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FOREWORD 

T h i s  work w a s  performed a t  t h e  Oak Ridge N a t i o n a l  Labora to ry  (ORNL) 

i n  s u p p o r t  of t h e  ORNL Design Cr i te r ia  f o r  P i p i n g  and Nozzles  Program 

b e i n g  conducted f o r  t h e  U.S.  Nuclear  Regu la to ry  Commission (USNRC), 

O f f i c e  of Nuclear  Regu la to ry  Research .  E .  K. Lynn of  t h e  Meta l lu rgy  and 

Materials Branch, D i v i s i o n  of Reac tor  S a f e t y  Research ,  USNRC, i s  t h e  

c o g n i z a n t  e n g i n e e r ,  and S .  E .  Moore of ORML Eng inee r ing  Technology 

D i v i s i o n  i s  t h e  program manager. 

The o b j e c t i v e s  of t h e  ORNL program are t o  conduct  i n t e g r a t e d  e x p e r i -  

men ta l  and a n a l y t i c a l  stress a n a l y s i s  s t u d i e s  of p i p i n g  sys tem components 

and p r e s s u r e  v e s s e l  n o z z l e s  t o  conf i rm and /o r  improve t h e  adequacy of 

s t r u c t u r a l  d e s i g n  c r i t e r i a  and a n a l y t i c a l  methods used t o  a s s u r e  t h a t  

n u c l e a r  power p l a n t s  are des igned  f o r  s a f e  o p e r a t i o n .  Program a c t i v i t i e s  

are c o o r d i n a t e d  w i t h  o t h e r  s a f e t y - r e l a t e d  p i p i n g  and p r e s s u r e  v e s s e l  

r e s e a r c h  through t h e  Design D i v i s i o n ,  P r e s s u r e  Vessel Research Committee 

(PVRC) of t h e  Welding Research  Counci l ,  and through t h e  ASME B o i l e r  and 

P r e s s u r e  Vessel Code commit tees .  

by a p p r o p r i a t e  codes and s t a n d a r d s  groups  i n  d r a f t i n g  new o r  improved 

d e s i g n  r u l e s  and c r i te r ia .  

R e s u l t s  from t h e  ORNL program are used 

The f o l l o w i n g  r e p o r t s  have been i s s u e d  under  U . S .  Nuclear  Regula tory  

Commission sponsor sh ip :  

J .  W. Bryson, J .  P .  Ca l l ahan ,  and R.  C. Gwaltney, Stress Axalyaes 
of Flat Plates wi th  Attached Nozzles,  VoZ. 1.  Comparison of Stresses  
i n  n One-~Vozz le-to-Flat-Plate Configuration and i n  a T~m-Nozz l e  Con- 
f igurat ion  w i t h  ThmreticaZ Prediel&ns, ORNL-5044 ( J u l y  1975) .  

R.  L.  Bat t is te  e t  a l . ,  St-ress Anulysis of F l a t  P la t e s  wi th  Attached 
Nozzlas ,  Vol. 2 .  EccperimentaZ Stress  AnaZgses o f  a Plat Plate &th  
One Nozzle Attached, ORNL-5044 ( J u l y  1 9 7 5 ) .  

E .  C .  Rodabaugh and S .  E.  Moore, Stress  lrid-zkes for ANSI Standard 
1316.11 Socket-Welding E-Lttings, ORNL/TM-4929 (August 1975) .  

R .  C .  Gwaltney, J .  W. Bryson, and S .  E.  B o l t ,  T h e o r e t i e d  and 
Experimental Stress Anulyses of ORTJL Thin-SImZl 17yZinc~er-to-c:yZ~:nder 
iVod@Z 2, ORNL-5021 (October  1975) .  



v i  

S .  E .  Moore, "Con t r ibu t ions  of t h e  ORNL P i p i n g  Program t o  Nuclear  
P i p i n g  Design Codes and S t a n d a r d s  ," 
Information Meeting on Methods for  Analyzing Piping In tegr i ty ,  
Nov. 11-12, 1975,  ERDA-76-50; a l so  i n  J .  Press. Vessel Y'echnol., 
'i'ran,s. ASME 99, 224-30 (February 1977) .  

Proceedings of the Technology 

W. L ,  G r e e n s t r e e t ,  "Summary and Accornpplishments of t h e  ORNL Program 
f o r  Nuclear  P i p i n g  Design Cri ter ia , ' '  Proceedings of  the Technology 
Infoi.mntion Meeting on Methods fo r  Analyzing Piping Tntegrity, 
NoV.  11-12, 1975,  ERDA-76-50. 

J .  W. Bryson and W. F. Swinson, Stress  Analyses of Flat Plates w i t h  
Attached Nozz Zes, Vo 2 .  3. Experiments 2 S tress  Analyses of a Flat 
Plate with Two CZosely Spaced Nozzles of  Equal Diameter Attached, 
OKNL-5044 (December 1975) .  

E .  C .  Rodabaugh, F. M. O'Hara, J r . ,  and S. E. Moore, FLANGE: A 
Computer Prograrn f o r  the Analysis of Flanged Jo in ts  u i t h  Ring-Qpe 
Gaskets, OKNL-5035 (January  1976) .  

R .  E .  T e x t o r ,  User's Guide f o r  SHFA: Stead$-State Heat Flow Analysis 
of Tee Joints b y  the Fini te  Element Method, UCCND/CSD/INF-60, Oak 
Ridge Gaseous D i f f u s i o n  PI-ant ( January  1976) .  

E .  C .  Rodabaugh and S .  E. Moore, Flanged Jo in ts  wi th  Contact Outside 
the Bolt Circle - ASME Part B Design Rules, ORNL/Sub/2913-1, 
Bat te l le-Columbus L a b o r a t o r i e s  (May 1976) .  

E. C .  Rodabaugh, Appropriate Nominal Stresses  f o r  Use with ASME 
Code Pressure-Loading Stress  Indices f o r  Nozzles, ORNL/Sub/2913-2, 
Bat te l le-Columbus L a b o r a t o r i e s  (June 1 9 7 6 ) .  

S .  E.  Moore and J .  W. Bryson, Progress Report f o r  the Design (2Y.i- 
t e r i a  f o r  Piping and Nozzles Program f o r  the Two Qun.rterly Periods 
J u l y  1 t o  Sept. 30 and Oct. 1 t u  Dee. 31, 1975, ORNL/NUREG/TM-18 
(June  1976) .  

R .  L .  Maxwell and R .  W. I-lolland, Experimental Stress  Analysis of  the 
A t  tachnm?; Region of a I€ernispher?:cal She 2 2 with a Radia l l y  Attached 
Nozzle, Zero Penetration, ORNL/Sub/2203-4, U n i v e r s i t y  of  Tennessee 
( J u l y  1976) .  

J .  P. Ca l l ahan  and J .  W.  Bryson, Stk2ess Analyses of Perforated Flat 
Plates Under In-Plane Loadings, ORNL/NUREG-2 (August 1976) . 
E .  C .  Rodabaugh and S .  E ,  Moore, Evaluation of the Bolting and 
Flanges of ANSI  B16.5 Flanged Joints  - ASME Part A Flanges, 
ORNL/Sub/2913-3, Battelle-Columbus L a b o r a t o r i e s  (September 1976) .  

E .  C .  Rodabaugh and R. C.  Gwaltney, E l a s t i c  Stresses  a t  Reinforced 
Nozzles i n  .TphericaZ Shel l s  wi th  Pressure and Moment Loading, 
ORNL/Sub/2913-4, Bat te l le-Columbus L a b o r a t o r i e s  (October 1976) .  
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E .  C .  Rodabaugh, S. E. Moore, and J .  N.  Robinson, D;mensional Con- 
tr02 of Buttwelding P i p e  Fittings for Nuclear Power PZant Class 1 
Piping Sy s tems, ORNI, / Sub / 2 9 13 - 5 , Ba t t e l  1 e- C o 1 umbu s Li3 b o r  a t o  r i e s 
(December 1976) .  

S.  E.  Moore and J. W. Bryson, Design Cy>iteria for P ~ p f n g  and Nozzles  
Progrmi QudrterZy Progress Report for ApriZ-June 1976, ORNL/NUREG/ 
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EXPERIMENTAL STUDY OF PLASTIC RESPONSES 
OF PIPE ELBOWS 

W. L .  Greenstreet 

ABSTRACT 

Load-deflection responses were determined experimentally 
for sixteen 152.4-mm (6-in.) (nominal) commercial carbon steel 
pipe elbows and four 152.4-mm (&in.,) stainless steel elbows. 
Each specimen was loaded with an external force of sufficient 
magnitude to produce predominantly plastic response. 
influences of bend radius and wall thickness were studied, as 
well as the effect of internal pressure on load-deflection 
behavior. Comparisons of results from stainless steel and 
from carbon steel elbows indicate differences in responses 
attributable to material differences. The results were inter- 
preted in terms of limit analysis concepts, and collapse 
loads were determined. Trends given by the collapse loads 
are identified and discussed. 

The 

INTRODUCTION 

This report is concerned with the structural behavior of pipe elbows. 

These commonly used components are of particular importance because they 

are often the most flexible members in a piping system and hence are 

forced to accommodate disproportionate displacements arising from differ- 

ential movements. In practice, this flexibility i s  needed to keep the 

overall forces and stresses in the system within acceptable ranges. 

However, precautions must b e  taken to avoid exceeding the range of pre- 

dominantly elastic response because the resistance to deformation will 

decrease rapidly with increasing load and may result in malfunction or 

failure of the component and of the system. 

In oraer to avoid these undesirable structural responses, plastic 

limit analysis concepts are used for establishing allowable loads. Limit 

analyses provide estimates of plastic collapse loads, that is, loads above 

which large increases in deformation result from small increases in load. 

These large deformations are associated with plastic f l o w ,  which dominates 

to such an extent that the elastic portions of the material do not play a 

significant role in resisting the deformations. Although these concepts 

are associated with idealized behaviors adopted f o r  use in mathematical 
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a n a l y s e s ,  t hey  can be a p p l i e d  t o  s t r u c t u r e s  such  as elbows provided  t h a t '  

1. excessive de fo rma t ions  occur  b e f o r e  the i n f l u e n c e  of s t r a i n  

ha rden ing  becomes a p p r e c i a b l e ;  

changes i n  geometry of t h e  s t r u c t u r e  produced by t h e  d e f l e c t i o n s  

have n e g l i g i b l e  e f f e c t  on t h e  load  r e q u i r e d  t o  c o n t i n u e  t h e  

de fo rma t ion .  

Experimental1.y de te rmined  p l a s t i c  c o l l a p s e  l o a d s  are g iven  i n  t h i s  

2. 

r e p o r t  f o r  20 commercial s h o r t -  and long- rad ius  butt-wel-ding elbows,  

noininal ly  1 5 2 . 4  mm ( 6  i n . )  i n  d i ame te r .  These elbows were I.oaded by 

e x t e r n a l  f o r c e s  and by combina t ions  of e x t e r n a l  f o r c e  an3 i n t e r n a l  p re s -  

s u r e .  D e f l e c t i o n s  and s t r a i n s  were measured by means of d i a l  i n d i c a t o r s  

and s t r a i n  gages ,  r e s p e c t i v e l y .  The d i a l - i n d i c a t o r  r e a d i n g s  were t h e  

pr imary  s o u r c e s  f o r  l i m i t - l o a d  d e t e r m i n a t i o n s ,  and t h e  s t r a i n - g a g e  d a t a  

w e r e  used  f o r  checking  pu rposes  and t o  p rov ide  d e t a i l s  on t h e  p l a s t i c  

c o l l a p s e  p r o c e s s .  

