r  tAe f a t i g u e  tests was t o  select t h e  branch- 

p ipe  bending mode t h a t  produced t h e  h i g h e s t  stress index i n  t h e  tee and 

then  t o  estimate t h e  magnitude of t h e  load t h a t  would cause f a i l u r e  i n  

-7000 cyc le s  of completely reversed  d isp lacement .  The t a r g e t  va lue  of 

7,000 c y c l e s  is t h e  l o g a r i t h m i c  mean of 500 and lo5  c y c l e s ,  and f o r  carbon 

s tee l ,  corres.ponds t o  a max-lmum equ iva len t  elastic-stress amplitude of 
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ORNL-PHOTO 6405-83 

Fig. 2.12. T-7 i n  l oad ing  frame f o r  exper imenta l  stress a n a l y s i s .  
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-83,400 p s i .  During t h e  f a t i g u e  tests,  t h e  i n t e r n a l  p r e s s u r e  was main- 

t a i n e d  a t  t h e  maximum des ign  p r e s s u r e  of 1925 p s i g  f o r  T-4 and T-6, 3240 

p s i g  f o r  T-7, and 950 p s i g  f o r  T-8 and T-15, a l l  of which were c a l c u l a t e d  

i n  accordance w i t h  t h e  Code-allowable p r e s s u r e  equat ions  of NB-3641 1, 

us ing  85% o€ t h e  nominal w a l l  t h i c k n e s s ,  L e . ,  

2 Smt 
= D - 0.8t ' 

0 

where 

t = 0.85tnOm, 

Sm = Code des ign  stress i n t e n s i t y .  

A t  t h e  t i m e  t h e s e  f a t i g u e  tests were being performed, t h e  s i m p l i f i e d  

e l a s t i c - p l a s t i c  a n a l y s i s  method now contained i n  paragraph NB-3653.6 of 

t h e  ASME Code w a s  not  a v a i l a b l e .  Therefore ,  t o  select  a loading  t h a t  

would g i v e  f a t i g u e  f a i l u r e  d a t a  f o r  stress ranges exceeding twice t h e  

y i e l d  s t r e n g t h  ( o r  3 Sm), Markl ' s  e m p i r i c a l  f a t i g u e - l i f e  r e l a t i o n s h i p 1 3  5 l4 

f o r  p ip ing  components was e x t r a p o l a t e d  i n t o  t h e  low-cycle range. For car- 

bon s t ee l ,  t h e  r e l a t i o n s h i p  i s  

Sa = 490,000 N - O e 2  , 

where 

Sa = a l t e r n a t i n g  stress, 
N = number of cyc les  t o  f a i l u r e .  

Remember t h a t  t h e  f a t i g u e  tes ts  were not performed t o  i n v e s t i g a t e  t h e  

adequacy of t h i s  equat ion .  Kather,  t h e  equat ion  served only a suppor t ing  

r o l e  i n  t h a t  i t  was used t o  i d e n t i f y  stress ranges t h a t  would cause t h e  

models t o  f a i l  i n  a reasonable  number of cyc les .  Also note  t h a t ,  a l though 

Markl ' s  r e l a t i o n s h i p  w a s  used t o  form t h e  b a s i s  f o r  some of t h e  f a t i g u e  

a n a l y s i s  procedures of t h e  ASME Code, i t  is  not  used d i r e c t l y  i n  the  more 

c u r r e n t  e d i t i o n s .  

An a l t e r n a t i n g  out-of-plane shear  load on t h e  branch (F3Z) was se- 

l e c t e d  f o r  T-4, T-6, T-8, and T-15 based on r e s u l t s  from t h e  e las t ic -  

response tests, while  an in-plane shear  load on t h e  branch (F3X) was used 
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f o r  T-7. For each load case, t h e  stress d a t a  were scanned t o  f i n d  t h e  

r o s e t t e  a t  which the  h ighes t  s t r e s s - to - load  r a t i o  occurred.  Table 2.5 

summarizes these  r a t i o s  and the  r e s u l t i n g  i n i t i a l  f a t i g u e  load ampl i tudes  

For those  models where more than one gage is  l i s t e d ,  t h e  f i r s t  gage i n  the  

l i s t  corresponds t o  the  l o c a t i o n  of t h e  maximum s t r e s s - to - load  r a t i o ,  and 

t h e  o t h e r  gages l i s t e d  gave r a t i o s  almost as high. All t h e  gages l i s t e d  

were considered p o t e n t i a l  sites f o r  f a t i g u e  f a i l u r e .  

Because t h e  minimum a l lowable  y i e l d  s t r e n g t h  of A106b Grade B carbon 

s tee l  (T-4 and T-6) i s  35,000 p s i  and t h a t  of type 304L s t a i n l e s s  s tee l  

(T-7 ,  T-8, and T-15) i s  30,000 p s i ,  a stress va lue  of 83,400 p s i  i s  f i c t i -  

t i o u s  because l o c a l  p l a s t i c  deformation w i l l  occur before  t h i s  va lue  i s  

reached. The value of 83,400 p s i  i s  based on empi r i ca l  f a t i g u e  d a t a  t h a t  

is  presented  i n  t h e  Code as equ iva len t  e l a s t i c  stress vs cyc le s  t o  f a i l -  

u r e ,  where t h e  stress va lues  are assumed t o  be p r o p o r t i o n a l  t o  the  

s t r a i n s .  

A cons tan t  maximum displacement  was maintained dur ing  t h e  f a t i g u e  

test i n s t e a d  of a cons tan t  maximum load t o  b e t t e r  s imula t e  t h e  type of 

l oad ing  t h a t  would occur  i n  a p ip ing  system. The exper imenta l  procedure 

used t o  e s t a b l i s h  the  l i m i t i n g  branch p ipe  displacements  w a s  as fo l lows .  

A d i a l  gage w a s  mounted on a r e fe rence  frame t o  measure t h e  d isp lacements  

of t he  branch pipe a t  an a r b i t r a r y  poin t  about 3 f t  below the  loading  f i x -  

t u r e ,  as shown i n  Fig.  2.13. A l i n e a r  load-displacement r e l a t i o n  w a s  then 

e s t a b l i s h e d  by loading  the  t es t  assembly i n  the a p p r o p r i a t e  f a t i g u e  test- 

i ng  mode i n  small increments w e l l  w i th in  the  l i n e a r  e l a s t i c - r e s p o n s e  

range. The s t ra in-gage  r o s e t t e  i d e n t i f i e d  ear l ie r  as g iv ing  the  maximum 

s t ress - to- load  r a t i o  w a s  a l s o  read a t  each loading  increment.  The l € n e a r  

load-displacement and load - s t r a in  r e l a t i o n s  were then e x t r a p o l a t e d  t o  t h e  

a p p r o p r i a t e  load va lue  (Table 2.5).  The corresponding displacement  w a s  

determined,  and the  cyc l ing  f a c i l i t y  w a s  set t o  main ta in  t h i s  d i sp l ace -  

ment. The load was then f u l l y  reversed s o  t h a t  t he  maximum disp lacements  

i n  both d i r e c t i o n s  were determined p r i o r  t o  applying the  f u l l  load in 

e i t h e r  d i r e c t i o n .  Microswitches were mounted on each s i d e  of t he  branch 

i n  l i n e  with the  shea r  vec tor .  A screw adjustment  on one of t he  micro- 

swi t ches  was s lowly turned while  t h e  proper  d i a l  i n d i c a t o r  reading  was 

maintained.  When the  microswitch w a s  t r i p p e d ,  t h e  load was reversed .  The 

. 
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ORNL-PHOTO 6406-83 

Fig. 2.13.  T-8 i n  loading  frame set  up f o r  *F3Z f a t i g u e  test. 
. 
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microswitch was then  f ixed  so  t h a t  t h e  maximum displacement could not be 

exceeded i n  t h a t  d € r e c t i o n  on subsequent cyc le s .  The procedure was then  

r epea ted  f o r  t h e  second microswitch. 

A s  may be seen  from the  va lues  given i n  Table 2.5, t h i s  exper imenta l  

procedure r e s u l t e d  i n  a l t e r n a t i n g  equ iva len t  e l a s t i c  p r i n c i p a l  stress 

ampl i tudes  t h a t  were very n e a r l y  equal  t o  t h e  in tended  va lue  of 83,400 

p s i ,  One of t h e  microsw€tches,  t h e  d i a l  i n d i c a t o r ,  and t h e  h y d r a u l i c  j a c k  

may be seen i n  Fig. 2.13, which is a photograph of T-8 dur ing  t h e  f a t i g u e  

test .  The t o t a l  s t r a i n  ranges a f t e r  a shakedown of t e n  cyc le s  are shown 

i n  Table 2.6, A f t e r  t e n  c y c l e s ,  no a d d i t i o n a l  s t r a i n  readings  were taken. 

Table 2.6, S t r a i n  ranges 
a f t e r  shakedown" 

Model Gage S t r a i n  range 
(p in . / i n . )  

T-4 67-05 

T-6 56-01 

67-05 

T- 7 0-02 

0-07 

0-08 

22-03 

22-07 

T-8 90-07 

270-07 

78-01 

T-15 270-07 

90-07 

90-06 

8,750' 

11,500 

10,000 

4,980 

4,360 

4,230 

4,060 

3,580 

7,996 

7,880 

6,670 

5,680 

4,955 

4,560 

%easured a f t e r  t en  c y c l e s  
on l e g  2 of t h e  s t r a i n  r o s e t t e .  

bThe i n i t i a l  s t r a i n  range 
f o r  T-4 was  14,350 p in . / i n .  I n i -  
t i a l  s t r a i n  ranges were not re- 
corded f o r  t he  o the r  tees. 
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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  examinat ions 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  ac- 

ceptance.  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 las t ic  response.  The second was more s u b j e c t i v e ,  involv ing  v i s -  

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

was complete,  normalized p r i n c i p a l  stresses and stress i n t e n s i t i e s  (ac- 

cording t o  the  Code d e f i n i t i o n )  were computed, t a b u l a t e d ,  and p l o t t e d  i n  

t h r e e  d i f f e r e n t  g r a p h i c a l  forms f o r  f u r t h e r  a n a l y s i s  . Complete sets of 

t hese  d a t a  are g iven  i n  Appendixes V I ,  VII, and VIII. A summary of t h e  

maximum values  is given i n  t h i s  chapter .  

3.1 Reduction of Strain-Gage Data 

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

of d a t a  was performed us ing  t h e  computer program LINDA and subrou t ine  

NOSEY. This  i n i t i a l  r educ t ion  w a s  done t o  monitor t he  d a t a  a c q u i s i t i o n  

process  s o  t h a t  f a u l t y  s t r a i n  gages could be i d e n t i f i e d  and c o r r e c t e d  i f  

poss ib l e .  The d a t a  were re-reduced l a t e r ,  us ing  an updated ve r s ion  of 

NOSEY. The d i a g n o s t i c  procedure implemented by NOSEY is  summarized i n  

Sect .  3.1.1. A d e t a i l e d  d e s c r i p t i o n  of t he  program appears  i n  Ref. 10. 

The output  from t h e  NOSEY runs w e r e  p l o t t e d  on graphs of stress vs 

s t r a in -gage  l o c a t i o n .  These p l o t s  were then checked f o r  anomalous d a t a  

p o i n t s  and a d j u s t e d  i f  necessary.  This  f i n a l  adjustment  is  d i scussed  i n  

d e t a i l  i n  Sect .  3.1.2. 

3.1.1 Evalua t ion  of s t ra in-gage  d a t a  

The computer code NOSEY implements a d i a g n o s t i c  procedure f o r  iden- 

t i f y i n g  and s e p a r a t i n g  e r r o r s  i n  s t r a i n  measurement and load  a p p l i c a t i o n .  

The procedure depends on the  hypothes is  t h a t  t he  s t r a i n s  obta ined  from 

the  tests are p r o p o r t i o n a 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  are 

sub jec t ed  t o  t h r e e  s e p a r a t e  tests: the  l i n e a r i t y  tes t ,  the  v a r i a b i l i t y  

tes t ,  and the  load-adjustment test. 
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I n  t h e  l i n e a r i t y  t e s t ,  t he  n ine  d a t a  p o i n t s  acqui red  f o r  each gage 

under each loading  c o n d i t i o n  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 i m i n a t e s  d a t a  t h a t  devi- 

ate e x c e s s i v e l y  from l i n e a r  behavior ,  l eav ing  only  d a t a  l y i n g  w i t h i n  a 

s p e c i f i e d  t o l e r a n c e  band. Because t h e  procedure depends only on the  as- 

sumption 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  test  

must be due t o  e i t h e r  an e r r o r  i n  t h e  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 va lue  of t he  app l i ed  loads ,  

The width of t h e  t o l e r a n c e  band is  d i c t a t e d  by t h e  accuracy r e q u i r e d ,  

but i t  is  a l s o  l i m i t e d  by t h e  r e s o l u t i o n  of t h e  s t r a i n  d a t a  a c q u i s i t i o n  

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

of the  maximum s t r a i n  a t  a g iven  gage - w a s  used as t h e  t o l e r a n c e  l i m i t .  

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

computer ou tput  wi th  an a s t e r i s k ,  and a double a s t e r i s k  was used t o  ind i -  

cate complete f a i l u r e  of t he  gage. 

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 

i n  t h e  s t r u c t u r e .  This  is  done by normal iz ing  t h e  d a t a  from each gage 

t o  t h e  maximum load  and s t r a i n  recorded f o r  t h a t  gage. A f t e r  normaliz- 

i n g ,  a l l  t h e  d a t a  f o r  a g iven  load ing  vary between a minimum of 0 and a 

maximum of 1.0. I n  t h e  i d e a l  case, t h e  normalized d a t a  p o i n t s  w i l l  a l l  

l i e  on t h e  l i n e  pas s ing  through t h e  o r i g i n  and t h e  p o i n t  (1, 1). I f  

t h e r e  is  a l a r g e  amount of scat ter  i n  t h e  d a t a  f o r  a g iven  load  case but 

t h e  mean va lues  of t h e  d a t a  l i e  on t h e  i d e a l  response  l i n e ,  then  t h e  

v a r i a t i o n s  are due t o  i n a c c u r a c i e s  i n  t h e  s t r a i n  d a t a  a c q u i s i t i o n  ( i . e . ,  

s t r a i n  gages,  w i r ing ,  and/or  d a t a  a c q u i s i t i o n  system). I f ,  however, 

t h e r e  is  l i t t l e  v a r i a t i o n  i n  t h e  va lues  of t h e  normalized s t r a i n ,  bu t  

t h e  mean f o r  a g iven  load  case is  no t  on t h e  i d e a l  response  l i n e ,  t hen  

an e r r o r  i n  t h e  recorded load ing  is i n d i c a t e d .  

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

i z e d  s t r a i n s  and uses  t h e s e  d a t a  t o  mathematically a d j u s t  t h e  va lue  of 

t he  app l i ed  loads .  I f  t h e  ad jus tments  are l a r g e ,  a l l  t h r e e  of the  tests 

are performed aga in  us ing  the  new estimates f o r  t h e  loads .  

Computer program L I N D A , l 0  which uses  NOSEY as a s u b r o u t i n e ,  was 

used t o  reduce the  s t r a i n  d a t a  t o  c a l c u l a t e d  stresses i n  both l o c a l  and 
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p r i n c i p a l  coord ina te s .  A complete t a b u l a t i o n  of t hese  d a t a  is  presented  

i n  Appendix V I .  There i s  a s e p a r a t e  t a b l e  f o r  each load  c o n d i t i o n  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 

p r i n c i p a l  s u r f a c e  stresses, shea r  stresses, stresses along and normal t o  

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

t he  Q l i n e  or  t h e  c r o t c h  l i n e  (depending on t h e  o r i e n t a t i o n  of gage 2 )  

t o  the  maximum p r i n c i p a l  stress. The va lue  of t he  load f o r  which LINDA 

computes and p r i n t s  t he  s t r a i n s  and stresses is  c o n t r o l l e d  by the  use r .  

I n  the  t a b u l a t i o n s  of Appendix V I ,  t he  i n d i c a t e d  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 t he  p ip ing .  The nominal f o r c e  

loads  i n  the  t r a n s v e r s e  d i r e c t i o n s  are equal  t o  the  va lue  t h a t  w i l l  pro- 

duce a bending stress of 1000 p s i  f o r  t he  nominal dimensions. S p e c i f i -  

c a l l y ,  t he  nominal stresses are def ined  by the  fo l lowing  r e l a t i o n s  f o r  

t h e  d i f f e r e n t  loadings  : 

= 1000 p s i ,  

= p Do/21r ( i n t e r n a l  p r e s s u r e ) ,  

= M Do/21r (moment on r u n ) ,  

= M do/21b (moment on branch) ,  

= FLr Do/21r ( t r a n s v e r s e  f o r c e  on r u n ) ,  

= FL,, do/21b ( t r a n s v e r s e  f o r c e  on branch) ,  

= F/A, ( a x i a l  f o r c e  on run ) ,  

= F/Ab ( a x i a l  f o r c e  on branch) .  

‘nom 

The nominal va lues  f o r  t he  geometr ic  parameters  D , T T I I  

L r ,  Lb, Ar ,  and A 
f u l l - o u t l e t  tees T-4, T-6, and T-7, t he  branch p ipe  and t h e  run p ipes  

have t h e  same nominal dimensions,  and thus  the  va lues  f o r  t he  nominal 

stresses are independent of whether t he  moment loadings  were app l i ed  on 

the  branch o r  run. However, f o r  t he  reducing-out le t  tees T-8 and T-15, 

t h e  nominal dimensions of t he  branch and run are d i f f e r e n t .  For t h e s e ,  

t he  nominal stresses were c a l c u l a t e d  us ing  the  dimensional  p r o p e r t i e s  of 

t h e  p ipe  on which the  loading  w a s  appl ied .  For i n t e r n a l  p r e s s u r e ,  t he  

o do’ r ’  b ’  r ’  b’  
were given ear l ier  i n  Tables  2.2 and 2 . 3 .  For t h e  b 
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. 
s e c t i o n  p r o p e r t i e s  of t he  run p ipe  were used f o r  a l l  t h e  tees. An elas- 

t i c  modulus of E = 30 x l o 6  p s i  and Poisson ' s  r a t i o  of v = 0.3 were used 

i n  these  c a l c u l a t i o n s  ( L e . ,  those  given i n  Appendix V I ) .  

Note t h a t  i f  a moment couple  is app l i ed  i n  bending and then i n  to r -  

s i o n  t o  a c i r c u l a r  beam, classical  beam theory  p r e d i c t s  t h a t  t he  maximum 

normal stress i n  the  bending case w i l l  be twice the  maximum shea r  stress 

i n  the  t o r s i o n  case. However, f o r  ASME Code-related work, t h i s  s tudy  is  

concerned wi th  stress i n t e n s i t y ,  which i s  def ined  as the  abso lu te  v a l u e  

of t he  l a r g e s t  p r i n c i p a l  stress d i f f e r e n c e  o r  twice the  maximum shea r  

stress a t  a po in t .  Therefore ,  a g iven  couple  w i l l  produce the  same 

stress i n t e n s i t y  r e g a r d l e s s  of whether i t  is app l i ed  i n  bending or  i n  

t o r s  i o n  . 
There are two advantages t o  t h i s  normalizing scheme. F i r s t ,  it 

provides  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 i d e n t i c a l  loads on d i f f e r e n t  

tees. Second, by scanning t h e  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 i n d i c e s ,  and comparing these  va lues  would be a f i r s t  

s t e p  toward the  development of gene ra l i zed  i n d i c e s  f o r  use  i n  des ign  

codes and s tandards .  

3.1.2 F i n a l  screening: and r educ t ion  

The d a t a  r educ t ion  performed by NOSEY i s  geared t o  e s t a b l i s h i n g  a 

cons t an 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  obta ined  from any one of t he  gages do not  pass  a l l  

t he  tests of NOSEY, the  confidence i n  the  va lue  of t he  r a t i o  f o r  t h a t  

gage is diminished.  Therefore ,  t he  d a t a  were sub jec t ed  t o  a f i n a l  

s c reen ing  i n  which the  response of each r o s e t t e  whose d a t a  had been pa r -  

t i a l l y  r e j e c t e d  by the  l i n e a r i t y  tes t  was compared by the  a n a l y s t  with 

the  responses  of ad jacen t  r o s e t t e s .  This  was done by s tudying  computer 

graphs of t he  maximum and minimum p r i n c i p a l  stresses p l o t t e d  as a func- 

t i o n  of gage l o c a t i o n .  I f  an excess ive ly  s t e e p  stress g r a d i e n t  occurred 

a t  a gage whose d a t a  had been p a r t i a l l y  r e j e c t e d ,  t he  p l o t  was compared 

wi th  o t h e r  cases f o r  which similar stress s o l u t i o n s  could be expected. 
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The ques t ionab le  d a t a  p o i n t s  were then ad jus t ed  as necessary .  These 

comparisons were based on c e r t a i n  s imi la r i t i es  i n  load ing  and on symme- 

tr ies i n  t h e  test s e t u p  t h a t  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 e n d s  of 

t h e  stress p l o t s  f o r  i d e n t i f i c a t i o n  of ques t ionab le  d a t a  p o i n t s .  These 

comparison tests are d iscussed  more f u l l y  i n  the  fo l lowing  paragraphs.  

I n  t h i s  test  series, the  t r a n s v e r s e  f o r c e s  were app l i ed  near  t h e  

ends of the  branch and the  run p ipe  a t  d i s t a n c e s  ranging from 76.1875 t o  

78.375 i n .  from t h e  c e n t e r  of t h e  tee (Table  2.3). I f  one conserva- 

t i v e l y  assumes t h a t  t he  maximum nominal shea r  stress is equa l  t o  twice 

t h e  app l i ed  s h e a r  f o r c e  d iv ided  by t h e  c ros s - sec t iona l  area, then  t h e  

r a t i o  of t he  maximum bending stress t o  the  maximum shea r  stress w i l l  

range from about 13.0 on the  T-8 and T-15 run p ipes  t o  about 25.4 on t h e  

branches f o r  t he  same models. 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 i g h e s t  shea r  stress s o l u t i o n  f o r  a beam w i t h  

a c i r c u l a r  c ros s  s e c t i o n .  Also,  i f  t he  usua l  assumptions of beam theory  

are imposed, t he  va lue  of t he  shea r  stress w i l l  be ze ro  a t  the  po in t  of 

maximum bending stress. Therefore ,  t he  stress s o l u t i o n s  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 w i l l  be due e n t i r e l y  t o  bending. The same holds  f o r  F2Z and M 2 Y ,  

F3X and -M3Z, and F3Z and M3X. 

The models are e s s e n t i a l l y  symmetric about t he  p lane  formed by the  

i n t e r s e c t i o n  of t h e  axes of t he  run and t h e  branch ( t h e  l o n g i t u d i n a l  

p l ane )  . There i s  a l s o  geometr ic  symmetry about t he  plane pe rpend icu la r  

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

cause t h e  0" end of t he  run w a s  f i x e d  whi le  t h e  180" end w a s  f r e e ,  t h e  

boundary cond i t ions  are not  symmetric about t h i s  p lane .  However, t h e s e  

ends are s u f f i c i e n t l y  removed from the  tee t h a t  t he  c o n s t r a i n t  e f f e c t s  

can be expected t o  be n e g l i g i b l e  i n  the  reg ion  of t he  tee. The re fo re ,  

t h e  e las t ic  response of each model t o  i n t e r n a l  p re s su re  and t o  loads  ap- 

p l i e d  a t  the  f r e e  end of t he  run should be similar f o r  t he  two opposing 

quadrants  on which the  s t r a i n  gages are placed.  Loadings on t h e  branch, 

however, cannot be expected t o  g ive  s imilar  responses  i n  the  opposing 

quadrants  because t h e r e  w a s  no r e a c t i o n  f o r c e  a t  the  f r e e  end, and the  

symmetry cond i t ions  thus  break down. 



41 

Because the  nominal dimensions of T-4 and T-6 are t h e  same and 

those  of T-8 and T-15 are a l s o  the  same (Table  2.2), similar e las t ic  re- 

sponses should be a n t i c i p a t e d  f o r  each p a i r .  This  expected s i m i l a r i t y  

w a s  t he  t h i r d  and f i n a l  b a s i s  f o r  comparison. It was not  used exten- 

s i v e l y ,  however, because d i f f e r e n c e s  i n  stress p l o t s  were i n  some cases 

due t o  real  d i f f e r e n c e s  i n  the  shape of t he  tees, r e s u l t i n g  from d i f f e r -  

e n t  manufacturing techniques r a t h e r  than from i r r e g u l a r i t i e s  i n  the  

t e s t i n g  equipment o r  procedure.  

The r e s u l t s  of t he  f i n a l  s t ra in-gage  d a t a  screening  are shown i n  

Appendix V I I ,  Table  V I I . 1 .  A t o t a l  of 143 stress va lues  were a d j u s t e d ,  

o r  about 1% of the  14,365 s o l u t i o n s  t h a t  were obtained.  Of the  stresses 

t h a t  were a d j u s t e d ,  116 (81%) were f o r  t he  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. A t  t he  time t h a t  t he  adjustments  were made, however, no graphs 

were a v a i l a b l e  f o r  t he  M3X load ing  on T-6, and these  va lues  were ad- 

j u s t e d  by scanning t h e  t abu la t ed  va lues  i n  t h e  computer ou tput .  The 

-M3Y load ing  on T-4 had so  many ques t ionab le  d a t a  po in t s  t h a t  no b a s i s  

could be found f o r  making ad jus tments ,  and the  curves were simply l e f t  

a lone  . 
S p e c i a l  mention is  r equ i r ed  f o r  two of t he  ad jus t ed  s t ra in-gage  re- 

s u l t s  - f o r  t he  i n t e r n a l  p re s su re  loading  on T-7 and f o r  t he  out-of- 

p lane  bending on the  branch (-M3X) of T-4. They are t h e  only two cases 

i n  which the  max<mum values  anywhere on the  tee were ad jus t ed .  The V a l -  

ues shown i n  Table  3.1 were a b s t r a c t e d  from Table  V I I . 1  of Appendix V I I .  

For T-7 under i n t e r n a l  p re s su re ,  t he  tes t  d a t a  (NOSEY) i n d i c a t e d  

t h a t  t he  l a r g e s t  maximum p r i n c i p a l  stress (35.33 p s i / p s i  p r e s s u r e )  oc- 

cur red  on t h e  i n s i d e  s u r f a c e  i n  t h e  l o n g i t u d i n a l  plane near  t he  c ro t ch  

l i n e  - a t  s t r a i n  r o s e t t e  0-17. Although the  p o s s i b i l i t y  t h a t  t he  d a t a  

were good w a s  not  ru l ed  out ,*  both t h e  maximum and minimum p r i n c i p a l  

Y 

*Several  p o s s i b l e  reasons f o r  t he  anomalous behavior were pos tu- 
l a t e d ,  such as the  p o s s i b i l i t y  of a s u r f a c e  f law i n  the  tee or  an a i r  
bubble under the  gage; however, because t h i s  p a r t i c u l a r  gage gave con- 
s i s t e n t  r e s u l t s  f o r  t he  o t h e r  loadings  and because t h e  gage was on t h e  
i n s i d e  s u r f a c e  where i t  could not  be examined u n t i l  a f t e r  t he  f a t i g u e  
test was completed, i t  cannot be p o s i t i v e l y  determined t h a t  t he  d a t a  
were inaccura t e .  
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Table 3.1. Adjustments i n  maximum 
stress va lues  f o r  T-4 and T-7 

~~ 

Normalizeda p r i n c i p a l  stresses 
h i )  

R o s e t t e  
No . NOSEY Adjusted va lues  

Maximum Minimum Maximum Minimum 

Tee Load 

T-7 P 0-17 35.33 8.39 17 .O 4.0 

0-16 24.63 -4 .81  20.5 3.5 

T-4 (-M3X) 67-5 0.485 0.087 0.44 0.14 

"For t h i s  comparison, t h e  stresses are normalized t o  t h e  l o a d s ,  
P,,, = 1000 p s i  and M3Xno, = 1000 f t - l b .  

stresses were a d j u s t e d  a f t e r  comparing them wi th  d a t a  from t h e  o p p o s i t e  

quadrant (180" (p l i n e ) .  The maximum normalized stress i n t e n s i t y  on t h e  

180" $ l i n e  was 18.10. F u r t h e r  j u s t i f i c a t i o n  f o r  t h e  ad jus tments  is 

based on a comparison wi th  d a t a  from t h e  p h o t o e l a s t i c  model s t u d i e s  of 

T-7 under i n t e r n a l  p r e s s u r e  ( s e e  Ref. 15).  The p h o t o e l a s t i c  s t u d i e s  

i n d i c a t e d  t h a t  t h e  maximum stresses occurred  a t  t h e  same l o c a t i o n s  ( i . e . ,  

i n  the  l o n g i t u d i n a l  p l ane )  but had a m a x i m u m  normalized va lue  of 14.0. 