The p r i n c i p a l  o b j e c t i v e  of t h i s  series of tests was t o  o b t a i n  i n -  

p l a n e  and out-of-plane l i m i t  moments. The imposed moments were produced 

by f o r c e s  a c t i n g  on moment arms s u f f i c i e n t l y  long t o  g i v e  e s s e n t i a l l y  

o n l y  moment l o a d s  on t h e  elbows.  'The specimens were n o t  examined t o  

p r o v i d e  q u a n t i t a t i v e  i n f o r m a t i o n  r e g a r d i n g  t h e  l o c a t i o n s  and e x t e n t s  

o f  t h e  p l a s t i c  zones developed o r  t o  de t e rmine  t h e  o r d e r  i n  which such  

zones  w e r e  formed. However, q u a l i t a t i v e  d a t a  r e g a r d i n g  p l a s t i c  zoiie 

l o c a t i o n  f o r  s e l e c t e d  r e g i o n s  were o b t a i n e d  i n  a few i n s t a n c e s .  

The t e s t  spec:imens and t h e  experimental .  p rocedures  are d e s c r i b e d  i n  

t h e  f o l l o w i n g  s e c t i o n s .  R e p r e s e n t a t i v e  l o a d - d e f l e c t i o n  and l o a d - s t r a i n  

c u r v e s  are  inc luded  t o  i n d i c a t e  t h e  r e s u l t s  o b t a i n e d ,  anti t h e  method used 

f o r  l i m i t - l o a d  d e t e r m i n a t i o n  i s  exp la ined .  The limit l o a d s  are t a b u l a t e d ,  

and c o n c l u s i o n s  r e g a r d i n g  t h e  tes t  r e s u l t s  are p r e s e n t e d .  

R e s u l t s  from t h e  f i r s t  15 elbow tests were g iven  i n  R e f  a 2. I n  t h i s  

r e p o r t ,  t h e  c o n t e n t s  a r e  expanded t o  cover  r e s u l t s  f r o m  5 a d d i t i o n a l  

tes ts ,  and t h e  o v e r a l l  r e s u l t s  are i n t e r p r e t e d  on t h e  b roade r  bases  

a f f o r d e d  by t h e  added i n f o r m a t i o n ,  
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DESCRIPTION OF SPECIMENS AND TESTS 

A series of room-temperature limit-load tests was conducted on 

twenty 152.4-mm (6-in.) commercial butt-welding elbows. Sixteen were 

made from ASTM A-106 grade B carbon steel, and four were made from ASTM 

A-312 type 304L stainless steel. Short- and long-radius sched-40 and 

-80 elbows were used. The first 16 were obtained from the same manu- 

facturer; all types are listed in Table 1 along with the nominal dimen- 

sions and materials properties. A typical specimen is shown in F i g .  1. 

Both types of elbows were made using standard mamfacturing pro- 

cedures. 

grade B, hot-finished seamless pipe over a mandrel in a furnace where 

the metal temperature was held within the approximate range of 871 to 

982°C (1600 to 1800°F). The formed pieces were then maintained at tem- 

peratures in the range quoted and inserted in sizing dies which are 

used to ensure conformance with the dimensional requirements of ANSI 

B16.9 and B16.28. Following the forming and sizing operations, the 

elbows were cooled in still air. The temperatures during fabrication 

and the method of cooling are in accord with the requirements of ASTM 

A-234, which does not require that further heat treatment be applied. 

The carbon steel elbows were formed by forcing ASTM A-106, 

The stainless steel elbows were formed by forcing ASTM A-312 type 

304L stainless steel seamless pipe through a die cavity at room tem- 

perature. An inside mandrel was used in this operation to guide the 

p i p e  and to prevent buckling during the forming process. Following fab- 

rication, the elbows were annealed at 1066OC (1950'F) and water quenched 

The materials properties listed in Table 1 were obtained mainly 

from tensile specimens taken from selected elbows after they were 

tested. In some cases, specimens were taken from duplicate elbows; 

the first 16 elbows were from 4 lots, and one from each l o t  was used.  

The coupons for the tensile specimens were removed from the outside near 

the loaded end of each elbow; this region was subjected to relatively 

low strains during test in all cases. Tensile specimens from each of 

the last four specimens were tested. 

The tensile specimens had a 3.18-mm-diam (0.125-in.), 12.7-m-long 

(1/2-in.) gage section and were instrumented with two metallic-foil 
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electrical resistance strain gages having a 6.35-mm (1/4-in.) gage length, 

except for elbows 17 through 20, which had a gage length of 3-18 mm 

(1/8 in.). 

an epoxy adhesive and connected in series to average the strains. 

platen rate was 0.051 mm/min (0.002 in.). 

tested for lot S4401 (see Table 1) and elbows 17, 18, and 19; two tensile 

specimens were tested from lot SPFM and five for elbow 20. 

are given in the table. 

The gages were mounted on opposite sides of the specimen with 

The 

Three tensile specimens were 

Average values 

Pipe extensions of ASTM A-106 grade B carbon steel of the same thick- 

ness as the elbow being tested were welded by the tungsten-arc inert-gas 

method to the ends of the elbows. Elbow PE-18 was an exception in that 

347 stainless steel extensions were used. The assemblies were not heat 

treated following the welding operations, thus simulating metal conditions 

to be found in actual piping systems. One extension was then rigidly 

mounted on a pedestal attached to a load frame. A test setup is shown 

diagrammatically in Fig. 2 .  A single force loading was applied in each 

case, with the point of load application on the free extension at a dis- 

tance of four to five pipe diameters from the nearer end of the elbow. 

The loadings of interest were the moments at that end of the elbow; by 

selecting a relatively long moment arm, the shear forces were small in 

comparison with the moments. The distance from the other end of the 

elbow to the plane of restraint (the top of the pedestal on the load 

frame) was about three pipe diameters. 

The specimen numbers, wall thicknesses, bend radii, and loading con- 

ditions are listed in Table 2. For the specimens used, a bend radius 

of 152.4 mm (6 in.) is termed short radius; 228.6 mm (9 in.) is long 

radius. In cases where the elbows were also internally pressurized, the 

specimens were held at the design pressure of 10.34 MPa (1500 psi) through 

out the test period. The moment sign convention is shown in Fig. 3 .  

The locations of the dial indicators used to measure deflections for 

15 of the 16 carbon steel elbows and 3 of the 4 stainless steel elbows 

are indicated in Fig. 2. For carbon steel elbow PE-20, dial indicator 

DI 1 was at 254 mm (10 in.) and dial indicator DI 2 was at 381 mm (15 in.) 

from the end of the elbow. 

two dial indicators in addition to those shown in Fig. 2 were used to 

In the case of stainless steel elbow PE-15, 
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a 
Table  2 .  P l a s t i c  l i m i t  l oad  t e s t s  on 6- in .  elbows 

I___ _ _ _ _ ~  - _ _ -  _ _ _ _ _ _ - ~  

Loading c o n d i t i o n s  

e 
Moment 

Elbow 

Wall 
t h i c  kne s s 
( schedu le )  ( i n . )  

P r e s s u r e ,  .__..-.I________..____--~...- 
..... .- ___~______ ...... 

Bend d P 
In p l a n e  Out o f  p l a n e  
_____.... I - - _ _ _ _ _  r a d i u s  

b 
Number 

+MZ M 
-. ....... 2 ..... 

PE- 1 
PE-2 
PE-3 
€'E-4 
PE-5 
PE-6 
PE- 7 
PE-8 
PE-9 
PE-10 
PE-11 
PE-12 
PE-13 
PE-1 4e 
PE-15 
PE-16'' 
PE-17: 
PE-18 
PE-19 
PE-20 

40 
40 
40 
40 
40 
40 
80 
80 
80 
40 
40 
40 
40 
40 
40 
40 
40  
80 
40 
80 

9 
9 
9 
9 
9 
9 
9 
9 
9 
6 
6 
6 
6 
6 
9 
9 
6 
9 
6 
6 

X 
X 

X 
X 

X 
X 

X 
X 

X 
X 

X 
X 

X 
X 

X 
X 
X 
X 
X 
X 

X 
X 
X 

X 
X 

a 

bPE s t a n d s  f o r  p l a s t i c  c o l l a p s e ,  elbow. 
e 

d 

1 i n .  = 25.4 mm. 

See F ig .  3 f o r  s i g n  conven t ion .  

A p o s i t i v e  i n - p l a n e  moment (+M ) causes  t h e  elbow t o  open;  a nega- 
Z 

t i v e  in -p l ane  moment (-M ) c a u s e s  t h e  elbow t o  c l o s e .  z 
e 

Type 304L s t a i n l e s s  s t ee l  elbow. 

o b t a i n  t h e  v e r t i c a l  and h o r i z o n t a l  d i sp l acemen t s  a t  t h e  weld a t  t h e  

loaded  end of t h e  elbow. With t h e  a d d i t i o n a l  i n f o r m a t i o n  p rov ided ,  t h e  

r o t a t i o n  0 of t h e  p i p e  e x t e n s i o n  i n  t h e  p l a n e  o f  l o a d i n g  could  be  used 

i n  de t e rmin ing  t h e  c o l l a p s e  l o a d .  Fo rces  w e r e  appl- ied by h y d r a u l i c  r a m ,  

and t h e  magnitudes were measured u s i n g  a s t ra in-gage-based  load  c e l l .  

F i g u r e  4 i s  a photograph of specimen PE-16 under t es t .  
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Fig. 4. Stainless steel elbow PE-16 during test. 
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Strain gages were mounted on specimens PE-1, -2, - 3 ,  -8, -10, and 

-11 at the locations shown in Fig. 5. Single-element, bonded metallic- 

foil, electrical resistance strain gages with a 3.18-mm (1/8-in.) gage 

length were used in these tests. 

delta configuration (Micromeasurements EA-06-030YB-120) were used for 

specimen PE-15; the gage length for the individual strain elements was 

0.76 mm (0.030 in.). Their locations on the test assembly are shown in 

Fig. 6. Specimens PE-17, -18, -19, and -20 were more extensively instru- 

mented than the others because gages were mounted on both the inside and 

the outside surfaces. The gage locations at the central cross section of 

these elbows are shown in Figs. 7 and 8. 

Ten three-gage strain rosettes with a 

Two types of gages were used at the locations shown in Figs. 7 and 

8. Single three-gage rosettes with a 1.57-mm (0.062-in.) gage length 

(Micromeasurements EA-06-062RG-120) were designated type B and used for 

most locations. The second type of gage rosette, type A (Micromeasurements 

EA-06-030YB-120) was furnished by the manufacturer in stringers of five 

closely spaced units, with the rosettes spaced center to center at 3.18 mm 

(1/8 in.). (A stringer is shown in Fig. 9.) These stringers can be 

trimmed so that when two are fitted together, the spacing between end 

gages for the two stringers is 3.18 mm (1/8 in.). 

For reference, each type B rosette was designated according to its 

angular location; the type A rosettes were near the 90" location. The 

identification system used for each cross section is shown in Figs. 7 

and 8. Type B rosettes were used on the outside at 90" for specimen 

PE-18 and on the inside at 90" for PE-20. 