Thus, both t h e  d a t a  from t h e  oppos i t e  quadrant of t h e  steel  model and 

the  d a t a  from t h e  p h o t o e l a s t i c  model i n d i c a t e  t h a t  t h e  a d j u s t e d  maximum 

va lue  f o r  T-7 ( i . e . ,  20.5) i s  reasonable  and conse rva t ive .  

The r e l a t i v e l y  small ad jus tments  i n  t h e  p r i n c i p a l  stress v a l u e s  

shown f o r  t h e  -M3X load ing  on T-4 were based on a comparison wi th  re- 

s u l t s  from t h e  F3Z (out-of-plane t r a n s v e r s e  f o r c e )  loading .  These ad- 

j u s tmen t s  were cons idered  necessary  because of t h e  erratic behavior of 

gage 2 i n  r o s e t t e  67-5. 

3.2 P r e s e n t a t i o n  and Discuss ion  of Strain-Gage Data 

The s t r a in -gage  d a t a  are p resen ted  i n  Appendixes VI-111 f o r  two 

d i f f e r e n t  s t a g e s  of r educ t ion .  The va lues  t a b u l a t e d  i n  Appendix V I ,  

which are from t h e  LINDA ou tpu t ,  were a l l  c a l c u l a t e d  us ing  a modulus of 
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. 

. 

e l a s t i c i t y  of E = 30 x l o 6  and Po i s son ' s  r a t i o  of v = 0.3. 

t h a t  t he  d a t a  have not  been screened by the  procedure descr ibed  i n  Sect .  

3.1.2. 

of the  d a t a  a f t e r  t he  f i n a l  adjustments  were made. A l l  t h e  d a t a  i n  

these  appendixes are normalized t o  1000-psi nominal stress, as d i scussed  

i n  Sect. 3.1.1. 

Note a l s o  

Appendixes V I 1  and VI11 con ta in  computer p l o t s  and t a b u l a t i o n s  

During the  course of t h i s  test  series, the  d a t a  r educ t ion  subrou- 

t i n e  NOSEY w a s  updated s e v e r a l  times, and the  d a t a  presented  i n  Appen- 

d ixes  VI-VIII r e p r e s e n t  t he  output  from s e v e r a l  d i f f e r e n t  r e v i s i o n s  . 
Therefore ,  t h e r e  are some minor i n c o n s i s t e n c i e s  i n  the  d a t a  t h a t  are 

p r i m a r i l y  caused by 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  i n  the  development of t h e  program. 

The d a t a  g iven  i n  Appendixes VI1 and V I 1 1  have been checked and ad- 

j u s t e d .  The p r e s e n t a t i o n  inc ludes  a summary of t h e  ad jus tments ,  t abula-  

t i o n s  of stress i n t e n s i t i e s ,  contour  p l o t s  of stress i n t e n s i t i e s ,  p l o t s  

of stress i n t e n s i t y  vs p ro jec t ed  gage l i n e  d i s t a n c e ,  and maximum stress 

i n t e n s i t y  vs angular  displacement of t he  gage l i n e .  The ad jus t ed  d a t a  

po in t s  have been f lagged  i n  both t h e  t a b u l a t i o n s  and the  p l o t s ,  wi th  t h e  

except ion  of t he  contour  p l o t s .  Because Appendixes I-IX are on micro- 

f i c h e  and thus  may be somewhat less a c c e s s i b l e  than f u l l - s i z e  p r i n t e d  

material, a r e p r e s e n t a t i v e  sampling of t he  d a t a  from Appendixes V I 1  and 

VI11 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  i n  Sec t .  3 . 3 .  For 

t h e  pressure- loading  case, t h i s  s tudy  has included t a b u l a t i o n s  of t he  

normalized stresses and s t r a i n s ,  and gage-l ine,  c i r c u m f e r e n t i a l - l i n e ,  

and contour  p l o t s  of t he  normalized stress i n t e n s i t y  f o r  the  quadrant  of 

t h e  tee i n  which the  maximum value  occurred.  

I n  gene ra l ,  t h e  d a t a  given i n  the  appendixes show c l e a r l y  t h a t  t he  

stress d i s t r i b u t i o n s  over t he  body of t he  tees f o r  a22 t he  loadings  were 

smooth, t h a t  is, without  s t e e p  g r a d i e n t s  o r  sharp  d i s c o n t i n u i t i e s .  I n  

a d d i t i o n ,  t he  gage-l ine p l o t s  (Appendix VII1.2) show t h a t  t h e  maximum 

values  always occurred e i t h e r  a t  o r  very near  s t ra in-gage  loca t ions .  

This  r e i n f o r c e s  the  conclus ion  from t h e  b r i t t l e  l acque r  tests t h a t  t h e  

s t ra in-gage  coverage w a s  adequate  f o r  every model . 
A quick  scan  of t he  s t r e s s - i n t e n s i t y  t a b u l a t i o n s  of Appendix VI11 

shows t h a t  f o r  i n t e r n a l  p re s su re  ( see  f u l l - s i z e  r e p r e s e n t a t i v e  samples 
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i n  Sect. 3.3),  t he  maximum stress f o r  a l l  f i v e  tees occurred on t h e  in-  

s i d e  s u r f a c e  n e a r ,  but no t  n e c e s s a r i l y  i n ,  t he  l o n g i t u d i n a l  plane.  For 

bending-moment and t ransverse-f  o rce  loadings  on the  branch, t h e  maximum 

stresses occurred on the  o u t s i d e  s u r f a c e  a t  va r ious  angu la r  l o c a t i o n s  

around the  branch. Such g e n e r a l i z a t i o n s ,  however, cannot be made f o r  

t he  o t h e r  loading  cases . 
The h ighes t  normalized maximum stress i n t e n s i t i e s  r e s u l t e d  from 

a x i a l  loads  on the  branch. Although nuc lea r  p ip ing  systems are designed 

s o  t h a t  tees should not be sub jec t ed  t o  l a r g e  axial  loads ,  t h e  rela- 

t i v e l y  h igh  stresses measured i n  these  experiments  sugges t  t h a t  a x i a l  

l o a d s ,  as w e l l  as p res su re  and moment loads ,  should be cons idered  i n  de- 

s ign .  

Table 3.2 g ives  a summary of the  l o c a t i o n s  (by gage number) and 

magnitudes of t h e  maximum stress i n t e n s i t i e s  f o r  each of t he  13 load ings  

on each of t he  5 tees. The t a b l e  is  arranged so t h a t  r e s u l t s  from the  

bending-moment and corresponding t r ansve r se - fo rce  loadings  (e.g. ,  M3Z 

and F3X) can be e a s i l y  compared, and the  maximum stresses f o r  each p a i r  

can be v e r i f i e d  as approximately equal  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  between stress i n t e n s i t i e s  i n  such a p a i r  was f o r  t h e  in-  

p lane  bending app l i ed  t o  the  run of T-7. I n  t h i s  case, the  two maximum 

stress i n t e n s i t i e s  d i f f e r e d  by about 35% and d id  not  occur a t  t he  same 

l o c a t i o n .  Of the  remaining 19 p a i r s  of bending and shea r ing  loads ,  a l l  

gave maximum stresses wi th in  15% of each o t h e r ,  and 16 gave maximum 

stresses w i t h i n  10% of each o the r .  

The above d i f f e r e n c e s  are due t o  a t  least  th ree  f a c t o r s .  F i r s t ,  

even though the  e f f e c t  of shea r  i s  s m a l l ,  i t  i s  no t  n e g l i g i b l e  and an  

in f luence  of a few percent  may be expected.  Second, t he  nominal bending 

stress f o r  t h e  app l i ed  t r a n s v e r s e  f o r c e  was c a l c u l a t e d  us ing  a moment 

arm equal  i n  l e n g t h  t o  the  d i s t a n c e  from the  i n t e r s e c t i o n  of t h e  p ipe  

and run axes t o  the  po in t  of load a p p l i c a t i o n .  This  w i l l  i n t r o d u c e  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 .  

Thi rd ,  e r r o r s  may be caused by f a u l t y  d a t a  t h a t  surv ived  a l l  t h e  screen-  

i n g  procedures .  

Because the  maximum stress i n t e n s i t i e s  g iven  i n  Table 3 .2  are normal- 

i zed  i n  t h e  same fash ion  as the  stress i n d i c e s  g iven  i n  Table  NB-3681(a)-l 

. 

. 
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Table 3.2. Locat ion and value of maximum normalized stress i n t e n s i t i e s  

I n t e r n a l  - Brancha 

p r e s  s u r e  

P 
In-plane In-plane Out-of-plane Out-of-plane Axial 
moment, load,  s h e a r ,  moment , s h e a r ,  Torsion,  f o r c e  , 

F3Y M3Y M3 Z F3X M3X F3Z 

Gage 0-1 5 0-6 
T-4 ,Id 4.417 2.250 
T-6 Gage 202-16 67-16 

S I  3.310 2.268 
T-7 Gage 0-16 0-8 

S I  4.425 2.189 
T-8 Gage 11-1 1' 202-7 

SI 2.700 1.206 
T-15 Gage 180-18 202-8 

S I  3.654 1.610 

0-6 
2.191 
67-16 
2.095 
0-2 
2.444 
202-7 
1.158 
0-8 
1.547 

67-5 
2.732 
56-1' 
2.709 
56-1' 
2.002 
90-7 
2.241 
270-7 
2.307 

67-5 
2.762 
56- 1 ' 
2.640 
56- 1 ' 
1.882 
90-7 
1.961 
270-7 
2.178 

56-1 ' 
2.738 
56-1' 
2.662 
56-1' 
1.730 
180-10 
1.165 
0-10 
1.110 

0-6 
7.513 
22-9 
6.276 
0-8 
5.063 
22-6 
5.917 

7.607 
ll-1C 

Run' 

Axial  
f o r c e  , 

F2X 

Torsion,  
M 2  X 

In-plane In-plane Out-of-plane Out-of-plane 
moment, s h e a r ,  moment, s h e a r ,  

M2 Z F2Y M2Y F2Z 

T-4 Gageb 270-14 90-14 
S I d  2.013 2.146 

T-6 Gage 270-15 90-15 
S I  2.250 2.424 

S I  1.425 1.920 
T-8 Gage 90-17 90-17 

S I  2.006 1.991 
T-15 Gage 270-17 90-18 

S I  1.893 1.927 

T-7 Gage 202-1 22-2 

90-14 
1.231 
90-14 
1.216 
225-1 
1.450 
225-1 
1.369 
45-1 
1.367 

90-14 
1.288 
90-14 
1.087 
45-1 
1.486 
45-1 
1.377 
45-1 
1.485 

247-5 
2.322 
45-18 
2.244 
180-1 
1.737 
236-1 1' 
1.824 
236-1 1' 
1.979 

90- 14 
4.031 
270-14 
3.841 
270-15 
2.569 
90-1 7 
2.377 
270-17 
2.265 

. 

aSee Fig.  2.8 f o r  load d i r e c t i o n  convention. 

bGage = l o c a t i o n  of gage where maximum stress i n t e n s i t y  occurred.  

'Cases where maximum stress i n t e n s i t y  occurred on the  c ro t ch  l i n e  r a t h e r  than on one of 

dSI = maximum normalized stress i n t e n s i t y .  
t h e  4 gage l i n e s .  

See Sect .  3.1.1 f o r  t he  normalizing con- 

vent  ion.  

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 h e  Code i n d i c e s  are in tended  t o  r ep resen t  maxi- 
mum 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 le  combination of load- 

ings .  Thus, f i r m  conclus ions  regard ing  the  adequacy of t he  Code i n d i c e s  

cannot be made u n t i l  t h e  exper imenta l  d a t a  are s tud ied  i n  the  proper  con- 

t e x t .  A s e p a r a t e  r e p o r t  on t h a t  s u b j e c t  is  being prepared.  

~ 

*Normalization is the  same except  f o r  use  of t h e  nominal s e c t i o n  
modulus r a t h e r  than  the approximate modulus used by the Code. 
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3.3 Represen ta t ive  Data f o r  P r e s s u r e  Loads 

For those  r e a d e r s  who may not have ready access t o  a mic ro f i che  

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 r a in -gage  d a t a  g iven  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 r e s s u r e  load ing  

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 i o n .  F igu res  3.1 and 3.2 are computer-generated contour p l o t s  of nor- 

malized stress i n t e n s i t i e s  f o r  t he  i n s i d e  and o u t s i d e  s u r f a c e s  of T-4. 

F igu re  3.1 shows t h e  0" t o  90" quadran t ,  whereas F ig .  3.2 shows t h e  180" 

t o  270" quadrant .  As may be seen ,  t he  maximum va lues  occurred  on t h e  

i n s i d e  su r f  ace on t h e  l o n g i t u d i n a l  plane.  The stress p a t t e r n s ,  however, 

are not e n t i r e l y  symmetrical because somewhat h ighe r  stresses occurred  i n  

t h e  0" t o  90" quadrant  than  i n  t h e  180" t o  270" quadrant .  S i m i l a r  contour 

p l o t s  f o r  t h e  o t h e r  tees and f o r  t he  o t h e r  l oad ing  c o n d i t i o n s  are given i n  

Appendix VIII. 

Figure  3.3 i s  a schemat ic  i l l u s t r a t i o n  of t h e  technique  used t o  de- 

velop t h e  gage-line p l o t s  shown i n  Fig.  3.4 f o r  T-6 and T-7 f o r  i n t e r n a l  

p r e s s u r e .  Complete sets of gage-line p l o t s  are a l s o  g iven  i n  Appendix 

V I I I .  These f i g u r e s  show the  normalized stress i n t e n s i t i e s  f o r  t h e  gage 

l i n e  ( i . e . ,  same 4 a n g l e )  i n  which t h e  maximum v a l u e  w a s  l o c a t e d ,  as a 

f u n c t i o n  of p r o j e c t e d  d i s t a n c e .  A s  shown i n  Fig.  3.4, t h e  maximum va lue  

f o r  both T-6 and T-7 w a s  on t h e  run s i d e  of t h e  c r o t c h .  The maximum 

v a l u e s  for T-15 w a s  a l s o  on the run s i d e ,  whereas for T-4 i t  w a s  on t h e  

branch s i d e  and f o r  T-8 it w a s  l oca t ed  on the  c ro t ch .  

F igu re  3.5 shows t h e  maximum stress index va lues  from each 4 l i n e  

of T-4 p l o t t e d  as a f u n c t i o n  of t h e  d i a m e t r a l  p lane  ang le  4 .  For a l l  

of t h e  tees except  T-6, t h e  a b s o l u t e  maximum was l o c a t e d  i n  t h e  longi -  

t u d i n a l  p lane  ( 4  = 0" ,  180") on the  i n s i d e  s u r f a c e .  For T-6, i t  w a s  

d i s p l a c e d  about 20" t o  t h e  s i d e .  

Numerical va lues  f o r  t h e  stress i n t e n s i t y  measured a t  each gage s i t e  

i n  each of t h e  two quadrants  f o r  both i n s i d e  and o u t s i d e  s u r f a c e s  are 

l i s t e d  i n  Tables 3.3-3.7. The d a t a  i n  t h e  t a b l e s  are ar ranged  i n  f o u r  

sets, one set f o r  each quadrant s u r f a c e ,  and the  maximum va lue  i n  each set 
i s  c i r c l e d .  The l a r g e s t  of t h e s e ,  a long  wi th  t h e  i d e n t i f y i n g  gage number, 

was g iven  earlier i n  Table 3 . 2 .  4 few o f  t he  va lues  g iven  
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ORNL-DWG 83-5796 ETD 

. 

. 

+ 

CONTOUR VALUES 
c1 0.0 
0 0.2S00E 00 
A 0.5oOoc 00 
+ 0.7S00E 00 
x 0.IOOOE 01 
e o . 1 2 ~ 0 ~  01 + 0.15ooc 01 
X 0.175OE 01 

CONTOUR VALUES 
a 0.0 
0 o.2soo€oo 
A 0 . s m  00 + 0.750M 00 
x 0. IWOE 01 
e 0.1250~ 01 + 0.1S00E 01 
x 0.l7SOE 01 
x 0.2000E 01 * 0.22soc 01 
M 0.2SOOE 01 
I 0.27SOE 01 
c1 0.3000E: 01 
0 0.3250E 01 
A 0.3500E 01 
+ 0.37SOE 01 
x O.lt000E 01 
e o.rr2s~ 01 

Fig.  3 . 1 .  
90" quadrant  of T-4. 

I n t e r n a l  p re s su re  stress index contour  p l o t  f o r  0" t o  
(a) Outside s u r f a c e  and ( b )  i n s i d e  su r face .  
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CONTOUR VRLUES 
a 0.0 
0 0.2soM 00 
A 0.500OE 00 
+ 0.7SOOE 00 
x 0.1000€ 01 

+ 0.1SOOE 01 
x 0.17SOE 0) 
x 0.2000E 01 

e 0.12~0~ 01 

CONTOUR VRLUES 
0 0.0 
0 0.2SOO€ 00 
1, o.sooo€ 00 
+ 0.7SOOC 00 
x O.lOOOE 01 

+ 0.15OOE 01 
x 0.17SOE 01 
x 0.2000E 01 * 0.2250C 01 
x 0.2SOOE 01 
M 0.27SOE 01 
CI 0.3000E 01 
0 0.32SOE: 01 

e 0 . 1 2 5 0 ~  01 

Fig .  3.2. I n t e r n a l  p r e s s u r e  stress index contour  p l o t  f o r  180" t o  
270" quadrant  of T-4. ( a )  Outs ide  s u r f a c e  and ( b )  i n s i d e  s u r f a c e .  

. 
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ORNL-DWG 83-5798 ETD 

DIAMETRAL PLANE 

P ROJ E CT I ON 

PROJECTION OF 
GAGE LINE ONTO 

DIAMETRAL PLANE 

PROJECTION OF GAGE 
LINE ONTO STRAIGHT 

\ LINE (X" )  

Fig. 3 . 3 .  Schematic i l l u s t r a t i o n  of technique used t o  develop 
gage-l ine p r o j e c t i o n  p l o t s .  

i n  Tables 3 . 3 3 . 7  have been a d j u s t e d ,  as d iscussed  i n  Sect .  3 . 1 ,  and 

are i d e n t i f i e d  by a s o l i d  t r i a n g l e  (A). 

t ies  f o r  a l l  t h e  gage si tes,  toge the r  with the  XYZ coord ina te  l o c a t i o n  

d a t a  given i n  Appendix 111, should provide va luab le  sets of exper imenta l  

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/or  photo- 

e l a s t i c  model s t u d i e s .  

Values f o r  t he  stress i n t e n s i -  
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ADJUSTED DATA POINT 

I' 
\i 

Fig .  3 . 4 .  
( i n t e r n a l  p r e s s u r e ) .  

Gage-line p r o j e c t i o n  p l o t s  f o r  (a) T-6 and ( b )  T-7 
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3.5. Maximum normalized stress intensities from each gage 
function of diametral angle for T-4 (internal pressure). 
90" quadrant and (b) 180" to 270" quadrant. 



Table 3.3. Normalized stress i n t e n s i t i e s  f o r  T-4 loaded wi th  i n t e r n a l  p r e s s u r e  

T-4.  P, normalized stress i n t e n s i t y  on o u t s i d e  s u r f a c e  T-4. P, normalized stress i n t e n s i t y  on i n s i d e  s u r f a c e  
load cor responds  t o  nominal stress i n t e n s i t y  of 1000 p s i  load  cor responds  t o  nominal stress i n t e n s i t y  of 1000 p s i  

PHI l i n e  Crotch l i n e  Gage PHI l i n e  Crotch  l i n e  
Gage 

90 Gage Index 67.5 45 22.5 0 67.5 90 Gage Index 0 22.5 45 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Gage 

0.346 0.488 

0.108 0.508 

0.147 0.547 

0.372 0.713 

0.612 0.926 

1.089 1.111 

0.782 1.047 

0.595 0.693 

0.618 0.599 

0.615 0.608 

0.937 

0.908 

0.935 

0.977 

0.912 

0.938 

0.902 

0.765 

0.652 

0.695 

1.105 

I .  342 

1.454 

1.420 

1.268 

1.254 

1.040 

1.004 

0.982 

0.929 

1.237 

(1x9 
1.596 

1.323 

1.329 

1.295 

1.208 

1.138 

1.172 

1.238 

0- 5 

11-1 

22-6 

33-1 

45-6 

56-1 

67-4 

78-1 

90- 1 

0.612 

1.073 

1.111 

0.897 

0.938 

1.133 

1.420 

1.595 

1.237 

0.0 

11 1.357 

12 1.588 

13 2.553 

14 3.272 

15 ( K O  
16 2.622 

17 2.182 

18 1.813 

19 1.607 

20 1.421 

1.171 

I .  261 

1.330 

1.407 

1.774 

2.128 

2.270 

I .  821 

1.612 

1.397 

0.559 0.548 0.391 

0.403 0.229 0.157 

0.580 0,220 0.164 

0.854 0.255 0.059 

1.305 0.405 0.130 

1.285 0.588 0.241 

1.693 0.693 0.311 

1.526 0.707 0.323A 

1.365 0.662 0.260 

1.199 0.747 0.413 

0-15 4.417 

11-11 2.361 

22-16 2.128 

33-11 2.117 

45-16 1.285 

56-11 0.600 

67-14 0.255 

78-11 0.172 

90-11 0.391 

0.0 

PHI l i n e  Crotch l i n e  Gage PHI  l i n e  Crotch l i n e  

Index 180 202.5 225 247.5 270 Gage 180 202.5 225 247.5 270 Gage Index 

1 0.284 

2 0.162 

3 0.279 

4 0.491 

5 0.617 

6 0.816 

7 0.695 

8 0.416 

9 0.371 

10 0.423 

0.501 

0.507 

0.491 

0.549 

0.726 

1.023 

0.959 

0.552 

0.381 

0.489 

0.854 

0.970 

0.975 

0.919 

0.886 

0.891 

0.853 

0.749 

0.594 

0.682 

1.184 1.191 

1.543 cE9 
1.595A 1.592 

1.428 1.292 

1.351 1.354 

1.325 1.385 

1.114 1.382 

1.007 1.260 

1.004 1.240 

1.033 1.226 

180-5 

191-1 

202-6 

213-1 

225-6 

236-1 

247-4 

258-1 

270- 1 

0.617 

1.169 

1.023 

0.869 

0.89 1 

I .  148 

1.428 

1.943 

1.191 

0.0 

11 1.245 1.103 

12 1.439 1.153 

13 1.809 1.346 

14 2.868 1.621 

15 (=$ 2.090 
16 3.234 2.507 

17 2.120 2.066 

18 1.779 1.772 

19 1.562 1.611 

20 1.396 1.429 

0.561 0.483 0.401 

0.351 0.284 0.148 

0.471 0.305 C.099 

0.964 0.269 0.073 

1.548 0.337 0.160 

1.521 0.488 0.258 

1.722 0.649 0.333 

1.510 0.701 0.307 

1.277 0.717 0.364 

1.177 0.735 0.476 

180-15 3.446 

191-11 2.326 

202-16 2.507 

213-11 2.017 

225-16 1.521 

236-11 0.586 

247-14 0.269 

258-11 0.227 

270-11 0.401 

0.0 

I 8 
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Table 3.4. Normalized stress i n t e n s i t i e s  f o r  T-6 loaded  w i t h  i n t e r n a l  p r e s s u r e  

~- ~ 

T-6. P, normalized stress i n t e n s i t y  on o u t s i d e  s u r f a c e  T-6. P,  normalized stress i n t e n s i t y  on i n s i d e  s u r f a c e  
l o a d  cor responds  t o  nominal stress i n t e n s i t y  of 1000 p s i  l oad  cor responds  t o  nominal stress i n t e n s i t y  of 1000 p s i  

Cro tch  l i n e  PHI l i n e  Crotch  l i n e  Gage PHI l i n e  Gage 
90 Gage Index 0 22.5 45 67.5 0 22.5 45 67.5 90 Gage Index 

1 0.615 0.461 0.992 1.249 1.196 

2 0.795 0.534 1.035A 1.574 1.535 

3 0.712 0.470 1.159 1.739 (?$ 
4 0.816 0.580 1.209 1.843 1.851 

5 0.786 0.531 1.139 1.809 1.526 

6 0.784 0.480 1.004 1.738 1.489 

7 0.696 0.545 0.984 1.586 1.476 

8 0.672 0.405 0.936 1.451 1.401 

9 0.601 0.425 0.773 1.175 1.356 

10 0.458 0.405 0.697 1.155 1.318 

0- 5 

11-1 

22-6 

33-1 

45-6 

56- 1 

67-4 

78-1 

90- 1 

0.786 11 1.467 

0.665 12 1.895 

0.480 13 1.946 

0.740 14 1.787 

1.004 15 1.767 

1.544 16 1.872 

1.843 17 1.933 

1.632 18 2.068 

1.196 19 2.194 

0.0 20 1.715 

1.433 0.448 0.471 0.604 0-15 1.767 

1.786 0.519 0.314 0.186 11-11 2.566 

2.097 1.009 0.204 0.159 22-16 3.155 

2.694 1.485 0.260 0.286 33-11 2.333 

2.928 1.359 0.248 0.086 45-16 1.279 

@=$ 1.279 0.306 0.260 56-11 0.366 

3.152 1.350 0.419 0.634 67-14 0.260 

2.776 1.715 0.487 0.311 78-11 0.198 

2.225 1.512 0.569 0.202 90-11 0.604 

1.678 1.244 0.607 0.246 0.0 

Crotch  l i n e  P H I  l i n e  Crotch  l i n e  Gage PHI l i n e  Gage 
Index 180 202.5 225 247.5 270 Gage Index 180 202.5 225 247.5 270 Gage 

1 0.686 0.640 

2 0.777 0.581 

3 0.707 0.579 

4 0.759 0.490 

5 0.794 0.519 

6 0.820 0.493 

7 0.744 0.497 

8 0.557 0.435 

9 0.558 0.333 

10 0.478 0.369 

1.102 

1.117 

1.243 

1.245 

1.168 

1.029 

0.981 

0.876 

0.744 

0.574 

1.223 1.197 

1.583 1.649 

1.709 1.887 

1.849 (GQ 
1.862 1.813 

1.807 1.733 

1.605 1.656 

1.498 1.550 

1.127 1.447 

1.121 1.384 

180-5 

191-1 

202-6 

213-1 

22 5- 6 

236-1 

247-4 

258-1 

270-1 

0.794 11 1.447 

0.622 12 1.781 

0.493 13 1.905 

0.725 14 1.778A 

1.029 15 1.618 

1.526 16 1.479 

1.849 17  1.554 

1.752 18 1.885 

1.197 19 2.028 

0.0 20 1.642 

1.377 

1.726 

2.047 

2.486 

2.938 

( 3 T 9  

3.051 

2.850 

2.256 

1.720 

0.826 0.560 

0.563 0.377A 

1.187 0.239 

1.550 0.347 

2.292 0.323A 

1.562 0.348 

1.564 0.488 

1.833 0.635 

1.661 0.835 

1.299 0.685 

0.184 

0.071 

0.258 

0.444 

0.267 

0.175 

0.406. 