Brittle lacquer and birefringent coatings were also used on some 

specimens to verify that plastic collapse occurred in the elbows rather 

than in some other part of the system and to indicate locations and 

extents of plastic zones. The strain-gage data were used to examine 

details of behavior for elbows PE-17, -18, -19, and -20, but generally 

they were used to determine loads at which deviation from linear response 

occurred and t o  provide estimates of collapse loads. 

analyses were not made with respect to the brittle lacquer and birefringent 

coatings. 

Quantitative 
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F i g .  5. Diagram of strain-gage l o c a t i o n s ,  
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Fig. 6. Diagran of  strain-gage l o c a t i o n s ,  
PE-15. 



12 

EXT R ADOS 

ORNL DWG 77 20690 

m 

E 1  270' 

(a) PE-17 INTRADOS 

EXTRADOS 

OUTSIDE 
~ 

A - 7  

B ~ 90 
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F i g .  7 .  S t r a in -gage  l o c a t i o n s  on 45" c ross - sec t iona l .  planes of 
PE-18 and -19. 



13 

ORNL DWG 7 7 -  20688 
EXTRADOS 

OUTSIDE 

A - 5  
A - 4  
A - 3  
A -  2 
A -  1 
A + 1  
A t 2  
A t 3  
A + 4  
A + 5  

( a )  PE-19 INTRADOS 

EXTRADOS 

OUTSIDE 

A 5  
A - 4  
A - 3  
A 2  
A -  1 

A t - ?  
A t 2  
A - 1 3  
A + 4  

-- I A t 5  

INSIDE 

A - 5  
A - 4  
A - 3  
A 2  
A I  
A + l  
A + 2  
A t 3  
A t 4  
A + 5  

INSIDE -- ~ 

B 90 
A +  1 
A t 2  
A + 3  
A + 4  
A T  5 

Fig. 8 .  Strain-gage locations on 45" cross-sectional planes of 
PE-19 and - 2 0 .  
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Each test was conducted by slowly applying the force loadings step- 

wise. The dial indicator readings were tabulated for each load increment, 

and the strain-gage data were recorded at each step with an automatic 

strain-gage scanning and indicating system, Binary Electronics model 205. 

EXPERIMENTAL RESULTS 

Load-deflection curves were obtained for all specimens; representa- 

tive plots are included for illustration. Curves are shown for specimen 

PE-1 in Fig. 10, PE-2 in Fig. 11, and PE-3 in Fig. 12. These three speci- 

mens were long-radius, sched-40 elbows, and each was subjected to one of 

the three moment loadings employed (see Table 2). 

of initial linear (elastic) response and a gradual transition to pre- 

dominantly plastic behavior. 

The curves show regions 

In several instances, limitations on maximum loading ram travel 

and/or dial indicator travel limited the range of deflections that could 

be examined. However, in cases where the load-deflection curves extended 

well into the region of predominantly plastic behavior, there were no 

observable indications of alterations in response attributable either to 

geometry change effects or to strain hardening. One of the curves for 

PE-1 and one for PE-2 indicate these larger deflection trends. 

Figures 13 and 14 show the load-deflection curves for specimens PE- 

8 (a sched-80 long-radius elbow) and PE-11 (a sched-40 short-radius 

elbow), respectively. The curves for PE-8 show leveling-off trends with 

increase in deflection. 

The load-deflection curves for specimen PE-13 are shown in Fig. 15. 

In this case, the assembly was subjected to internal pressure plus force 

to produce an in-plane moment. Again, these curves show the initial 

elastic response and the gradual transition to predominantly plastic 

behavior. However, the slopes in the predominantly plastic region are 

much greater than those for the specimens discussed above and show 

stiffening which results from the addition of internal pressure. 

Specimens PE-2, -15, and -16 were sched-40, long-radius elbows; the 

first was carbon steel and the others were stainless steel. Load- 

deflection curves for specimens PE-2 and -16 are plotted together in 
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F i g .  10.  Load-de f l ec t ion  c u r v e s  f o r  in -p l ane  bending (+M ) of  
z 

specimen PE-1 (1 i n .  = 25 .4  mm; 1 l b f  = 4.448 N ) .  
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Fig .  11. Load-de f l ec t ion  c u r v e s  f o r  i n -p l ane  bending (-M ) of 
z 

specimen PE-2 (1 i n .  = 25.4  mm; 1 l b f  = 4.448 N ) .  
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Fig. 12. Load-deflection curves for out-of-plane bending (M ) 
specimen PE-3 (I in. = 25.4 mm; 1 lbf = 4.448 N). Y 
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Fig. 13. Load-deflection curves f o r  in-plane bending (3 ) of 
z specimen PE-8 (1 in. = 25.4 mm; 1 l b f  = 4.448 N). 
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p r e s s u r e  (M I- P) of specimen PE-13 (1 in. = 25 .4  mm; 1 l b f  = 4.448 N ) .  
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F i g .  16 t o  show d i f f e r e n c e s  i n  r e sponse  f o r  s t a i n l e s s  s teel  and carbon 

s tee l  specimens.  The l o a d - d e f l e c t i o n  c u r v e s  f o r  PE-15 (shown i n  F ig .  17 )  

are  v e r y  s i m i l a r  t o  t h o s e  f o r  PE-16. 

s teel  specimen i.s h i g h e r ,  b u t  t h e  t r a n s i t i o n  from i n i t i a l  l i n e a r  r e sponse  

t o  predominant ly  p l a s t i c  r e sponse  i s  more r a p i d  t h a n  t h a t  f o r  s t a i n l - e s s  

s teel .  

The c o l l a p s e  I.oad f o r  t h e  carbon 

S p e c i a l  care w a s  g iven  t o  t h e  t e s t i n g  of PE-17 through -20. The 

tes t  p rocedures  were e s t a b l i s h e d  t o  a s s u r e  t h a t  t h e  l o a d - d e f l e c t i o n  

c u r v e s  would ex tend  w e l l  i n t o  t h e  r e g i o n  of 1iredomina.ntl.y p l a s t i c  

r e s p o n s e ;  and ,  as n o t e d ,  s t r a i n  gages  w e r e  mounted on b o t h  t h e  i n s i d e  

and t h e  o u t s i d e  of t h e  elbows a t  t h e  c e n t r a l  c r o s s  s e c t i o n .  These gages  

were f o r  mon i to r ing  s t r a i n  d i s t r i b u t i o n s  as f u n c t i o n s  o f  l oad  and f o r  

de t e rmin ing  o n s e t  of n o n l i n e a r  r e s p o n s e  from t h e  i n d i v i d u a l  l o a d - s t r a i n  

h i s t o r i e s .  The l o a d - d e f l e c t i o n  c u r v e s  f o r  each  of t h e  f o u r  specimens are 

g i v e n  i n  F i g s .  18 th rough  21. 

The l o a d - d e f l e c t i o n  c u r v e s  of F i g s .  18 through 21 show l e v e l i n g  o f f  

a t  t h e  l a r g e r  d i sp l acemen t s ,  w i t h  t h e  l e v e l i n g - o f f  t r e n d  b e i n g  least  

pronounced f o r  t h e  sched-40 s t a i n l e s s  s teel  elbow, PE-17. I n  F ig .  20, 

upper  and lower l o a d  p o i n t s  are  shown on t h e  l o a d - d e f l e c t i o n  p l o t s  f o r  

PE-19. The lower p o i n t s  were o b t a i n e d  f o r  each  d isp lacearent  increment  

i n  t h e  p l a s t i c  r ange  by h o l d i n g  t h e  d e f l e c t i o n  f i x e d  u n t i l  t h e  c o r r e s -  

ponding l o a d  dec reased  and s t a b i l i z e d .  

Load- s t r a in  c u r v e s  f o r  specimens PE-1, -2, -3, -8, -11, and -15 

are shown i n  F i g s .  22 th rough  27.  For t h e  most p a r t ,  t h e  d a t a  se l . ec t ed  

were t h o s e  f o r  which t h e  f o r c e s  at 0.2% o f f s e t  s t r a i n  could  b e  d e t e r -  

mined. The s t r a i n - g a g e  numbers cor respond t o  t h o s e  i n  F i g s .  5 and 6. 

The c h a r a c t e r i s t i c s  of t h e s e  c u r v e s  are s i m i l a r  t o  t h o s e  of t h e  c o r r e -  

sponding  l o a d - d e f l e c t i o n  c u r v e s ,  w i t h  a s m a l l  l i n e a r  r e sponse  p o r t i o n  

f o r  t h e  s t a i n l e s s  s teel  specimen. For t h e  in -p lane  bending cases, t h e  

gages  w e r e  l o c a t e d  i n  p l a n e s  i n  which t h e  major  and minor axes of o v a l i t y  

€ o r  t h e  deformed cross s e c t i o n  were expec ted  t o  l i e .  I n  t h e  case of out -  

o f -p l ane  bending ,  F i g .  2 4 ,  t h e  gages  were mounted on t h e  t e n s i o n  s i d e  o f  

t h e  elbow, a g a i n  a t  l o c a t i o n s  n e a r  t h e  p o s i t i o n  of  t h e  major  a x i s  of ex- 

p e c t e d  o v a l i t y .  

t h e  d i r e c t i o n s  of  p r i n c i p a l  s t r a i n s ,  as i n d i c a t e d  by t h e  b r i t t l e  l a c q u e r  

These gages  were o r i e n t e d  as c l o s e l y  as p o s s i b l e  w i t h  
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F i g .  1 7 .  Load-de f l ec t ion  curves for i n -p l ane  bending (-+l ) of 
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s p e c i n e n  PE-15 (I i n .  = 25.4 mm; 1 l b f  = 4.448 N ) .  
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Fig .  21. Load-de f l ec t ion  c u r v e s  f o r  in -p lane  bending  (-M Z ) of 
specimen PE-20 (1 i n .  = 25.4 mm; 1 l b f  = 4.448 N ) .  
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Pig .  22. Load- s t r a in  d a t a  f o r  i n -p l ane  bending  (+M Z ) of specimen 
PE-1 (1 l b f  = 4.448 N). 
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Fig .  24.  Load-s t ra in  d a t a  f o r  out-of-plane bending (M ) of spec imen  
PE-3 (1 l b f  = 4.448 N) . Y 
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tests.  However, b i r e f r i n g e n t  c o a t i n g  r e s u l t s  i n d i c a t e d  a s i g n i f i c a n t  

d i f f e r e n c e  between t h e  l o c a t i o n  of maxinium s t r a i n  and t h e  l o c a t i o n s  of 

t h e  gages.  

In t h e  case of  a n e g a t i v e  in-plane moment (+4 ) ,  which t e n d s  t o  
Z 

cause t h e  bend r a d i u s  of t h e  e l b o w  t o  d e c r e a s e ,  t h e  l o a d - s t r a i n  c u r v e s  

f o r  carbon s teel  elbows show a r e l a t i v e l y  r a p i d  t r a n s i t i o n  f rom e l a s t i c  

t o  predominant ly  p l a s t i c  behavior .  Fo r  the c u r v e s  shown i n  F ig .  2 6 ,  t h e  

o n s e t  of n o n l i n e a r  b e h a v i o r ,  as i n d i c a t e d  b y  s t r a i n  gage 00 on the 

convex s i d e  ( e x t r a d o s )  of t h e  elbow, was accompanied by a tendency f o r  an  

i n i t i a l  r e d u c t i o n  i n  s t r a i n  i n c r e a s e  as a f u n c t i o n  of Load on t h e  

concave s i d e  ( i n t r a d o s )  of t h e  elbow, as i n d i c a t e d  by s t r a i n  gage 0 2 .  

The l o a d  response  o f  specimen PE-15 w a s  a l s o  char. ted by p l o t t i n g  

the. a n g l e  of r o t a t i o n ,  9, of the p l a n e  of t h e  loaded end of t h e  elbow 

( o r ,  a l t e r n a t e l y ,  t h e  r o t a t i o n  of t h e  loaded e x t e n s i o n )  a s  a f u n c t i o n  of 

l o a d .  Values  of 8 were c a l c u l a t e d  from t h e  d isp lacements  measured a t  t h e  

end of t h e  elbow and the d e f l e c t i o n s  o b t a i n e d  from the  two d i a l  i n d i c a t o r s  
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p o s i t i o n e d  as shown i n  F ig .  2 .  Load-vs-angle curves  are shown i n  F i g .  28, 

where 81 and 0 2  were o b t a i n e d  from i n d i c a t o r s  D I  1 and UI 2 ,  r e s p e c t i v e l y .  

Circumfert5rit ial  s t r a i n  a t  t h e  midplane ( 4 5 "  p l a n e )  i s  p l o t t e d  as a 

i u i i c t i o n  of a n g u l a r  p o s i t i o n  in F i g s .  29 and 30 f o r  PE-18 and -19,  re- 

s p e c t i v e l y .  

and t h e  a n g u l a r  l o c a t i o n s  a r e  as shown i n  F i g s .  7 and 8 .  The c u r v e s  shown 

a re  f u r  c o n s t a n t  l o a d s  as i n d i c a t e d  on t h e  curves  f o r  t h c  i n s i d e  s u r f a c e s .  

The load  ranged from 15.57 t o  44 .26  kN (3500 t o  9950 lb) f o r  PE-18, and 

t h e  range  w a s  from 6 . 6 7  t o  2 2 . 2 4  kN (1500 t o  5000 lb) f o r  PE-19. These 

p l o t s  show t h a t  t h e  maximum s t r a i n  o c c u r s  on the  i n s i d e  s u r f a c e s  near t h e  

90" l o c a t i o n .  

'Che c i r c u m f e r e n t i a l  s t r a i n  i s  t h e  maximum pr inc ipa l .  s t r a i n ,  

6000 
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4000 

I 

G 
I 
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s 

2000 

1 ooc 

C 

ORNL-DWG 7 7 -  20695 

30 40 50 60 7 0 10 20 
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i o 3 )  

Fig .  28. Load-angle of r o t a t i o n  c u r v e s  f o r  in-p lane  bending (-M ) 
Z 

of specimen PE-15 (1 l b f  = 4.448 N)  . 
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Load-s t ra in  c u r v e s  f o r  specimens PE-17 through -20 are gi-ven in F i g s .  

3 1  through 3 4 .  These c u r v e s  are f o r  gages mounted at: o r  n e a r  the. maximum 

s t r a i n  p o i n t  on the i n s i d e  s u r f a c e ,  except  f o r  PE-20 where d a t a  from a 

gage on the o u t e r  s u r f a c e  are p l o t t e d .  The s t ra in  gage numbers correspond 

t o  t h o s e  shown i n  F i g s .  7 and 8.  

B i r e f r i n g e n t  and b r i t t l e  l a c q u e r  c o a t i n g s  w e r e  used on t h e  t e n s i l e  

sides of two specimens which were. s u b j e c t e d  t o  out-of-plane l o a d i n g s .  

I n  b o t h  cases, t h e  r e g i o n  of maximum t e n s i l e  stress was i n d i c a t e d  t o  be 

ORNL-D'SVG 77- 70693 
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Fig .  31. Load-s t ra in  d a t a  €or in-plane bending (+I ) of specimen 
z 

PE-17 (1. i n .  = 25.4 mi; 1 Illf = h.Li1t8 N ) .  
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Fig .  3 2 .  Load-s t ra in  d a t a  f o r  i n - p l a n e  bending (+I ) of specimen 
z PE-18 (I. in. = 25.4 nun; 1 l b f  = 4 . 4 4 8  N). 
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Fig .  33 .  Load-s t ra in  d a t a  f o r  in -p lane  bending (--+I 2 ) of specimen 
PE-19 ( 1  i n .  = 25.4 mm; 1 l b f  = 4.448 N ) .  
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Fig .  3 4 .  Load-s t ra in  d a t a  for in -p lane  bending (-+I ) of specimen z. 
PE-20 (1 in. = 25.4 INTI; 1 l b f  = 4.448 N ) .  

e s s e n t i a l l y  a t  t h e  midplane o r  toward t h e  concave s i d e  of t h e  elbow. 

These o b s e r v a t i o n s  are i n  l i n e  w i t h  r e s u l t s  t o  be expected on the basis 

o €  e l a s t i c  ana lyse^.^ The b r i t t l e  l a c q u e r  c o a t i n g  r e v e a l e d  a r e g i o n  

o f  maximum t e n s i l e  stress approximately 35.1 mm (1 1 / 2  i n . )  wide and 

304.8 nim ( 1 2  i n . )  i n  l e n g t h  a long  t h e  s u r f a c e  a t  the midplane of PE-15, 

which w a s  s u b j e c t e d  t o  in-plane l o a d i n g .  
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A dimens iona l  survey4 on s e l e c t e d  commercial p i p i n g  components was 

c.onducted a t  OKNL;  t h i s  survey  i n d i c a t e d  t h a t  t h e  maximum measured o v a l i t y  

f o r  101.6-mm (4-h") sched-40 elbows w a s  about  1.0%. The maximum o v a l i t y  

measured f o r  t h e  f i r s t  14 carbon s t e e l  specimens a f t e r  tes t  i n  t h i s  

s t u d y  was 6.5% f o r  PE-I ,  which had been s u b j e c t e d  t o  an in-plane bending 

moment. The s t a i n l e s s  s t e e l  elbow, PE-15, had p r e t e s t  o v a l i t i e s  of 1.0% 

a t  t h e  ends and 2 .0% a t  t h e  45" p l a n e ;  a f t e r  t e s t ,  t h e s e  o v a l i t i e s  w e r e  

5 . 3  and l o % ,  r e s p e c t i v e l y .  The p o s t t e s t  o v a l i t y  a t  t h e  45" p l a n e  f o r  

t h e  second s t a i n l e s s  s t ee l  elbow, PE-1.6, was 9 . 4 % .  

Dimensional d a t a  f o r  PE-.17 through -20 w e r e  o b t a i n e d  b e f o r e  and a f t e r  

t e s t i n g .  These d a t a  inc luded  both  d i a m e t e r s  and t h i c k n e s s e s  measured a t  

the loaded  and t h e  Eixed end and a t  t h e  45" p l a n e  of t h e  el-bow. (See 

t h e  appendix . )  

by a p p l i c a b l e  s t a n d a r d s .  P o s t t e s t  o v a l i t i e s  are g iven  i n  Table  3 ;  t h e  

l a r g e s t  was 1 4 . 5 %  f o r  PE-18, t h e  sched-80 s t a i n l e s s  sI:eel elbow. The 

p r e t e s t  ova l i . t : i es  w e r e  about  1% o r  less ,  

A I 1  dimensions p r i o r  t o  tes t  w e r e  w i t h i n  t h e  l i m i t s  g iven  

Table  3. P o s t t e s t .  o v a l i t i e s  

O v a l i t y  (%) 
Specimen 

No. Loaded Fixed 
4 5 "  p l a n e  end 

end 

PE-17 4 . 7 9 .3  5 . 4  

PE-18 4 . 2  1 4 . 5  5 . 1  

PE-19 5 .6  7 .6  5 . 9  

PE-20 6 . 3  1 2 . 6  8.2 

It i s  i n s t r u c t i v e  t o  examine t h e  e x t e n t  of  t h e  r e g i o n  of i n i t i a l  

l i n e a r  ( e l a s t i c )  r e s p o n s e  f o r  each specimen. The f o r c e s ,  o r  l o a d s ,  cor-  

responding t o  t h e  p o i n t  of d e p a r t u r e  from l i n e a r  response  a r e  l i s t e d  i n  

Table  4 .  The s t r a i n - g a g e  r e s u l t s  are  r e p r e s e n t a t i v e  v a l u e s  obta ined  

from t h e  gages used,  and t h e  two v a l u e s  o b t a i n e d  from t h e  d i a l  i n d i c a t o r s  

are l i s t e d  f o r  a l l  specimens.  There i s  reasonably  good agreement 
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Table  4 .  Exper imenta l ly  determined f o r c e s  cor responding  
t o  d e p a r t u r e  from l i n e a r  response  

Force (lb) a t  d e p a r t u r e  
from l i n e a r  response  

a 
T e s t  Type of 
No. load  

Type of elbow 

D I  1 D I  2 S t r a i n  
gage 

PE-1 

PE- 2 

PE-3 

PE-4 

PE-5 

PE-6 

PE-7 

PE-8 

YE-9 

PE-10 

PE-11 

PE-12 

PE-13 

PE-14 

PE-15 

PE-16 

PE-17 

PE-18 

PE-19 

PE- 20 

+MZ 
...M 

M 
Y 

+Mz + P 

-M + P  

M + P  

z 

Z 

Y 
+MZ 

--+Iz 

+Mz 
---Mz 

M 
Y 

M 

+M + P 

M + P  

Y 

z 

Y 
' -+ fZ  

z 

Z 

--M 

--PI 

-+Z 

* z  

--M- 

Sched-40 LR 

Sched-40 LR 

Sched-40 LR 

Sched-40 LR 

Sched-40 LR 

Sched-40 LR 

Sched-80 LR 

Sched-80 LR 

Sched-80 LR 

Sched-40 SR 

Sched-40 SR 

Sched-40 SR 

Sched-40 SR 

Sched-40 SR 

Sched-40 1,R 

Sched-40 LR 

Sched-40 SR 

Sched-80 LR 

Sched-40 SR 

Sched-80 SR 

3250 

3500 

3500 

5000 

3400 

4050 

1200 

1150 

2700 

1400 

3700 

3500 

3750 

3 750 

2500 

2800 

3000 

7000 

6000 

5000 

3200 

4200 

4000 

2500 

2750 

2200 

1900 

1500 

3000 

2050 

4000 

3500 

3750 

3750 

2400 

3000 

3000 

7 500 

5250 

5000 

3000 

4100 

3850 

2500 

3000 

2100 

1800 

1500 

3300 

21-50 

4000 

a 
1 l b f  = 4.448 N .  

between t h e  v a l u e s  for a g iven  specimen i n  a l l  c a s e s  except  f o r  t h e  low 

s t r a i n - g a g e  v a l u e  E o r  specimen PE-15. 