0.247 

0.259 

0.221 

180-15 

191-11 

202- 16 

213-11 

225- 16 

236- 11 

247-14 

258-11 

270-1 1 

1.618 

3.306 

3.310 

2.319 

1.562 

0.595 

0.347 

0.171 

0.184 

0.0 

ul 
w 



Table  3.5. Normalized s t ress  i n t e n s i t i e s  f o r  T-7 loaded  wi th  i n t e r n a l  p r e s s u r e  

T-7. P ,  normal ized  stress i n t e n s i t y  on o u t s i d e  s u r f a c e  T-7. P ,  normalized stress i n t e n s i t y  on i n s i d e  s u r f a c e  
load  co r re sponds  t o  nominal stress i n t e n s i t y  of 1000 p s i  l oad  cor responds  t o  nominal stress i n t e n s i t y  of 1000 p s i  

Gage Gage 
PHI l i n e  Crotch  l i n e  PHI l i n e  Crotch  l i n e  

0 22.5 45 67.5 90 Gage Index  0 22.5 45 67.5 90 Gage Index 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Gage 

0.569 

0.543 

0.281 

0.267 

0.268 

0.230 

0.319 

0.444 

0.560 

0.366 

0.594 0.898 0.788 

0.556 0.740 0.894 

0.557 0.795 0.917 

0.601 0.812 1.209 

0.506 0.860 1.213 

0.500 0.893 6x9 
0.501 0.856 1.151 

0.541 0.772 1.010 

0.501 0.751 0.956 

0.529 0.629 0.746 

0.701 

1.020 

1.013 

1.243 

1.164 

1.199 

1.132 

1.076 

1.033 

1.073 

0- 5 

11-1 

22-6 

33-1 

45-6 

56-1 

67-4 

78-1 

90- 1 

0.268 11 

0.268 12 

0.500 13 

0.687 14 

0.893 15 

1.174 16 

1.209 17 

1.218 18 

0.701 19 

0.0 20 

P H I  l i n e  Crotch  l i n e  Gage 

180 202.5 225 247.5 270 Gage Index  

1.511 1.426 0.882 0.754 0.639 0-15 3.793 

1.129 1.478 0.892 0.443 0.279 11-11 2.978 

1.914 1.544A 0.883 0.437 0.257 22-16 2.280 

2.101 1.900 1.094 0.567 0.257A 33-11 1.883 

3.793 2.250 1.470 0.617A 0.371 45-16 1.559 

(4.425A) 2.280 1.559 0.672 0.538 56-11 1.070 

3.704A 2.249 1.531 0.874 0.668 67-14 0.567 

2.693 1.967 1.538 0.987 0.702 78-11 0.268 

1.974 1.777 1.475 1.001 0.812 90-11 0.639 

1.675 1.732 1.433 1.006 U.879 0.0 

PHI l i n e  Crotch  l i n e  

Index 180 202.5 225 247.5 270 Gage 

1 0.618 0.607 0.897 0.728 0.773 180-5 0.285 11 1.578 1.624 0.951 0.745 0.662 180-15 3.480 

2 0.413 0.579 0.753 0.967 0.821 191-1 0.380 12 1.787 1.467 0.911 0.479 0.192 191-11 2.964 

3 0.284 0.573 0.800 1.069 1.038 202-6 0.580 13 1.923 1.621 0.879 0.294 0.226 202-16 2.292 

4 0.269 0.573 0.790 1.194 1.268 213-1 0.723 14 2.109 1.952 1.072 0.566' 0.265 213-11 1.805 

5 0.285 0.505 0.939 [1.274) 1.241 225-6 0.947 15 3.480 2.511A 1.492 0.630 0.370A 225-16 1.532 

6 0.232 0.580 0.947 1.245 1.131 236-1 1.136 16 G x g  2.292 1.532 0.582 0.563 236-11 0.975 

7 0.377 0.639 0.907 1.103 1.080 247-4 1.194 17 2.953 2.131 1.506 0.823A 0.682 247-14 0.520 

8 0.498 0.591 0.828 0.963 1.033 258-1 1.254 18 2.306 1.907 1.516 0.994 0.765 258-11 0.327 

9 0.474 0.549 0.729 0.904 0.997 270-1 0.773 19 2.016 1.766 1.482A 1.015 0.789 270-11 0.662 

10 0.365 0.617 0.721 0.893 0.922 0.0 20 1.911 1.660 1.358 0.928 0.888 0.0 

8 I I I 
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Table 3.6. Normalized stress i n t e n s i t i e s  f o r  T-8 loaded  w i t h  i n t e r n a l  p r e s s u r e  

T-8. P ,  normalized stress i n t e n s i t y  on o u t s i d e  s u r f a c e  T-8. P ,  normalized stress i n t e n s i t y  on i n s i d e  s u r f a c e  
load  cor responds  t o  nominal stress i n t e n s i t y  of 1000 p s i  l oad  cor responds  t o  nominal stress i n t e n s i t y  of 1000 p s i  

PHI l i n e  Crotch  l i n e  Gage PHI l i n e  Crotch  l i n e  Gage 
0 22.5 45 67.5 90 Gage Index 0 22.5 45 67.5 90 Gage Index 

1 0.824 0.880 (E$ 0.745 0.631 0-7 0.744 11 0.985 1.125 0.783 0.524 0.554 0-17 2.257 

2 0.446 0.413 0.812 0.715 0.604 11-1 0.697 12 0.938 1.024 0.773 0.578 0.633 11-11 

3 0.380 0.442 0.536 0.723 0.640 22-6 0.680 13 0.886 0.981 0.717 0.548 0.529 22-16 2.043 

4 0.321 0.402 0.603 0.853 0.862 33-1 0.694 14 1.015 1.344 0.980 0.502 0.208 33-11 1.620 

5 0.379 0.753 0.793 0.793 0.848 45-6 0.639 15 1.321 2.115 1.452 0.679 0.235 45-16 1.293 

6 0.657 0.680 0.639 0.819 0.854 56-1 0.747 16 1.834 2.043 1.293 0.509 0.223 56-11 0.880 

7 0.744 0.570 0.559 0.722 0.835 67-6 0.819 17 2 .257  1.672 1.144 0.378 0.188 67-16 0.509 

8 0.648 0.468 0.633 0.778 0.720 78-1 0.851 18 1.978 1.273 0.999 0.558 0.276 78-11 0.268 

9 0.387 0.379 0.646 0.784 0.855 90-6 0.854 19 1.363 0.933 0.807 0.588 0.444 90-16 0.223 

10 0.409 0.460 0.539 0.756 0.788 0.0 20 1.398 1.211 0.764 0.739 0,587 0.0 

Crotch  l i n e  P H I  l i n e  Crotch  l i n e  Gage PHI  l i n e  Gage 

180 202.5 225 247.5 270 Gage Index 180 202.5 225 247.5 270 Gage Index 

1 0.988 0.888 c x g  0.677 0.691 

2 0.428 0.449 1.135 0.945 0.886 

3 0.376 0.446 0.745 0.858 0.780 

4 0.317 0.404 0.617 1.112 1.024 

5 0.398 0.881 0.847 0.881 0.943 

6 0.757 0.817 0.780 0.860 0.944 

7 0.764 0.717 0.633 0.789 0.953 

8 0.624 0.507 0.566 0.759 0.751 

9 0.442 0.462 0.544 0.789 0.930 

10 0.493 0.516 0.555 0.695 0.937 

180-7 

191-1 

20 2- 6 

213-1 

225-6 

236-1 

247-6 

258-1 

270-6 

0.764 11 1.119 1.178 0.758 

0.743 12 1.024 1.010 0.577 

0.817 13 0.937 0.977 0.550 

0.854 14 1.048 1.273 0.926 

0.780 15 1.342 2.040 1.627 

0.731 16 1.955 2.429 1.510 

0.860 1 7  @ F 3  1.816 1.243 

0.887 18 2.098 1.417 1.064 

0.944 19 1.248 1.054 0.855 

0.0 20 1.000 0.923 0.812 

0.537 0.611 

0.449 0.371 

0.374 0.437 

0.344 0.250A 

0.730 0.245 

0.577 0.237 

0.412 0.217 

0.522 0.301A 

0.568 0.398 

0.751 0.578 

~ ~~~ 

180-17 

191-11 

202- 16 

213-11 

225-16 

236-1 1 

247-16 

258-11 

270-16 

2.473 

2.374 

2.429 

1.771 

1.510 

1.064 

0.577 

0.388 

0.237 

0.0 



Table 3.7. Normalized stress i n t e n s i t i e s  f o r  T-15 loaded w i t h  i n t e r n a l  p r e s s u r e  

T-15. P, normalized stress i n t e n s i t y  on o u t s i d e  s u r f a c e  T-15. P ,  normalized stress i n t e n s i t y  on i n s i d e  s u r f a c e  
load  cor responds  t o  nominal stress i n t e n s i t y  of 1000 p s i  load cor responds  t o  nominal stress i n t e n s i t y  of 1000 p s i  

Crotch l i n e  PHI l i n e  Crotch l i n e  Gage PHI l i n e  
Gage 

90 Gage Index 0 22.5 45 67.5 90 Gage Index 0 22.5 45 67.5 

1 0.988 1.162 

2 0.740 0.802 

3 0.404 0.559 

4 0.191 0.435 

5 0.335 0.516 

6 0.952 1.159 

7 1.162 1.136 

8 1.149 0.877 

9 0.623 0.499 

10 0.538 0.599 

1.224 0.813 

0.897 0.476 

0.495 0.598 

0.652 1.032 

0.728 1.037 

0.993 1.001 

0.907 0.834 

0.801 0.739 

0.584 0.782 

0.573 0.750 

0.973 

0.572 

0.568 

0.913 

1.213 

1.214 

0.928 

0.970 

0.917 

0- 7 
11-1 

22-6 

33-1 

45-6 

56-1 

67-6 

78-1 

90-6 

1.162 11 

1.252 12 

1.159 13 

1.054 14 

0.993 15 

0.866 16 

1.001 17 

1.130 18 

1.213 19 

0.0 20 

1.273 

1.153 

1.172A 

1.196 

1.476 

2.111 

2.406 

( 2 X Q  

1.603 

0.979 

1.418 

1.095 

0.972 

0.995 

1.337 

1.822 

2.175 

2.047 

1.361 

0.820 

1.021 0.497 

0.866 0.771 

0.904 0.854 

0.621 0.488 

0.921 0.742 

1.475 0.778 

1.595 0.703 

1.428 0.656 

1.164 0.755 
# 

0.950 0.902 

0.627 0-17 

0.976 11-11 

1.103 22-16 

0.341 33-11 

0.373 45-16 

0.338 56-11 

0.290 67-16 

0.150 78-11 

0.388 90-16 

0.738 

2.406 

2.311 

1.822 

1.920 

1.475 

1.176 

0.778 

0.381 

0.338 

0.0 

Crotch  l i n e  PHI l i n e  Crotch l i n e  Gage PHI l i n e  Gage 
Index 180 202.5 225 247.5 270 Gage 180 202.5 225 247.5 270 Gage Index 

1 0.997 

2 0.702 

3 0.614 

4 0.316 

5 0.339 

6 0.912 

7 1.223 

8 1.198 

9 0.579 

10 0.477 

1.215 

0.839 

0.693 

0.344 

0.47 1 

1.197 

1.273 

0.993 

0.518 

0.539 

1.184 

1.111 

0.645 

0.650 

0.731 

1.000 

0.892 

0.703 

0.534 

0.576 

0.701 

0.774 

0.651 

1.070 

0.987 

0.891 

0.763 

0.757 

0.783 

0.737 

0.777 

1.019 

0.613 

1.004 

1.153 

1.183 

1.203 

0.903 

0.950 

0.903 

180-7 

191-1 

20 2- 6 

213-1 

225-6 

236-1 

24 7- 6 

258-1 

27 0-6 

1.223 11 1.440 

6x4) 12 1.253 
1.197 13 1.127 

1.000 14 1.136 

1.000 15 1.362 

0.806 16 3.013 

0.891 17 3.566A 

1.107 18 @39 
1.183 19 1.603 

0.0 20 1.187 

1.106 

1.073 

0.957 

0.987A 

1.407 

1.826 

2.102A 

1.794 

1.372 

1.001 

1.019A 

0.805 

0.677 

0.605 

0.852 

1.391 

1.644 

1.406 

1.086 

0.972 

0.571 0.522 

0.496 0.424 

0.702 0.964 

0.425 0.299 

0.598 0.215 

0.787 0.294 

1.073 0.317 

0.719 0.125 

0.731 0.445 

0.684 1.143 

180-17 2.202 

191-11 2.237 

202-16 1.826 

213-11 1.962 

225-16 1.391 

236-11 1.209 

247-16 0.787 

258-11 0.391 

270-16 0.294 

0.0 

I e 
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. 