The d a t a  i n  Table  4 f o r  carbon s teel  elbows show t h a t  combinat ions 

o f  i n t e r n a l  p r e s s u r e  and e x t e r n a l  f o r c e  loading  r e s u l t e d  i n  d e p a r t u r e s  

from l i n e a r i t y  a t  l o a d s  which w e r e  lower  than  t h o s e  f o r  e x t e r n a l  Eorcrs  
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a l o n e ,  A comparison of t h e  v a l u e s  obtai-ned from d i a l - i n d i c a t o r  curves  

shows t h a t  t h e  1-oads a t  t h e  o n s e t  of nonl - inear  r e s p o n s e  f o r  t h e  sta:i.nl.ess 

s t ee l  e lbows a r e  from 0.4  t o  0.6 of t h o s e  € o r  cor responding  carbon s teel  

el.bows s u b j e c t e d  t o  t h e  s a m e  l o a d i n g  c o n d i t i o n s  and wi.th t h e  s a m e  r a d i i  

and wall t h c k n e s s e s .  These di-f Eerences are n o t  r e f l e c t i o n s  of t h e  

d i f f e r e n c e s  i n  0.2% o f f s e t  y i e l d  stresses. 

INTERPRETAT I O N  OF RESULTS 

The determinat i -on of p l a s t i c  c o l l a p s e  l o a d s  from tests on real  

s t r u c t u r e s  f o r  comparison w i t h  1 . i m i t  a n a l y s i s  c a l c u l a t i o n s  h a s  been t h e  

s u b j e c t  of many d i s c u s s i o n s .  1 9 5 - ’ o  

c u r v e  f o r  a s t r u c t u r e  d i s p l a y s  a r e g i o n  of l i n e a r  response ,  a t r a n s i t i o n  

r e g i o n  where t h e  behavior  changes from mainly e l a s t i c  t o  mainly p h s t i c ,  

and a r e g i o n  i n  which a small. i n c r e a s e  i n  l o a d  produces a l a r g e  change 

i n  d isp lacement .  The concept  of p l a s t i c  c o l l a p s e  f o r  an  i d e a l  s t r u c t u r e  

i s  t h e  c o n d i t i o n  where d e f l e c t i o n s  can i n c r e a s e  w i t h o u t  l i m i t  w h i l e  t h e  

l o a d  i s  h e l d  c o n s t a n t .  Thus, ‘ the s e l e c t i o n  of t h e  c o l l a p s e  l o a d  f o r  a 

real  s t r u c t u r e  r e q u i r e s  c a r e f u l  s t u d y .  

In g e n e r a l ,  a force-displacement  

D e m i r  and Drucker , ’  i n  t h e i r  s t u d i e s  on c y l i n d r i c a l  specimens sub- 

j e c t e d  t o  outwardly d i r e c t e d  r i n g  l o a d i n g s ,  d e f i n e d  t h e  l i m i t  load  as 

t h e  l o a d  a t  which the measured d e f l e c t i o n  was t h r e e  times t h e  ex t rapo-  

l a t e d  e l a s t i c  d e f l e c t i o n .  The l i m i t  l o a d s  o b t a i n e d  i n  t h i s  way were 

i n  excellent agreement with t h e o r e t i c a l  p r e d i c t i o n s .  According t o  t h e  

a u t h o r s ,  t h e  f a c t o r  3 was s e l e c t e d  a r b i t r n r i 1 . y  and r e p r e s e n t e d  a com- 

promise between t h e  l a r g e r  and smaller f a c t o r s  which are sometimes used. 

A second method f o r  e s t a b l i s h i n g  t h e  l i m i t  load  is  t o  u s e  t h e  p o i n t  

o f  i n t e r s e c t i o n  of a l i n e  drawn t a n g e n t  t o  t h e  i n i t i a l  p o r t i o n  of t h e  

f o r c e - d e f l e c t i o n  c m v e  ( t h e  e l a s t i c  response  r e g i o n )  and a l i n e  drawn 

t a n g e n t  t o  t h e  s t r a i g h t - l i n e  p o r t i o n  of t h e  curve  i n  t h e  p l a s t i c  r e g i o n .  

Of c o u r s e  t h i s  method depends upon t h e  e x i s t e n c e  of a r e g i o n  i n  t h e  

predomi-nantly p l a s t i c  response  range  f o r  which t h e  d e f l e c t i o n  i s  d i r e c t l y  

p r o p o r t i o n a l  t o  t h e  l o a d ,  and t h u s  t h e  experiment m u s t  be  c a r r i e d  beyond 

t h e  t r a n s i t i o n  r e g i o n ,  and geometry change e f f e c t s  must be a b s e n t .  A 



t h i r d  method i s  t o  de te rmine  t h e  l.oad a t  0 .2% o f f s e t  s t r a i - n  from a load-  

s t r a i n  diagram where t h e  s t r a i n s  a r e  measured by s t r a i n  gages l o c a t e d  

i n  t h e  h i g h - s t r e s s  o r  - s t r a i n  r e g i o n s  of t h e  s t r u c t u r e .  

The r e s u l t s  cor responding  t o  t h e  i n t e r s e c t i n g  l i n e ,  o r  t a n g e n t ,  

method d e s c r i b e d  above are  v e r y  d o s e  t o  t h o s e  o b t a i n e d  u s i n g  t h e  t o t a l .  

d e f l e c t i o n  c r i t e r i o n  i n  t h e  case of t h e  experiments  by Demir and Drucker.  

Thus, t h e  two methods are  e s s e n t i a l l y  e q u i v a l e n t  f o r  t h e i r  c a s e .  Other 

i n v e s t i g a t o r s  6,7,11 have shown t h a t  t h e  t a n g e n t  method g i v e s  r e s u l t s  which 

compare f a v o r a b l y  w:ith c a l c u l a t e d  l i m i t - l o a d  v a l u e s  f o r  o t h e r  s h e l l  s t r u c -  

t u r e s  and l o a d i n g s .  I n  a d d i t f o n ,  r e a s o n a b l e  agreement h a s  a l s o  been 

found between t h e  load  a t  0.2% o f f s e t  s t r a i n  and t h e  l o a d  o b t a i n e d  us ing  

t h e  t a n g e n t  m e t h o d . 7 ’ 9 , 1 0  

The r e s u l t s  from t h e  series of  tests on 152.4-mm (6- in . )  elbows i n d i -  

c a t e d  cont inuous  d e c r e a s e s  i n  deformation r e s i s t a n c e  w i t h  i n c r e a s e  i n  

l o a d .  However, as mentioned i n  t h e  preceding  s e c t i o n ,  t h e r e  were cases 

i n  which l i m i t a t i o n s  on maximum l o a d i n g  r a m  t r a v e l  and/or  d i a l  i n d i c a t o r  

t r a v e l  precluded o b t a i n i n g  curves  which extended f a r  enough i n t o  t h e  

p l a s t i c  reg ion  t o  show l i n e a r  response  a t  t h e  h i g h e r  l o a d s .  I n  a d d i t i o n ,  

s t r a i n - g a g e  r e s u l t s  w e r e  o b t a i n e d  only  f o r  a few cases. ‘Thus a method 

p a t t e r n e d  a f t e r  t h a t  used by D e m i r  and Drucker was e s t a b l i s h e d  f o r  

o b t a i n i n g  l i m i t - l o a d  v a l u e s  on t h e  b a s i s  of t o t a l  d e f l e c t i o n .  The means 

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

R e s u l t s  f o r  t h o s e  specimens where c o l l a p s e  l o a d s  could be o b t a i n e d  by  

t h e  0 .2% o f f s e t  s t r a i n  method, by t h e  tangent  method, o r  by b o t h  are 

g iven  i.n Table  5. 

l o a d - d e f l e c t i o n  curves  f o r  PE-14, -15, -18, -19, and -20. A comparison 

of t h e  r e s u l t s  o b t a i n e d  by t h e  two methods f o r  specimens PE-1, -2 ,  -11, 

and -20 shows v e r y  good agreement between s t r a i n  gage (0.22 o f f s e t )  and 

d i a l - i n d i c a t o r  ( t a n g e n t )  d a t a .  There i s  a l s o  c l o s e  agreement between t h e  

s t r a i n - g a g e  r e s u l t  f o r  PE-15 and t h e  d i a l  i n d i c a t o r  values. The s t r a i n  

gage r e s u l t s  are low f o r  PE-17, -18, and -19. I t  i s  noted  t h a t  t h e  l o a d s  

which were determined from t h e  l o a d - s t r a i n  and t h e  l o a d - d e f l e c t i o n  curves  

(Table  4 )  and which correspond t o  t h e  o n s e t  of n o n l i n e a r  response  w e r e  

g e n e r a l l y  found t o  be i n  good agreement f o r  a l l  b u t  one specimen, PE-15, 

where t h e r e  w a s  a s i g n i f i c a n t  d i f f e r e n c e  between t h e s e  v a l u e s  .I 

Values w e r e  determined by t h e  tangent  method f o r  b o t h  
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T a b l e  5 .  E x p e r i m e n t a l l y  d e t e r m i n e d  l o a d s  u s i n g  s e l e c t e d  c r i t e r i a  

a 
C o l l a p s e  1 oad 

(1b)  
- .-. .. . . . . ... Test Type of  

No. l o a d  
Type of e lbow 

Tangent  m e  t hod  
0.2% o f f s e t  

DI l DT 2 
s t r a i n  

PE-1 

PE-2 

PE-3 

PE- 5 

PE-6 

PE-7 

PE-8 

PE- 9 

PE-11 

PE-I  3 

PE--l/t 

PE-1s 

PE-16 

PE-17 

PE-18 

PE-I9 

PE-20 

+>Iz 

-M 

M 
Y 

Z 

+Iz + P 

M + P  
Y 

4-M 

-M 

M 
Y 

-M 

+M + P 

M + P  
Y 

-M 

--M 

-M 

--M 

+.I 

--M 

z 

Z 

z 

Z 

5: 

Z 

z 

7, 

Z 

z 

Sched-40 IA 

Sched-40 LR 

Sched-GO LR 

Sched-40 LR 

Sched 40 LR 

Sched-80 TAR 

Sched-80 T,K 

Sched-80 LK 

Sched-40 SR 

Sched-40 SR 

Sched-40 SR 

Sched-40 LR 

S cl-zed- 4 0 l,K 

Sched-40 SK 

Sched-80 I,K 

Sched-40 SR 

Sched-80 SLi 

7,100 

5 9 700 

7,900 

11,900 

5, 1.50 

4 ,400  

2,850 

7,600 

3,300 

10 ,700  

6,875 

6,175 

7 ,925  

7,250 

1.3,750 

12,900 

5,150 

6,800 

6,200 

4,1.60 

4 , 4 7 5 

3,700 

9 ,  100 

4,750 

10,220 

6,750 

4,160 

9,100 

5,000 

10  300 

a 1 I h . .  = 4.448 N. r 

I t  i s  i m p o r t a n t  t o  n o t e  t h a t  s t r e s s - s t r a i n  c u r v e s  f o r  c a r b o n  s t e e l  

i n  t h e  s t r a i n  r a n g e  of  i n t e r e s t  i n  t h i s  r e p o r t  are c l o s e  t o  t h o s e  co r -  

r e s p o n d i n g  t o  t h e  e l a s t i c ,  p e r f e c t l y  p l a s t i c  b e h a v i o r  assumed i n  t h e  

deve lopment  o f  l i m i t  a n a l y s i s  t h e o r y .  But s t a i n 1  e s s  s t e e l ,  which shows 

a g r a d u a l  t r a n s i t i o n  f rom e l a s t i c  t o  e l a s t i c - p l a s t i c  b e h a v i o r ,  e x h i b i t s  

r e s p o n s e  c h a r a c  LerIsti c s  t ha t  are  s i g n i f i c a n t l y  d i f  fererit f r o m  t h e  

i d e a l i z e d  b e h a v i o r  assumed.  For  t h i s  r e a s o n ,  i.t i s  j u s t i f i a b l e  t o  



es tab]- ish t h e  method of l imit-l .oad d e t e r m i n a t i o n  based on t h e  r e sponse  

d a t a  f o r  t h e  carbon s t ee l  specimens o n l y .  