There are i n t e r e s t i n g  a s p e c t s  of t he  contour p l o t s  and the  $-line 

and c i r c u m f e r e n t i a l - l i n e  p l o t s  t h a t  cannot be e a s i l y  seen by looking  a t  

t h e  t a b u l a t e d  da ta .  For example, t he  contour p l o t s  show t h a t  t he  e l a s t i c  

response  f o r  a l l  f i v e  tees w a s  e s s e n t i a l l y  symmetric about the  t r ans -  

v e r s e  (go", 270") p lane  f o r  i n t e r n a l - p r e s s u r e  loading .  The behavior of 

T-6 and T-8 w a s  more symmetric than t h a t  of T-4, T-7, o r  T-15, which, i n  

g e n e r a l ,  r e f l e c t s  a more uniformly symmetric geometry. None of t h e  

models, however, were p e r f e c t l y  symmetric, as w a s  evidenced by t h e  f a c t  

t h a t  t h e  maximum stress va lues  were not  symmetric. 

were reasonably  smooth f o r  a l l  t h e  tees, and t h e r e  is  a n o t a b l e  l a c k  of 

stress d i s c o n t i n u i t i e s  o r  i s o l a t e d  r eg ions  of extremely h igh  stresses, 

which tends  t o  confirm the  advantage of having a contoured o u t e r  s u r f a c e  

t h a t  i s  f r e e  of geometr ic  d i s c o n t i n u i t i e s .  

The stress g r a d i e n t s  

When one compares t h e  behavior of T-4 wi th  T-6 and T-8 wi th  T-15, 

which were nominally t h e  same s i z e  and material but made by d i f f e r e n t  

manufac turers ,  somewhat d i f f e r e n t  response c h a r a c t e r i s t i c s  are apparent  

from t h e  contour and l i n e  p l o t s .  These f i g u r e s  ( s e e  Appendix V I I I )  show 

t h a t  t he  maximum stresses from i n t e r n a l  p r e s s u r e  f o r  T-4 and T-15, made 

by manufacturer I, were l o c a t e d  i n  t h e  l o n g i t u d i n a l  (0" ,  180") p l ane  as 

one would i n t u i t i v e l y  expec t ,  whereas the  l o c a t i o n  of t he  maximum stresses 

f o r  T-6 and T-8, made by manufac turers  I11 and 11, r e s p e c t i v e l y ,  were lo-  

ca t ed  t o  t h e  s i d e  of t h e  l o n g i t u d i n a l  plane.  For tees T-6 and T-8, t h e  

l a r g e s t  stress i n t e n s i t i e s  i n  t h e  l o n g i t u d i n a l  p lane  were s u b s t a n t i a l l y  

less than t h e  maximum values .  Neve r the l e s s ,  both T-4 and T-15 had h ighe r  

maximum stress i n d i c e s  f o r  i n t e r n a l  p re s su re  than d id  T-6 and T-8 - 4.417 

vs  3.310 and 3.654 vs  2.700, r e s p e c t i v e l y .  

These maximum stress d i f f e r e n c e s  can be a t t r i b u t e d  t o  d i f f e r e n c e s  

i n  geomet r i ca l  d e t a i l s ,  because a l l  t h e  tees conformed t o  t h e  same over- 

a l l  dimensional requi rements  of ANSI B16.9. A v i s u a l  examination of t h e  

tees showed t h a t  T-4 had g e n e r a l l y  t h i c k e r  walls than T-6 (T-4 weighed 

21 l b  more than T-6); i t  a l s o  had more re inforcement  material on t h e  in-  

s i d e  i n  t h e  l o n g i t u d i n a l  p lane  a t  the  c r o t c h  and a s h o r t e r  t r a n s i t i o n  

r ad ius  on t h e  o u t s i d e  s u r f a c e .  The e x t e r n a l  s u r f a c e  t r a n s i t i o n  f o r  T-4 

was e s s e n t i a l l y  a c i r c u l a r  f i l l e t  w i th  a r a d i u s  of about 1.1 in . ,  whereas 

the  t r a n s i t i o n  r eg ion  f o r  T-6 extended e s s e n t i a l l y  from t h e  branch o u t l e t  
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t o  t h e  run o u t l e t  ( i . e . ,  from weld prep t o  weld prep)  i n  t h e  l o n g i t u d i n a l  

p l ane  and had a v a r i a b l e  r a d i u s  t h a t  ranged from a minimum of -2.3 t o  

-3.0 i n .  

The two s t a i n l e s s  steel  tees T-8 and T-15 were more n e a r l y  a l i k e  

than  t h e  carbon steel  tees T-4 and T-6. They weighed more n e a r l y  t h e  

same (155 and 143.5 l b ,  r e s p e c t i v e l y )  and had very l i t t l e  excess  r e in -  

f o r c i n g  material on t h e  i n s i d e  of t h e  c ro t ch .  The t r a n s i t i o n  r a d i u s  w a s  

somewhat l a r g e r  f o r  T-8 t han  f o r  T-15 (about 0.75 and Om65 i n . ,  respec- 

t i v e l y ) ,  and t h e  o v e r a l l  shape of T-8 was more symmetrical  and stream- 

l i n e d  than t h a t  of T-15, The d iameter  of T-15 appeared t o  have been 

made "ove r s i ze"  and then reduced a t  t h e  welding ends t o  meet t h e  B16.9 

s t a n d a r d  dimensional requirements.  

These l i m i t e d  comparisons tend t o  suppor t  t h e  conclus ion  t h a t  t h e  

r a d i u s  of t h e  t r a n s i t i o n  has a more impor tan t  i n f l u e n c e  on t h e  maximum 

stress i n t e n s i t y  than  does t h e  o v e r a l l  w a l l  t h i c k n e s s  o r  t h e  amount of 

r e i n f o r c i n g  material on t h e  i n s i d e  corner  of t h e  c ro t ch .  This  conclu- 

s i o n  is c o n s i s t e n t  w i th  r e s u l t s  from t h e o r e t i c a l  s t u d i e s  by Rodabaugh 

and Gwaltneyl6 and by Gwaltney and Corumll on t h e  e f f e c t s  of r e i n f o r c e -  

ment des ign  f o r  nozz le s  i n  s p h e r i c a l  p r e s s u r e  v e s s e l  heads. The i r  s tud-  

i e s  showed t h a t  re inforcement  material placed e n t i r e l y  on t h e  i n s i d e  sur -  

f a c e  has e s s e n t i a l l y  no i n f l u e n c e  i n  reducing t h e  maximum stresses and 

t h a t ,  t o  be most e f f e c t i v e ,  a t  least  ha l f  of t he  re inforcement  should be 

on t h e  o u t s i d e  su r face .  

The comparisons a l s o  seem t o  i n d i c a t e  t h a t  o v e r a l l  shape and model 

symmetry c o n t r i b u t e  t o  t h e  magnitude of t h e  maximum stress i n t e n s i t y .  

The summary of maximum normalized stress i n t e n s i t i e s  i n  Table 3 . 2  t ends  

t o  suppor t  t h e s e  conclus ions  f o r  most of t h e  f o r c e  and moment load ings  

as w e l l  as f o r  i n t e r n a l  p re s su re .  The excep t ions  are f o r  T-8 and T-15 

f o r c e  and moment load ings  on t h e  run where t h e  maximum va lues  are 

s l i g h t l y  h igher  f o r  T-8 than  f o r  T-15. 



59 

4. DISCUSSION OF FATIGUE TEST RESULTS 

A s  s t a t e d  i n  Sect. 2.3, f a t i g u e  f a i l u r e  f o r  each of t h e  tees w a s  

expected i n  about 7000 cyc le s  of moment loading  on t h e  branch, wi th  f a i l -  

u r e  being de f ined  as a l eak .  For t h e  f a t i g u e  test  of T-4, which w a s  t h e  

f i r s t  t o  be t e s t e d ,  t h e  f i r s t  dye-penetrant i n s p e c t i o n  was made a f t e r  

1500 cyc le s .  It was f e l t  t h a t  t h i s  would be e a r l y  enough t o  d e t e c t  c rack  

i n i t i a t i o n .  However, a number of s u r f a c e  c racks  had a l r e a d y  appeared i n  

t h e  v i c i n i t y  of gage 67-05 and a t  a symmetrical  l o c a t i o n  a t  about 41 = 

239 O .  Apparent ly ,  t hese  c racks  were i n i t i a t e d  s e v e r a l  hundred cyc le s  

be fo re  t h e  f i r s t  i n s p e c t i o n .  For t h i s  reason ,  t h e  i n s p e c t i o n s  were 

performed every 500 c y c l e s  on subsequent tests. 

A t  t h e  end of each test ,  t h e  p ipe  ex tens ions  were c u t  o f f ,  and t h e  

i n s i d e  su r f  aces were inspec ted  us ing  l i q u i d  dye p e n e t r a n t  , a f t e r  which 

the  tees were r e t u r n e d  t o  ORNL. 

Fa t igue  test  r e s u l t s  f o r  each of t h e  tees are d i scussed  ind iv id -  

u a l l y  i n  t h e  fo l lowing  paragraphs.  I n  Sect. 4.2, an a t tempt  i s  made t o  

e v a l u a t e  a l l  t h e  d a t a  and draw some gene ra l  conclus ions .  

4.1 Fa t igue  Crack I n i t i a t i o n  and F a i l u r e  

The dye-penetrant tests showed t h a t  f o r  every model except  T-6, 

c rack  i n i t i a t i o n  and e v e n t u a l  f a i l u r e  occurred  as expected i n  the  v i c i n -  

i t y  of t h e  most h igh ly  s t r e s s e d  region. For T-6, which f a i l e d  sooner 

than  any of t h e  o t h e r  tees, t h e  l o c a t i o n  and o r i e n t a t i o n  of t h e  f a i l u r e  

appeared t o  be somewhat anomalous. Cracks a l s o  appeared on t h e  o u t s i d e  

s u r f a c e  of every tee a t  va r ious  l o c a t i o n s  o t h e r  than the  f a i l u r e  p o i n t  

p r i o r  t o  e v e n t u a l  f a i l u r e .  No c racks  were found on t h e  i n s i d e  s u r f a c e s  

of T-7, T-8, and T-15 o t h e r  than t h e  f a i l u r e  c racks ,  whereas T-4 expe r i -  

enced some i n s i d e  s u r f a c e  c rack  i n i t i a t i o n .  

I n  Subsec t ions  4.1.1 t o  4.1.5, t h e  r e s u l t s  from each test  are d i s -  

cussed i n d i v i d u a l l y .  
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4.1.1 R e s u l t s  f o r  T-4 

Photographs of t h e  f a t i g u e  c racks  were taken a t  v a r i o u s  cyc le  in-  

t e r v a l s  u n t i l  f a i l u r e  occurred  a f t e r  2062 cyc le s .  The c rack  t h a t  f i r s t  

appeared a t  $I = 67" propagated along t h e  c r o t c h  l i n e  u n t i l  a l e a k  u l t i -  

mately occurred a t  6 = go" ,  as shown i n  F igs .  4 . 1 4 . 5 .  The i n t e r n a l  

p r e s s u r e  i n  t h e  tee was 1925 p s i g  a t  the  t i m e  of f a i l u r e ,  and a high- 

p r e s s u r e  stream of water w a s  expected. However, due t o  t h e  s i z e  of t h e  

f a i l u r e  c rack ,  t h e  flow of water was similar t o  the  flow from a f a u c e t  

under low p res su re .  

A f t e r  t he  tee had f a i l e d ,  t h e  p ipe  ex tens ions  were cu t  off and t h e  

i n s i d e  s u r f a c e  was inspec ted  wi th  a dye p e n e t r a n t .  Add i t iona l  f a t i g u e  

c racks  were found on t h e  i n s i d e  s u r f a c e  a t  0 = 45" and $I = 315" l y i n g  i n  

d i r e c t i o n s  normal t o  t h e  f a t i g u e  c racks  on t h e  o u t s i d e  s u r f a c e .  These 

c racks  may be seen  i n  Fig. 4.6 along wi th  t h e  f a t i g u e  c rack  t h a t  propa- 

ga ted  from the  o u t s i d e  s u r f a c e  and e v e n t u a l l y  r e s u l t e d  i n  t h e  leak .  (The 

c racks  were f i l l e d  wi th  a whi te  l acque r  t o  make them s t and  ou t  i n  t h e  

photograph.) The p r i n c i p a l  stress i n  the  v i c i n i t y  of t h e s e  c racks  was 

2.09 ks i /1000  l b f  as compared wi th  2.77 ks i /1000 l b f  a t  gage s i t e  67-05. 

4.1.2 R e s u l t s  f o r  T-6 

The area w i t h i n  22" on e i t h e r  s i d e  of t he  56" Q l i n e  w a s  g iven  a 

dye-penetrant i n s p e c t i o n  every 500 c y c l e s  t o  d e t e c t  c rack  i n i t i a t i o n .  

No c racks  were found dur ing  dye-penetrant i n s p e c t i o n s  a t  t h e  500- and 

1000-cycle i n t e r v a l s ;  however, a f t e r  1309 c y c l e s ,  a cons ide rab le  amount 

of water w a s  noted on t h e  f l o o r  near  T-6. I n v e s t i g a t i o n  r evea led  t h e  

e x i s t e n c e  of a l a r g e  c rack  about 1 f t  long between t h e  90" and 22" $I 

l i n e s ,  as shown i n  Fig. 4.7. I n t e r n a l  p r e s s u r e  w a s  l o s t ,  and most of 

t he  water i n  t h e  tee had dra ined  out .  The f a c i l i t y  was s h u t  down, and a 

complete i n s p e c t i o n  of the  o u t s i d e  s u r f a c e  w a s  made. 

The only o t h e r  c racks  on the  o u t s i d e  s u r f a c e  were a series of small 

c racks  between the  270" and 0" $I l i n e s  running p a r a l l e l  t o  t h e  d i r e c t i o n  

of p r i n c i p a l  stress, pe rpend icu la r  t o  the  expected d i r e c t i o n s  . On t h e  

i n s i d e  s u r f a c e ,  f a t i g u e  c racks ,  shown i n  F igs .  4.8 and 4.9, were l o c a t e d  

. 
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ORNL-PHOTO 6408-83 

. 