S i n c e  t h e  l o a d s  f o r  0 .2% o f E s e t  s t r a i n  and t h o s e  determined from 

l o a d - d e f l e c t i o n  c u r v e s  th rough  t h e  u s e  of t h e  t a n g e n t  method have been 

shown by o t h e r s  t o  g i v e  good comparisons w i t h  c a l c u l a t e d  l i m i t  l o a d s ,  

t h e  agreement found between r e s u l t s  o b t a i n e d  by t h e s e  methods f o r  t h e  

ca rbon  s t ee l  speci.mens i n  t h i s  series of t es t s  s u g g e s t s  t h a t  t h e  t a n g e n t  

o r  a n  e q u i v a l e n t  method can p r o p e r l y  be used h e r e  for l i m i t - l o a d  d e f i n i -  

t i o n .  I n  o r d e r  t o  e s t a b l i s h  a n  e q u i v a l e n t  method, t h e  e x t r a p o l a t e d  

e l a s t i c  d e f l e c t i o n ,  BE,  w a s  s u b t r a c t e d  from t h e  t o t a l  d e f l e c t i o n  cor- 

r e spond ing  t o  t h e  l i m i t  l o a d  i n  each  case where t h e  t a n g e n t  method could 

he  used.  The d i f f e r e n c e ,  o r  t h e  n o n e l a s t i c  d e f l e c t i o n  (denoted by a 6 E ) ,  

w a s  d i v i d e d  by the e l a s t i c  d e f l e c t i o n  t o  de t e rmine  "a" and r e p r e s e n t a t i v e  

a v a l u e s  were s e l e c t e d .  (Note t h a t  D e m i r  and Drucker used a = 2 . )  'These 

s e l e c t e d  v a l u e s ,  l i s t e d  i n  Tab le  6 ,  were then  used t o  de t e rmine  t h e  

c o l l a p s e  l o a d s  f o r  each speci.men. The c o l l a p s e  l o a d s  determined i n  t h i s  

way a re  t h o s e  a s s o c i t e d  w i t h  t h e  "V" marks on t h e  c u r v e s  i n  F i g s .  10 

th rough  2 1 .  The c o l l a p s e  moments, M?:, a t  t h e  ends  of t h e  elbows are t h e  

p r o d u c t ,  t o  t h e  n e a r e s t  113.0 N o m  (1000 in . -Lb) ,  of t h e  c o l l a p s e  l o a d s  

and t h e  moment arms; t h e s e  moments are a l s o  g iven  i n  Tab le  6 .  

The c o l l a p s e  load € o r  PE-3, as  indic.ated i n  Tab le  6 ,  i s  s i g n i f i c a n t l y  

less t h a n  t h e  l o a d  determined by t h e  0.2% o f f s e t  s t r a i n  method (Table  5 ) .  

T h i s  i s  a l s o  t r u e  f o r  t h e  c o l l a p s e  l o a d s  l i s t e d  i n  Tab les  5 and 6 f o r  

specimen PE-15. The magnitude of t h i s  d i f f e r e n c e  f o r  YE-15 i s  abou t  t h e  

same as t h a t  f o r  PE-3. The d i f f e r e n c e  f o r  PE-3 may be a t t r i b u t a b l e  t o  

f a i l u r e  t o  1-ocate t h e  s t r a i n  gages i n  t h e  h i g h  s t r a i n  r e g i o n ,  as no ted  i.n 

t h e  precedi-ng s e c t i o n .  However, t h i s  i s  n o t  t h e  c o n t r i b u t i n g  f ac . to r  i n  

t h e  c a s e  of t h e  s t a i n l e s s  s t e e l  elbow, LIE-15. The c o l l a p s e  l o a d s  f o r  t h i s  

specimen determined by  t h e  t a n g e n t  method from t h e  l o a d  v s  81 and t h e  l o a d  

vs  8 2  c u r v e s  ( F i g .  28)  a re  t h e  same, 18.5 kN (4160 l b ) .  The cor re spond ing  

v a l u e s  o b t a i n e d  from t h e s e  load-vs-0 c u r v e s  u s i n g  t h e  d i sp lacemen t  method 

adopted f o r  t h i s  s t u d y  are 15.57 kN (3500 l b )  and 15 .79  kN (3550 l b ) .  

Thus,  t h e  f i r s t  se t  of v a l u e s  f o r  €'E-15 are i n  r e a s o n a b l e  agreement w i t h  

t h e  0 .2% o f f s e t  s t r a i n  v a l u e  (Table  5 ) ,  w h i l e  t h e  l a t t e r  v a l u e s  a g r e e  w i t h  

t h o s e  g iven  i n  Tab le  6 which were o b t a i n e d  froiii t h e  l o a d - d e f l e c t i o n  c u r v e s .  



T a b l e  6 .  Sumiary of  da th  fror i  limit load s t u d i e s  O F  6 - in .  elbowsa 

- 

Test 
No. 

PE-1 

PE-2 

PE- 3 

PE-4 

PE-5 

PE-6 

PE-7 

PS-8 

PE-9 

PE-10 

PE-11 

?E-12 

?E-13 

?E-14  

DE-15 

YE-16 

PE-17  

p5-18  

PE--19 

PE-20 

Nomen t 

D L  1 D I  2 Average  ( i n ' )  

Collapse l o a d  

arm 
Wall Type of Type of  a ( I b )  Material 

schedule  elbow l o a d i n g  

Col lapse  0 = M*/Z 

( i n . - l b )  
moment, M* (psi) 

40 LR 

40 LR 

40 LR 

40 LR 

4 3  LR 

40 LR 

80 LP, 

80 iR 

80 3ii 

40 SR 

40 SK 

40 SR 

40 SR 

40 SR 

40 LR 

40 LR 

40 SR 

E3 Lli 

40 SR 

80 SR 

ASTM A-106R 

ASTM A-106B 

ASTM A-10bR 

ASTM A-106B 

ASTX A-106B 

AS% A-106B 

ASTK A-136B 

A S 3  A-1063 

ASTM A-10bB 

ASTYl A-106B 

ASTM A-106B 

ASTM A-1068 

L4STN A-106E 

ASTM A-1063 

ASTM A-112  
(304L) 

ASlN A-312 
( 3 0 4 L )  

AS??[ A-312 
(304L) 

A S M  A-312 
(3041.) 

ASTM A-106B 

AS? A-10bB 

0 . 2 5  

+I 0 .25  

n 0 .25  

+M + ? 0 .40  

-M + P 0 . 4 0  

M + P 0 .40  

+x 3 . 4 0  

+. c .40  

M 2.40 

+Mz 

Y 

Y 

Y 
+Hz 0 . 2 5  

* z  
0 . 2 5  

M 0 . 2 5  

+?.! + P 0 . 4 0  

M - P 0 .40  

0.25 

Y 

Y 
* z  

0 . 5 0  
* z  

0 . 2 5  
* z  
-?! i.0 

6 ,750  

6 ,000  

6 , 7 3 2  

7 ,500  

7 ,950  

7 ,450  

1 3 , 8 5 0  

1 1 , 5 2 5  

1'2,70O 

5 , 5 2 5  

5 , 1 0 0  

6 , 1 0 0  

5 , 9 5 0  

6 , 1 0 0  

3 ,500  

3,5043 

3 , 7 0 0  

9 , 1 0 6  

4 , 5 0 0  

1 0 , 2 2 0  

6 , 7 5 0  

6 ,000  

b ,  650 

7 ,200  

7 ,800  

7 ,700  

1 3 , 9 0 0  

I:, 300 

12 ,800  

5 ,300  

5 , 1 5 0  

6 ,000  

5 , 9 5 3  

6 ,250  

3,600 

3 ,400  

3 ,650  

9 , 2 0 0  

4 ,250  

i 0 , 3 3 0  

6 ,750  

6 , 0 0 0  

6 , 6 7 5  

7 ,350  

7 ,875  

7 , 5 7 5  

13 ,8?5  

:1,412 

12 ,750  

5 , 4 1 3  

5 ,125  

6 , 0 5 0  

5 , 9 5 0  

6 ,175  

3 ,600  

3 ,450  

3 , 6 7 5  

9 , 1 5 0  

4 , 3 7 5  

L O ,  263 

28 112 

28 114 

28 314 

27 9 /16  

2 7  112 

27 314 

25 

25 

25 718 

29 314 

30 

28 

27 1 1 2  

27 

26 314 

27 112 

33 

27 

30 

30 

192 ,000  

170 ,000  

;92,002 

203 ,000  

217 ,000  

210 ,030  

147 ,000  

285 ,030  

330,000 

161 ,000  

154 ,000  

169 ,000  

164 ,000  

167,OSO 

96 ,000  

9 5 , 0 0 3  

i 1 0 , 0 0 3  

247 ,000  

131 ,000  

307 ,800  

22 ,800  

20 ,300  

22 ,708  

24 ,000  

25 ,730  

2 4 , 9 0 0  

28 ,500  

23 ,500  

27 ,100  

19 ,100  

1 8 , 2 0 0  

20,lClO 

1 9 , 4 3 0  

19,800 

1 1 , 3 0 0  

11 ,200  

12 ,930  

20,20Q 

15 ,400  

25.188 
- 

'1 i n .  = 25.4 mi; 1 lbf = 4 .448  N ;  1 i n . - l b  = 1 .1298  x lo-' h.r.1; l p s i  = b .895  x 10' P a .  

50 ,000 

5 0 , 0 0 3  

5 0 ,  0c0 

50 ,000  

50 ,000  

5 0 , 0 0 0  

37 ,800  

37 ,803  

3 7 ,  sco 
39,600 

39,600 

3 9 , 6 0 3  

3 9 , 6 0 9  

39 ,500  

37 ,700 

37 ,700  

35,600 

35 ,403  

46 ,000  

34 ,600  

0 . 4 6  

0 . 4 0  

0 .  C6 

0 . 4 6  

0 . 5 1  

0 . 5 0  

0 . 7 5  

0 . 6 2  

0 . 7 2  

0 . 4 8  w 
a 

0 .45  

0 . 5 1  

0 . 4 9  

0 . 5 0  

0 . 3 0  

0 . 3 0  

3 . 3 5  

0 . 5 7  

0 . 3 4  

0 . 7 3  
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F u r t h e r ,  s i n c e  e s s e n t i a l l y  t h e  same r e s u l t s  are obta ined  from Load-vs- 

def lect- i .on c u r v e s  a s  from load-vs-angle  of r o t a t i o n  c u r v e s ,  t h e  s e l e c t i o n  

of c o r r e l a t i n g  parameters h a s  l i t t l e  i n f l u e n c e  i n  t h i s  case. 

The maximum bending stresses i n  t h e  pi.pe e x t e n s i o n s  ( t h e  stresses, 

0 = M*/Z, corresponding  t o  t h e  c o l l a p s e  moments, M") were a l s o  c a l c u l a t e d  

and l i s t e d  i n  Table  6. 

p i p e  e x t e n s i o n ,  o r  t h e  elbow. 

The symbol Z d e n o t e s  t h e  s e c t i o n  modulus f o r  t h e  

Because of t h e  d i f f e r e n c e s  i n  y i e l d  stresses f o r  t h e  elbows (Table  

l), comparisons must be made on t h e  b a s i s  of t h e  v a l u e s  i n  t h e  l a s t  

column of Table  6. These v a l u e s ,  which range  from 0.34 t o  0.75 f o r  

carbon s t ee l  (0.30 t o  0.57 f o r  s t a i n l e s s  s t e e l ) ,  can b e  i n t e r p r e t e d  a s  

i n d i c a t i n g  t h e  margins  of s a f e t y  w i t h  r e s p e c t  t o  t h e  o n s e t  of y i e l d  i n  

s t r a i g h t  r u n s  of p i p e .  

The r e s u l t s  g iven  i n  Table  6 show t h a t  t h e  r a t i o  of t h e  maximum 

bending stresses a t  c o l l a p s e  t o  t h e  y i e l d  stresses are g e n e r a l l y  s l i g h t l y  

l a r g e r  f o r  t h e  s h o r t - r a d i u s  sched-40 carbon steel  elbows than  f o r  t h e  

sched-40 long-radius  elbows f o r  a g iven  loading .  I n  g e n e r a l ,  t h e  addi-  

t i o n  of  i n t e r n a l  p r e s s u r e  i n c r e a s e s  t h e  c o l l a p s e  moment, a l though t h e  

l o a d  a t  t h e  o n s e t  of n o n l i n e a r  response  i s  decreased  as noted  i n  t h e  

preceding  s e c t i o n .  The r a t i o  of maximum stress a t  c o l l a p s e  t o  y i e l d  

stress i s  i n c r e a s e d  w i t h  i n c r e a s e d  w a l l  t h i c k n e s s ,  and t h e  c o l l a p s e  

moments f o r  s t a i n l . e s s  s t e e l .  tend t o  be much smaller t h a n  t h o s e  f o r  

carbon s t ee l .  

To g i v e  a d d i t i o n a l  p e r s p e c t i v e ,  l o a d s  cor responding  t o  f i r s t  y i e l d  

1 ,  t h e  p r o p o r t i o n a l  l i m i t  (L >, t h e  o n s e t  o f  n o n l i n e a r  response  
9< 

(Lo.  2% PL 
as determined from s t r a i n  gage r e a d i n g s  (LSG) ,  and t h e  o n s e t  of non- 

l i n e a r  response  as determined from d i a l  gages (L DI), w e r e  cons idered .  

These a r e  l i s t e d  i n  Table  7 a long  w i t h  t h e  bend c h a r a c t e r i s t i c  parameter  

as g iven  by 

t R  XI = 
2 J7------7 

~ 

J. 

Note t h a t  on ly  
f o r  PE-15. 

9 

specimens w i t h  i n s i d e  gages were c o n s i d e r e d ,  except  
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Table 7. Summary of loadsa 

Test 
No. 

-. ............ 

PE-1 

PE-2 

PE-3 

PE-4 

PE-s 

YE-6 

PE-7 

PE-8 

PE-9 

PE-10 

PE-11 

PE-12 

PE-13 

PE-14 

PE-15 

PE-16 

PE-17 

PE-18 

PE-19 

PE-20 

Type of 
loading 

........ ... 

+Mz 

*z 
M 

+Mz + P 
Y 

-Mz + P 

PI t P 
Y 

+?? 
z 

M 
Y 
+Mz 

*z 
M 

+>I + P 

M + P  

Y 

Y 

*Z 

-+lz 

-% 

-% 
-+I2 

--M 

................ 

A 1  

0.262 

0.262 

0.262 

0.262 

0.262 

0 .262  

0 . 4 2 5  

0 .425  

0 .425  

0.175 

0 .175  

0 .175  

0.175 

0 .175  

0.262 

0.262 

0.175 

0 . 4 2 5  

0 .175  

0.284 
_____ 

A2 

0 .250 

0.250 

0.250 

0 .250  

0.250 

0 .250  

0.405 

0.405 

0.405 

0 .167  

0.167 

0.167 

0 .167  

0.167 

0.250 

0.250 

0.167 

0 .405  

0.167 

0 .270  

......... 

R/r 

2.84 

2.84 

2 .84  

2.84 

2.84 

2.84 

2 .91  

2 .91  

2 .91  

1 . 8 9  

1 .89  

1 .89  

1 . 8 9  

1 . 8 9  

2 .84  

2.84 

1 .89  

2 .91  

1 . 8 9  

1 .94  

......... 

tJ 

. 

0 

0 

0 

0.0045 

0.0045 

O.OU45 

0 

0 

0 

0 

0 

0 

0.0019 

0.0019 

0 

0 

0 

0 

0 

0 

Load at on et 
of yield x 

( l b )  

Lo.2% $1, 

2814 

2838 

3414 

2193 

2198 

2681 

4866 

4866 

5619 

1558 

1545 

2073 

1065 

1363  

2260 809 

2198 787 

1389 624 

4216 2144 

1795  

2710 

Load at onset 
of nonlinearityC L i m i r .  

( I b )  load' 
( I b )  -__. 

LSG LDI 

3500 

3750 

3750 

2450 

2900 

3000 

7250 

5625 

5000 

3100 

4150 

3925 

2500 

2875 

1200 2150 

1850 

1150 1500 

2700 3150 

1500 2100 

3700 4000 

6 ,750  

6 , 0 0 0  

6 ,675  

7,350 

7 ,875  

7 ,575  

13 ,875  

11 ,412  

12 ,750  

5 , 4 1 3  

5 , 1 2 5  

6 ,050  

5 , 9 5 0  

6,175 

3 ,600  

3 ,450  

3 ,675  

9 ,150  

4 ,375  

10 ,260  

'L0.2% 7 load at 0.2% offset strain; LpL = load at proportional limit; LSG = load at onset 
of nonlinearity as determined by strain gage results; LDI = load at onset of nonlinearity as 
dc=terrtiined by dial indicator results. 

bAssurnes yielding is determined by maximum shear stress; 1 l b f  = 4.448 N .  

lbf -= 4.448 N .  

or 

tR 

r2 
=-• 2 

Also given in Table 7 are the radius ratio R/r, and the pressure parameter, 

$ = -  P R2 
ERt a 

In these equations, t is the thickness of the elbow, r is rhe mean 

radius, R is the bend radius, v is Poisson's ratio, E is the elastic 
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modulus, and P i s  press i t re .  

l o a d s .  The l o a d s  cor responding  t o  o n s e t  of y i e l d i n g  were c a l c u l a t e d  

u s i n g  stress i n d i c e s  d e r i v e d  from Ref.  1 2  and assuming t h a t  y i e l d  i s  

determined by t h e  maximum s h e a r  stress. The L, v a l u e s  f o r  t h e  s t a i n -  

less steel  specimens are l o w  compared w i t h  t h o s e  f o r  L 

and -20, t h e  I, 

The last column of Table  7 g i v e s  t h e  l i m i t  

FL 
For  PF-19 

SG ' 
and L v a l u e s  are i n  f a i r  agreement.  

0.2% SG 
Moments cor responding  t o  t h e  l o a d s  given i n  Tab le  7 were normalized 

u s i n g  Mfc, the p l a s t i r  c o l l a p s e  moment i n  each case, and the r e s u l t a n t  

v a l u e s  a r c  l i s t e d  i n  Table  8. The last  colunm of t h i s  t a b l e  g i v e s  t h e  

r a t i o  of t h e  p l a s t i c  c o l l a p s e  moment t o  t h e  t h e o r e t i c a l  p l a s t i c  co l l apse  

T a b l e  8. Summary of  moment ratios 

Test 
No. 

PE- 1 

PE- 2 

PE-3 

PE-4 

PE-5 

PE-6 

PE- 7 

PE-8 

PE-9 

PC-lo 

P L - 1 1  

PE-12  

PE-13 

PE- 14 

PE-15 

PE-16 

PE- 1 7  

PE-18 

PE-19 

PE-20 

Type of 
l o a d i n g  

+MZ 

-PI 

M 
Y 

fM I P 

4 4  + P  

M + P  
Y 

+MZ 

+lZ 

+MZ 

*z 

+MZ f P 

MZ 

MZ 

* z  

M 
Y 

M 
Y 

M - I -  P 
Y 

4 4  
L 

Onset  of Onset  of Straight pipe 
yield nonlinearity normalization 

...... ____ ~ _ _  R /  r 

Mo. 2% ~. 

M* 

0.250 

0.250 

0 . 2 5 0  

0 .250  

0.250 

0 .250  

0 .405  

0 .405  

0 .405  

0.167 

0 .167  

0.167 

0.167 

0 .167  

0 .250  

0.2.50 

0.167 

0.405 

0.167 

0.270 

2.84 0 .42  

2.84 0 .47  

2.84 0 . 5 1  

2.84 0 .30  

2.84 0 . 2 8  

2.84 0.35 

2 . 9 1  0 . 3 5  

2 . 9 1  0 . 4 3  

2 .91  0 . 4 4  

1 . 8 9  0 . 2 9  

1 . 8 9  0 . 3 0  

1.89 0.34 

1 .89  0 . 1 8  

1 . 8 9  0.22 

2.84 0 . 6 2  

2.84 0.64 

1 . 8 9  0 .38  

2 .91  0 . 4 6  

1 . 8 9  0 . 4 1  

1 .94  0.26 

0.52 

0 . 6 3  

0 . 5 6  

0 . 3 3  

0 .37  

0 .40  

0 .52  

0.49 

0.39 

0.57 

0.81 

0 . 6 5  

0.42 

0 .47  

0.22 0 . 3 3  0.60 

0 . 2 3  0.54 

0 . 1 7  0 . 3 1  0 . 4 1  

0 . 2 3  0.30 0.34 

0.34 0 . 4 8  

0.36 0.39 

0 . 3 4  

0 . 3 0  

0 .34  

0 . 3 8  

0 . 4 0  

0 .39  

0.55 

0 . 4 6  

0 . 5 3  

0 .36  

0 . 3 5  

0 . 3 8  

0.40 

0 . 4 0  

0 . 2 3  

0 .22  

0 .27  

0.42 

0 . 2 5  

0 .54  
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moment f o r  s t r a i g h t  p ipe .  The l a t t e r  is g iven  b y I 3  

where D i s  t h e  mean d i a m e t e r  and P i s  the  l n t e r n a l  p r e s s u r e .  