Fig. 4.2. Fa t igue  c racks  i n  T-4 a f t e r  1760 c y c l e s .  
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Fig. 4 . 3 .  F a t i g u e  cracks i n  T-4 af ter  1970 cycles. 
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ORNL-PHOTO 6410-83 

Fig. 4.4. Fa t igue  c racks  i n  T-4 after 2019 cyc le s .  c 



65 

ORNL-PHOTO 641 1-83 

Fig. 4.5. F a t i g u e  cracks i n  T-4 a f t e r  f a i l u r e  a t  2062 cycle S. 
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a t  about Q, = 335". Although t h e s e  c racks  had no t  propagated through t h e  

w a l l ,  they were of s u f f i c i e n t  l e n g t h  and o r i e n t a t i o n  t o  i n d i c a t e  t h e  po- 

t e n t i a l  f o r  e v e n t u a l  f a i l u r e  had the  tee no t  a l r e a d y  f a i l e d .  

A f t e r  T-6 w a s  r e tu rned  t o  ORNL, a r a t h e r  e x t e n s i v e  p o s t t e s t  exami- 

n a t i o n  w a s  conducted. The cracked areas were removed from t h e  tee w i t h  

a c u t t i n g  t o r c h ,  and t h e  f a i l u r e  c rack  s u r f a c e s  were exposed. F igu re  

4.10 shows an e l l i p t i c a l l y  shaped crack  t h a t  a p p a r e n t l y  i n i t i a t e d  a t  t h e  

o u t s i d e  s u r f a c e  of t he  tee and propagated inward a t  a r a p i d  rate caus ing  

in s t an taneous  s t r u c t u r a l  f a i l u r e .  The chevron p a t t e r n  on t h e  f r a c t u r e  

s u r f a c e  and t h e  absence of any s t r i a t i o n  morphology suppor t s  t he  conclu- 

s i o n  of f a s t  f r a c t u r e .  An e x t e n s i v e  v i s u a l  examination of t h e  f r a c t u r e  

s u r f a c e  i n d i c a t e d  t h a t  f a i l u r e  could have propagated from small s u r f a c e  

c racks  t h a t  were about 0.3 in .  deep and perhaps Om6 in .  long ,  a l though  

such s u r f a c e  f laws  were not i n  evidence when t h e  tee w a s  purchased. 

Room tempera ture  t e n s i l e  and Charpy-V notch  (C,) p r o p e r t i e s  of t h e  

s teel ,  obta ined  from samples taken from t h e  bottom of T-6, are summar- 

i z e d  i n  Table  4.1, Although t h e  Charpy energy i s  somewhat low, t h e r e  i s  

no th ing  unusual i n  t h e  d a t a  t o  sugges t  t h a t  t h e  material w a s  not f u l l y  

a c c e p t a b l e  f o r  ASME Class 1 c o n s t r u c t i o n .  

Table 4.1 Room-temperature mechanical p r o p e r t i e s  of T-6 

T e n s i l e  U1 t i m a  t e T e n s i l e  Area Charpy 
energy e l o n g a t i o n  r educ t  i o n  y i e l d  t e n s i l e  

( k s i )  ( k s i )  
s t r e n g t h  s t r e n g t h  ( X  i n  2 i n . )  (n ( f t - l b )  

M-Lnimum 

Average 

Maximum 

40.7 65.3 34 

43.1 71 a 0  36 

46.1 72.8 38 

59.1 42 

63.9 71 

68.1 122 

4.1.3 R e s u l t s  f o r  T-7 

The area w i t h i n  22" on e i t h e r  s i d e  of t h e  0" Q, l i n e  w a s  g iven  a 
dye-penetrant i n s p e c t i o n  every 500 c y c l e s  t o  d e t e c t  c r ack  i n i t i a t i o n .  
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The f i r s t  c r ack  s t a r t e d  near  t h e  0-02 r o s e t t e  i n  t h e  r o o t  r a d i u s  of t h e  

t r a n s i t i o n  weld from t h e  run p ipe  t o  t h e  tee a f t e r  3528 cyc le s .  S e v e r a l  

small c racks  then  appeared i n  t h i s  r o o t  r a d i u s  a t  about 10" on e i t h e r  

s i d e  of t h e  0" 4 l i n e  and propagated u n t i l  one continuous c rack  was 

formed. These c racks  d i d  not  grow t o  any s i g n i f i c a n t  depth  and d i d  no t  

i n f l u e n c e  t h e  f i n a l  f a i l u r e .  

A t  3843 c y c l e s ,  a 3/8-in.-long crack  w a s  noted on t h e  tee a t  t h e  

0-07 gage s i t e ,  and a l-1/2-in0-long crack  w a s  no ted  a t  t h e  0-08 gage 

s i te .  The c rack  c l o s e  t o  the  0-08 r o s e t t e  e v e n t u a l l y  propagated through 

t h e  tee w a l l  a f t e r  11,475 cyc le s .  Before f a i l u r e  occur red ,  however, 

many small c racks  had appeared i n  t h e  area w i t h i n  22" on e i t h e r  s i d e  of 

t h e  0" 4 l i n e ,  and two c racks  were f a i r l y  deep a t  symmetrical  l o c a t i o n s  

a t  t h e  0-07 l e v e l  at  (9 = 20" and (9 = 340". The c rack  growth desc r ibed  

may be seen  i n  Figs.  4 .114 .15 .  F i n a l  i n s p e c t i o n  of t h e  i n s i d e  s u r f a c e  

r evea led  no c rack  o t h e r  than  t h e  one t h a t  propagated from t h e  o u t s i d e  

s u r f  ace . 
4.1.4 R e s u l t s  f o r  T-8 

The i n i t i a l  c r acks  were found dur ing  an i n s p e c t i o n  at  2035 c y c l e s  

a t  t h e  78" and 90" (9 l i n e s  j u s t  above t h e  c r o t c h  l i n e .  Cracks w e r e  a l s o  

found a t  symmetrical  l o c a t i o n s  at  t h e  270" and 282" 4 p o s i t i o n s  after 3033 

cyc les .  F igu res  4 . 1 6 4 . 2 0  show t h e  growth of the two sets of cracks f r o m  

3763 c y c l e s  t o  f a i l u r e .  The tee f a i l e d  a f t e r  8979 c y c l e s  when l e a k s  

occurred  at  both  90" and 270". 

The p ipe  ex tens ions  were cu t  o f f ,  and t h e  i n s i d e  s u r f a c e  was  in -  

spec ted  us ing  l i q u i d  dye pene t r an t .  No c racks  were found o t h e r  t han  t h e  

c rack  t h a t  propagated from t h e  o u t s i d e  s u r f a c e .  

4.1.5 R e s u l t s  f o r  T-15 

The f i r s t  c racks  were found dur ing  an i n s p e c t i o n  at 3200 c y c l e s  at  

b o t h  t h e  90" and 270" 4 l i n e s .  F igu res  4 . 2 1 4 . 2 3  show t h e  growth of 

t h e  c racks  from 7450 c y c l e s  t o  f a i l u r e .  The tee f a i l e d  a f t e r  10,200 

c y c l e s  when a l e a k  occurred  i n  t h e  c r o t c h  r e g i o n  a t  270". 
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ORNL-PHOTO 6413-83 

Fig. 4.11. Fatigue cracks in T-7 after 5024 cycles. 
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OR N L-PHOTO 641 4-83 

Fig.  4.12. Fa t igue  c racks  i n  T-7 a f t e r  6372 cyc le s .  

c 
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ORNL-PHOTO 6415-83 

Fig.  4.13 .  Fa t igue  c racks  i n  T-7 after 8465 cycles. 

. 



76 

ORNL-PHOTO 6416-83 

Fig. 4.14. Fatigue cracks i n  T-7 a f t e r  9947 cycles. 
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ORNL-PHOTO 6418-83 
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IC I 

Fig. 4.16. Fa t igue  c racks  i n  T-8 a f t e r  3763 cyc le s .  
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ORNL-PHOTO 6419-83 

Fig. 4.17. Fa t igue  c racks  i n  T-8 a f t e r  5830 cyc le s .  
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Fig. 4.19. Fa t igue  c racks  i n  T-8 a f t e r  f a i l u r e  a t  8979 cyc le s .  



ORNL-PHOTO 6422-83 

Fig.  4.20. Fat igue  cracks on i n s i d e  s u r f a c e  of T-8 a t  270" a f t e r  
f a i l u r e  (without dye p e n e t r a n t ) .  

I k 
C 1 

8 1 
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ORNL-PHOTO 6423-83 

Fig .  4.21. Fa t igue  c racks  i n  T-15 after 7450 cyc le s .  
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ORNL-PHOTO 6424-83 

! '  

Fig. 4.22. Fa t igue  c racks  i n  T-15 a f t e r  9550 cyc le s .  
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ORNL-PHOTO 6425-83 

. 

Fig. 4.23. Fa t igue  c racks  i n  T-15 a f t e r  f a i l u r e  at  10,200 cyc le s .  
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The p ipe  ex tens ions  were cu t  o f f ,  and the  i n s i d e  s u r f a c e  w a s  in -  

spec ted  us ing  l i q u i d  dye pene t r an t .  No cracks  were found o t h e r  than  t h e  

c rack  t h a t  propagated from t h e  o u t s i d e  su r face .  

4.2 Eva lua t ion  of Fa t igue  T e s t  Data 

c 

One of t h e  major o b j e c t i v e s  of t h i s  test series w a s  t o  o b t a i n ,  under 

c o n t r o l l e d  l a b o r a t o r y  c o n d i t i o n s ,  p ip ing  component f a t i g u e  f a i l u r e  d a t a  

t h a t  could be used, at  least i n  a l i m i t e d  sense ,  t o  assess the  adequacy 

of t h e  f a t i g u e  des ign  a n a l y s i s  procedures c u r r e n t l y  s p e c i f i e d  i n  t h e  

ASME Code f o r  Class 1 p ip ing  systems. Because t h i s  procedure provides  

only a "lower-bound l i m i t "  on t h e  c y c l i c  l i f e  of t he  component under 

s p e c i f i e d  des ign  c o n d i t i o n s ,  no d i f f e r e n t i a t i o n  between c rack  i n i t i a t i o n ,  

c rack  growth, o r  s t r u c t u r a l  f a i l u r e  is made. The load ing  c o n d i t i o n s  and 

t h e  t o t a l  number of l oad ing  c y c l e s  t o  s t r u c t u r a l  f a i l u r e  are t h e r e f o r e  t h e  

impor tan t  v a r i a b l e s  f o r  e v a l u a t i n g  the  Code a n a l y s i s .  These r e s u l t s  are 

summarized i n  Table  4.2. 

Table 4.2. R e s u l t s  from disp lacement -cont ro l led  
f a t i g u e  tests of 12-in.  NPS ANSI B16.9 tees 

Equ iva len t  
Applied e las t ic  Number 

moment stress, Sa 

Constant 

p r e s s u r e  a l t e r n a t i n g  of cyc le s  T e e  i n t e r n a l  branch 
t o  f a i l u r e  NO 

( p s i )  ( p s i )  

lt83,lOO 2,062 T-4 1925 Mo ( f F  32 ) 
T-6 1925 Mo(fF3Z) *83,460 1 , 3 0 9  

T-7 3240 Mi (fF3X) *85,358 1 1 , 4 7 5  

T-8 9 50 Mo ( fF3Z ) *80,790 8 , 9 7 9  

9 50 M, ( fF 32 ) 3334,640 1 0 , 2 0 0  T-15 

However, some a d d i t i o n a l  i n fo rma t ion  was obta ined  on crack  i n i t i a t i o n  

and shakedown s t r a i n  range ,  which may be of v a l u e  f o r  f u r t h e r  s tudy .  Crack 

i n i t i a t i o n  d a t a  are summarized i n  Table 4 . 3 .  
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Table 4.3. Summary of c rack  i n i t i a t i o n  d a t a  
~ ~~ 

Tee Cycles t o  c rack  Cycles t o  Pe rcen t  t o  
No. i n i t i a t i o n  f a i l u r e  i n i t i a t i o n  

8 

It may be noted  t h a t  f o r  t h e  t h r e e  s t a i n l e s s  steel  tees (T-7, T-8, 

and T-lS), c rack  i n i t i a t i o n  occurred  at 20% t o  30% of the  t o t a l  c y c l e s  

t o  f a i l u r e ,  whereas f o r  t h e  carbon s tee l  tees (T-4 and T-6), c rack  i n i -  

t i a t i o n  occurred i n  t h e  neighborhood of 75% of t h e  test l i f e .  I n  t h e  

case of T-4, t h e  number of c y c l e s  t o  i n i t i a t i o n  i s  no t  known o t h e r  t han  

t h a t  i t  was <1500 c y c l e s  (73%). It appeared t h a t  c rack  i n i t i a t i o n  oc- 

cu r red  s e v e r a l  hundred c y c l e s  ear l ier ,  but  t h i s  may not  have been t h e  

case, because T-6 went from no d e t e c t a b l e  c rack  t o  f a i l u r e  w i t h i n  300 

cyc le s .  Although crack  i n i t i a t i o n  d a t a  from t h e  carbon steel models i s  

very  l i m i t e d  and perhaps of doub t fu l  s i g n i f i c a n c e ,  i t  appears  t h a t  t h e r e  

i s  a s i g n i f i c a n t  d i f f e r e n c e  i n  c rack  i n i t i a t i o n  behavior between t h e  

carbon and t h e  s t a i n l e s s  steel  models. This is  probably due t o  a d i f -  

f e r ence  i n  t h e  crack-growth-rate c h a r a c t e r i s t i c s  of t h e  two materials, 

because s t a i n l e s s  steel  is recognized as being less notch sensitive in 

f a t i g u e  than  carbon steel. It does not  seem l i k e l y  t h a t  t h e  d i f f e r e n c e  

i s  due t o  any major d i f f e r e n c e s  i n  t h e  stress d i s t r i b u t i o n s  i n  t h e  re- 

s p e c t i v e  tees, i n  t h e  sense  of "membrane" and '*bending stresses,** al- 

though r e d i s t r i b u t i o n  of maximum stresses i n  l o c a l i z e d  reg ions  may have 

been an impor tan t  f a c t o r .  

The s t r a i n  range a f t e r  shakedown (10 c y c l e s )  f o r  each of t h e  tees 

w a s  a l s o  measured, bu t  on ly  a t  s e l e c t e d  gage si tes where t h e  maximum 

stresses would occur ,  and then only  f o r  t h e  No. 2 l e g  of t h e  s t r a i n  

r o s e t t e s .  These d a t a ,  g iven  earlier i n  Table 2.6, are summarized i n  

Table 4.4. 

~ 

T-4 (1,500 2,062 <72.8 

T-6 >1,000 1,309 >76.3 

T-7 <3,528 11,475 <30.8 

T-8 (2,035 8,979 <22.6 

T-15 <3,200 10,200 <31. 4 
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Table 4.4. Maximum s t r a i n  
range a f t e r  shakedowna 

T e e  No. S t r a i n  range 
(p in . / i n . )  

T-4J 

T-6 

T-7 

T-8 

T-15 

8,750 

11,500 

4,980 

7,996 

5,680 
~ 

"Measured a f t e r  10 
c y c l e s  on l e g  2 of t h e  
s t r a i n  r o s e t t e .  

f o r  T-4 w a s  14,350 p in . / in .  
' I n i t i a l  s t r a i n  range 

The only  apparent  obse rva t ion  t h a t  can be made from t h e s e  d a t a  i s  

t h a t  t h e  shakedown s t r a i n  range fol- t h e  s t a i n l e s s  steel models T-7, T-8, 

and T-15 t ends  t o  be lower than t h a t  f o r  t h e  carbon s tee l  tees. Because 

each model w a s  loaded t o  approximately t h e  same maximum stress,* t h i s  

seems t o  i n d i c a t e  t h a t  t h e  s t a i n l e s s  s teel  s t r u c t u r e s  deformed p las -  

t i c a l l y  over a l a r g e r  r eg ion  than  d i d  t h e  carbon s tee l  models, t hus  re- 

d i s t r i b u t i n g  the  maximum stresses i n  a somewhat d i f f e r e n t  and more fa -  

vo rab le  f a sh ion .  I f  so ,  both c rack  i n i t i a t i o n  and crack  growth could  be 

expected t o  t ake  longer  f o r  t h e  s t a i n l e s s  steel  tees because of t h e  

lower maximum stresses a f t e r  t h e  i n i t i a l  p l a s t i c  deformat ions .  

From t h e s e  l i m i t e d  d a t a ,  it seems apparent  t h a t  f u r t h e r  s t u d i e s  de- 

s igned  s p e c i f i c a l l y  t o  i n v e s t i g a t e  c rack  i n i t i a t i o n  and growth, as w e l l  

as the  stress r e d i s t r i b u t i o n s  caused by h igh  i n i t i a l  l oad ings ,  should  be 

undertaken. One could then  expec t  t o  develop improved c o r r e l a t i o n s  f o r  

t h e  des ign  of p ip ing  systems t h a t  are expected t o  o p e r a t e  i n  t h e  "low- 

cyc le"  f a t i g u e  range, t h a t  is ,  l o 3  t o  l o 6  c y c l e s  t o  f a i l u r e .  

. 

*Presumably, t h e  maximum i n i t i a l  s t r a i n s  were a l s o  approximate ly  
equal .  Unfo r tuna te ly ,  t h e  maximum i n i t i a l  s t r a i n  w a s  recorded only  f o r  
T-4 . . 
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. 

A comparison between the  p r e s e n t  f a t i g u e  q u a l i f i c a t i o n  requirements  

of t he  Code and t h e  observed f a t i g u e  l i f e  of t h e  tees w i l l  be developed 

i n  a s e p a r a t e  r e p o r t .  
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5. SUMMARY AND CONCLUSIONS 

This  r e p o r t ,  a long  w i t h  t h e  materials conta ined  i n  t h e  appendixes,  

is  a complete documentation of a series of exper imenta l  e l a s t i c - r e s p o n s e  

stress ana lyses  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  12-in. 

ANSI Standard B16.9 fo rged  p ip ing  tees t h a t  were made by t h r e e  of t h e  

major s u p p l i e r s  of p ip ing  products  t o  t h e  U.S. n u c l e a r  power i n d u s t r y .  

The o b j e c t i v e s  of t he  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 fo rma t ion  t o  enab le  e v a l u a t i o n  and/or  improve- 

ments t o  t h e  c u r r e n t  ASME Code des ign  r u l e s  and cr i ter ia  f o r  n u c l e a r  

power p l a n t  p ip ing  system tees. 
The test assembl ies  f o r  each of t h e  f i v e  tees, which were con- 

s t r u c t e d  by a t t a c h i n g  segments of s t anda rd - s i ze  p ipe  t o  t h e  tees w i t h  

nuc lea r -qua l i ty  welds, were ins t rumented  wi th  about 220 three-gage 

s t r a i n  r o s e t t e s  and loaded wi th  13 d i f f e r e n t  l oad ings  i n  t h e  elastic- 

response  range, i nc lud ing  i n t e r n a l - p r e s s u r e  and d i r e c t  f o r c e  and bend- 

ing-moment loads  app l i ed  t o  t h e  ends of t h e  p ipe  ex tens ions .  An a t t empt  

has  been made t o  p r e s e n t  t he  exper imenta l  r e s u l t s  i n  a manner t h a t  w i l l  

s e r v e  t h e  needs of r e s e a r c h  workers w i t h  v a r i o u s  i n t e r e s t s .  For those  

i n t e r e s t e d  p r i m a r i l y  i n  exper imenta l  t echniques ,  complete sets of spec 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  assembl ies  as w e l l  as com- 

p l e t e  documentation of the  materials and procedures used i n  t h e  tests 

have been inc luded  i n  the appendixes. 

For those  r e a d e r s  needing exper imenta l  benchmark d a t a  f o r  compari- 

son w i t h  e i t h e r  t h e o r e t i c a l  o r  o t h e r  exper imenta l  stress a n a l y s i s  s tud-  

ies ,  d e t a i l e d  l i s t i n g s  of t he  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 r a i n  gage l o c a t i o n  d a t a ,  have been inc luded  i n  the  appendixes. 

The s t r a i n  gage l o c a t i o n  d a t a  may also be used t o  provide  a r a t h e r  de- 

t a i l e d  d e s c r i p t i o n  of t h e  model geometry. 

R e s u l t s  from t h e  e l a s t i c - r e s p o n s e  tests are a l s o  p re sen ted  graphi -  

c a l l y  i n  t h e  form of s t r e s s - i n t e n s i t y  contour p l o t s  and s e l e c t e d  l i n e  

p l o t s  of t h e  stress i n t e n s i t y  as a f u n c t i o n  of gage p o s i t i o n .  These 

f i g u r e s  g ive  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 t h e  body of each tee as w e l l  as showing t h e  l o c a t i o n s  and magni- 

t udes  of t h e  maximum stresses f o r  each of t h e  13 d i f f e r e n t  loadings .  
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. 

For those  r e a d e r s  concerned p r i m a r i l y  wi th  stress i n d i c e s  and f l ex -  

i b i l i t y  f a c t o r s  f o r  Code-related des ign  c a l c u l a t i o n s ,  t h i s  s tudy  has  

normalized and summarized t h e  maximum s t r e s s - i n t e n s i t y  d a t a  f o r  compari- 

son wi th  t h e  Code i n d i c e s  and has inc luded  i n  t h e  appendixes d e t a i l e d  

load-displacement measurements from 16 d i a l  i n d i c a t o r s  t h a t  were loca ted  

on t h e  p ipe  ex tens ions  du r ing  t h e  e l a s t i c - r e s p o n s e  tests. 

R e s u l t s  from t h e  e l a s t i c - r e s p o n s e  tests of t h e s e  p a r t i c u l a r  f i v e  

12-111. ANSI B16.9 tees suppor t  t h e  fo l lowing  obse rva t ions .  I n  g e n e r a l ,  

t h e  stress d i s t r i b u t i o n s  f o r  a l l  t h e  load ings  were smooth and wi thout  

s t e e p  g r a d i e n t s  o r  sha rp  d i s c o n t i n u i t i e s ,  and t h e  maximum stresses were 

l o c a t e d  e i t h e r  at  o r  very nea r  one of t h e  s t r a i n  gages. These f a c t s ,  i n  
a d d i t i o n  t o  t h e  d e t a i l e d  ana lyses  and numerous tests of t h e  d a t a ,  jus- 

t i f y  a very  h igh  confidence i n  t h e  accuracy of t h e  r epor t ed  r e s u l t s .  

A s  expec ted ,  t h e  elastic response  t o  i n t e r n a l  p r e s s u r e  w a s  essen- 

t i a l l y  symmetric w i th  r e s p e c t  t o  t h e  t r a n s v e r s e  p lane  f o r  a l l  t h e  tees, 

but d i f f e r e n t  response  c h a r a c t e r i s t i c s  were observed, due p r i m a r i l y  t o  

l o c a l  d i f f e r e n c e s  i n  t h e  shape of t h e  tees. Although geometr ic  symmetry 

is impor tan t ,  t h e  most impor tan t  geometric v a r i a b l e  appears  t o  be t h e  

e x t e r n a l  s u r f a c e  r a d i u s  of cu rva tu re  a t  t h e  t r a n s i t i o n  between t h e  

branch and t h e  run o u t l e t s .  This was  manifested by t h e  h ighe r  maximum 

stresses f o r  t h e  tees made by manufacturer I as compared wi th  those  made 

by t h e  o t h e r  two manufacturers.  

The h i g h e s t  maximum normalized stress i n t e n s i t i e s  f o r  a l l  t h e  tees 

r e s u l t e d  from axial  loads  on t h e  branch. A d i r e c t  comparison between 

t h e  numbers f o r  axial  loads  and bending loads  is mis leading ,  however, 

because of t h e  d i f f e r e n t  normal iz ing  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  bo th  t h e  branch and 

run loadings  t o  w i t h i n  10% t o  15% except  f o r  in-plane load ings  on t h e  

run of T-7, f o r  which t h e  d i f f e r e n c e  w a s  about 35%. These r e s u l t s  sup- 

po r t  t h e  c u r r e n t  des ign  p r a c t i c e  of i gnor ing  t r a n s v e r s e  shea r  but sug- 

g e s t  t h a t  perhaps axial  t h r u s t  loads  should be cons idered .  Firm con- 

c l u s i o n s  r ega rd ing  t h e  adequacy of t h e  stress i n d i c e s  f o r  Class 1 p ip ing  

system tees g iven  i n  t h e  Code cannot be made u n t i l  t h e  exper imenta l  d a t a  

are s tud ied  f u r t h e r  and d a t a  from o t h e r  tests are inc luded .  This w i l l  

be done i n  a s e p a r a t e  r e p o r t .  
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A f t e r  t h e  e l a s t i c - r e s p o n s e  tests were completed and the  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 assembly was f a t i g u e  

t e s t e d  t o  f a i l u r e  w i t h  e i t h e r  an in-plane o r  an out-of-plane bending- 

type  f o r c e  load  on t h e  branch p ipe ,  depending on which produced t h e  

h i g h e s t  maximum stresses. T e e  No. T-7 w a s  f a t i g u e  t e s t e d  wi th  an in- 

p l ane  load ing ,  and t h e  o t h e r  tees were f a t i g u e  t e s t e d  wi th  an out-of- 

p l ane  loading .  

p r e s s u r e ,  and t h e  maximum branch-pipe d isp lacements  were f i x e d  through- 

out  the  tests. 

Each test assembly w a s  p r e s s u r i z e d  t o  i t s  nominal des ign  

During the  f a t i g u e  t es t s ,  each test  assembly was loaded wi th  an 

a l t e r n a t i n g  bending stress nominally equa l  t o  about 583,400 p s i  ( e l a s t i c  
e q u i v a l e n t )  f o r  an expected f a t i g u e  l i f e  of about 7,000 c y c l e s ,  based on 

Markl 's  c o r r e l a t i o n .  The maximum s t r a i n  ranges were measured f o r  t h e  

f i r s t  10 c y c l e s  t o  ensu re  shakedown, and t h e  test  assembl ies  were pe r i -  

o d i c a l l y  examined wi th  a l i q u i d  dye p e n e t r a n t  t o  de te rmine  t h e  approxi- 

mate number of c y c l e s  f o r  c rack  i n i t i a t i o n .  Numerous photographs of t h e  

developing f a t i g u e  c racks  were taken  u n t i l  t h e  tee f a i l e d .  

u r e ,  t he  p ipe  ex tens ions  were cu t  o f f ,  and t h e  i n s i d e  s u r f a c e  of t h e  
tees w a s  i n s p e c t e d  us ing  a dye p e n e t r a n t  and then  photographed, a f t e r  

which t h e  tees were re tu rned  t o  ORNL. 

A f t e r  f a i l -  

The dye-penetrant examinations showed t h a t  f o r  every model except  

T-6, c rack  i n i t i a t i o n  and even tua l  f a i l u r e  occurred  as expected i n  t h e  

v i c i n i t y  of t h e  most h igh ly  s t r e s s e d  reg ion .  

T-6 w a s  anomalous i n  s e v e r a l  r e s p e c t s ,  and t h e r e f o r e  t h e  tee and c rack  

s u r f a c e  were m e t a l l u r g i c a l l y  examined at ORNL. No apparent  reasons  f o r  

t h e  anomalous f a t i g u e  behavior were d iscovered .  

The f a t i g u e  behavior  of 

I n  a d d i t i o n  t o  t h e  f a t i g u e  f a i l u r e  d a t a ,  some in fo rma t ion  w a s  ob- 

t a i n e d  on crack  i n i t i a t i o n  and shakedown s t r a i n  range t h a t  may be of v a l u e  

f o r  f u r t h e r  s tudy .  The f a t i g u e  test r e s u l t s  as w e l l  as t h e  elastic- 
response  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 t h e  cur- 

r e n t  ASME Code des ign  procedures f o r  n u c l e a r  power p l a n t  p ip ing  systems. 
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