The f i r s t  two normalized q u a n t i t i e s  i n  Table  8 ,  M /M* and MPL/M", 
0 .2% 

cor respond t o  ret-iyrocal shape f a c t o r s  ( t h e  r a t i o  of t h e  moment a t  f i r s t  

y i e l d  t o  t h e  f u l . 1 ~  p l a s t i c  moment). T h e  shape f a c t o r  f o r  s t r a i g h t  p i p e  

of e l a s t i c ,  p e r f e c t l y  p l a s t i c  material i s  4/71. The rati.0 M /M* is  

p l o t t e d  as a f u n c t i o n  of l / A ?  i n  F i g .  35, where a dashed l i n e  a t  ~ / 4  

h a s  been drawn f o r  referenc.e .  Unique c o r r e l a t i o n s  are n o t  i d e n t i f i a b l e  

from t h i s  p l o t ;  however, l i n e s  which a r e  i n d i c a t i v e  of fi.xed R / r  are 

shown. Both A and K/r dependence a re  i n d i c a t e d ;  t h i s  j -s a l s o  t r u e  f o r  

t h e  r e s u l t s  shown i n  F ig .  36,  where MDI/M9: i s  p l o t t e d  vs l/A2. 

f i g u r e s ,  the p o i n t s  f o r  combined l o a d i n g  f a l l  below those € o r  s i n g l e  

l o a d i n g s .  Beyond t h e s e  s imi l .a r i t : i es ,  t h e r e  i s  e s s e n t i a l l y  no correspond- 

ence  between t h e  sets of d a t a  i n  F igs .  35 and 36. 

0 . 2 %  

In both  

The r a t i o  M /M" is  a l s o  dependent on R / r ,  b u t  it a p p e a r s  t o  b e  
PL 

independent  of A .  F i n a l l y ,  M /M" does  n o t  show a d i s c e r n i b l e  depend- 

ence  on  e i t h e r  parameter .  
SG 

The e x p e r i m e n t a l l y  determ.i.ned shape  € a c t o r  i s  g iven  by M*/M and 

v a l u e s  o b t a i n e d  range from 2 . 7 8  t o  3.33. The shape f a c t o r  f o r  s t r a i g h t  

p i p e ,  1 . 2 7 ,  i s  much lower.  A second compari.son can be made w i t h  exper i -  

mental. v a l u e s  o b t a i n e d  by Gross14 from elbows w i t h  dim'ensions s imi l a r  

t o  t h o s e  f o r  specimens PE-1 through -6. In-pI.ane l o a d i n g  cor responding  

t o  -Ivl i n  t h e  p r e s e n t  c a s e  w a s  used,  and r a t i o s  of l o a d  caus ing  c o l l a p s e  

d i v i d e d  by l o a d  caus ing  local.  y i e l d i n g  ( a s  determined by s t r a i n  gages)  

were o b t a i n e d  f o r  two 152.4-mm ( & i n . )  specimens.  These v a l u e s  were 2 .06  

and 2.1.1. f o r  v a l u e s  o f  0.283 and 0 . 2 4 9 ,  r e s p e c t i v e l y ,  and R / r  v a l u e s  

of 2.85 and 2 . 8 4 .  The s t r a i n  gages used by Grass were mounted a t  the 

45" pl.ane a t  22.5" i n t e r v a l s  around t h e  c i rcumference  on b o t h  t h e  i n s i d e  

and t h e  o u t s i d e  s u r f a c e  of t h e  elbow. Because of t h e  spac ing  and t h e  

l o n g  gage l e n g t h ,  20 .6  mm (13/16 i n . ) ,  1ocali .zed y i e l d i n g  probably w a s  

SG' 

z 
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Fig .  35. Calcu la ted  moment at onset of yielding. 
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F i g .  3 6 .  Moment a t  o n s e t  of n o n l i n e a r  r e s p o n s e  as de te rmined  from 
d i a l - g a g e  r e a d i n g s .  

n o t  d e t e c t e d ,  

t h o s e  o b t a i n e d  h e r e ;  b u t ,  a l t o g e t h e r ,  t h e  exp~r imenta l .1 .y  de t e rmined  s h a p e  

f a c t o r s  from the s t u d y  by Gross  i n d i c a t e  a 1.ack of  dependence on A i n  

c o n c e r t  w i t h  t h e  r e s u l t s  g i v e n  i n  t h i s  r e p o r t .  

Hence, t h e  r e s u l t i n g  shape  f a c t o r s  are  low compared t o  

The r e s u l t s  i n  t h e  l a s t  column of Tab le  8 ,  M + c / M o ,  a re  p l o t t e d  vs  

l / A n  i.n F i g .  37 ,  where  t h e  .s;ptrci .men number -is given a t  t h e  l e f t  of each 
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F i g .  37. Normal ized  p l a s t i c  c o l l a p s e  mcment. 

p o i n t .  

K / r  v a l u e s ,  a f a n  of s t r a i g h t  l i n e s  emanat ing  from u n i t y  a t  l/h2 = 0 h a s  

been  used  f o r  d a t a  e x a m i n a t i o n .  From F i g .  3 7 ,  i t  i s  s e e n  t h a t  t h e  d a t a  

may b e  c o r r e l a t e d  on t h e  b a s i s  of R / r  as  d e f i n e d .  111 a d d i t i o n  t o  X and 

R / r  dependence ,  M*/Mo i s  dependen t  upon mater ia l  and l o a d i n g .  

By p o s t u l a t i n g  t h a t  t h e  r e s u l t s  f o r  s t r a i g h t  p i p e  encompass a l l  

The magni tude  o f  Mg:/Mo d e c r e a s e s  as K / r  r a t i o  i n c r e a s e s ,  w i t h  t h e  

v a l u e s  b e i n g  l o w e s t  f o r  s t a i n l e s s  s t ee l .  P o i n t s  f o r  moment l o a d i n g s  
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a l s o  appear  t o  l i e  on a s i n g l e  l i n e  f o r  R / r  2 2. However, when R / r  % 3 ,  

t h e  r e s u l  t s f o r  -M f a l l  below t h o s e  f o r  +PI and M . Combined l o a d i n g s  
Z z Y 

g i v e  h i g h e r  M”/Mo r a t i o s  f o r  b o t h  R / r  r a t i o s .  The v a l u e  of  0 .25 f o r  

P E - 1 9  (A2 = 0.167 and R / r  = 1 . 8 9 )  i s  incongruoiis w i t h  t h e  t-emiinder of 

t h e  d a t a  s e t ,  bu t  t l te c a u s e  i s  unknown. 

CONCLUSIONS 

Exper imenta l ly  determined col. lapse moments f o r  20 couimercial elbows 

a r e  p r e s e n t e d .  The d a t a  can be i n t e r p r e t e d  on an  o v e r a l l  b a s i s  i n  terms 

of tlie r a t i o s  of the cal .culated maximum el .astic bending stresses a t  co l -  

l a p s e  t o  t h e  yieS.d st:resses. The t r e n d s  are i d e n t i f i e d  as f o l l o w s :  F o r  

an  eIbO!*J o f  g iven  w a l l  t h i c k n e s s ,  r a d i u s ,  and material under e x t e r n a l  load 

a l o n e ,  t h e  c o l l a p s e  moment i s  s m a l l e r  when an io-p lane  moment (--Mz), which 

t e n d s  t o  cause  t h e  bend r a d i u s  t o  d e c r e a s e ,  i s  a p p l i e d  tharl it i s  f o r  

t h e  o t h e r  two cases of moment l o a d i n g  s t u d i e d .  The addi t i .on  o f  i n t e r n a l  

p r e s s u r e  f o r  t h i s  c a s e  g i v e s  c o l l a p s e  moments f o r  long-rad ius  sched-40 

elbows t h a t  a r e  g r e a t e r  than  t h e  moments f o r  t h e  o t h e r  two cornhi-ned 

l o a d i n g  cases s t u d i e d  f o r  t h i s  t y p e  of specimen. I n t e r n a l  p r e s s u r e  gen- 

e r a l l y  i n c r e a s e s  t h e  moment a t  c o l l a p s e  as  d e f i n e d  h e r e ,  a l though the 

l o a d  a t  t h e  o n s e t  of n o n l i n e a r  response  i s  decreased .  The rair io  af cn1.- 

c u l a t e d  stress t o  y i e l d  stress, as d e f i n e d  i n  t h e  f o r e g o i n g ,  i n c r e a s e s  

w i t h  i n c r e a s i n g  w a l l  t h i c k n e s s .  FinalI .y ,  this r a t i o  i n c r e a s e s  w i t h  

d e c r e a s i n g  bend r a d i u s  f o r  a g iven  wal L t h i c k n e s s .  

L4ddj.ti.onal c o n c l u s i o n s  a r e  drawn b y  c o n s i d e r i n g  t:he r a t i o  of t h e  

c o l l a p s e  moment t o  t h e  irheoretical. col l .apse moment f o r  s t r a i g h t  p i p e ,  

M;k/Mo. These r a t l o s  are  dependent  upon A ,  R/r , materi-als and l o a d i n g .  

They d e c r e a s e  w i t h  d e c r e a s i n g  A and w i t h  i n c r e a s h g  R / r  r a t i o .  

al.so show t h a t  t h e  col.l.apsse moment i s  smaller when an  in-p lane  moment, 

which t e n d s  t o  c a u s e  t h e  r a d i u s  t o  dec.rease,  i s  a p p l i e d .  Addi t ion  o f  

i n t e r n a l  p r e s s u r e  i n c r e a s e s  t h e  moment r a t i o ;  t h e  r a t i o s  are less f o r  

s t a i n l e s s  s t e e l  t h a n  f o r  carbon s tee l .  O v e r a l l ,  t h e  d a t a  show v e r y  con- 

s i s t e n . t  t r e n d s .  However, addi t iona l .  s t u d i e s  are r e q u i r e d  bcf o r e  t h e s e  

r e s u l t s  can be  cons idered  g e n e r a l l y  appl icable  o u t s i d e  t h e  ranges  of  t h e  

parameters examined. 

They 
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The changes i n  geometry were g e n e r a l l y  small., a l t h o u g h  some o v a l i n g  

of  t h e  c r o s s  s e c t i o n  occurred  i n  each case. The g r e a t e s t  o v a l i n g  occurred  

i n  t h e  s t a i n l e s s - s t e e l  specimens,  g i v i n g  9 t o  15% o v a l i t y  a f t e r  t e s t .  

The r e s u l t s  show t h a t  t h e  c o l l a p s e  moments f o r  t h e  s t a i n l e s s  s teel  

elbows became i n c r e a s i n g l y  smaller t h a n  t h o s e  f o r  carbon s teel  specimens,  

which w e r e  s u b j e c t e d  t o  t h e  same l o a d i n g  c o n d i t i o n s  and had t h e  s a m e  

dimensions,  f o r  d e c r e a s e s  i n  t h e  parameter  A .  Although t h e  y i e l d  stress 

i s  n o t  t h e  only  f a c t o r  i n  de te rmining  t h e  p l a s t i c  behavior  of a s t r u c t u r e ,  

t h e  r e s u l t s  o b t a i n e d  i n  t h i s  s t u d y  i n d i c a t e  t h a t  t h e  e f f e c t i v e  y i e l d  

stress f o r  s t a i n l e s s  s teel  i s  s i g n i f i c a n t l y  lower t h a n  t h e  v a l u e  cor- 

responding t o  0 .2% o f f s e t  s t r a i n .  
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Appendix 

DIMENSIONAL DATA FOR SPECIMENS PE-17 THROUGH -20 

Dimensional d a t a  were o b t a i n e d  p r i o r  t o  and Eollowing test  comple- 

t i o n  f o r  specimens PE-17 and -20; specimens PE-18 arid -19 w e r e  measured 

a f t e r  t e s t i n g  o n l y .  The o u t s i d e  d i a m e t e r s  (OD) and t h i c k n e s s e s  ( T )  a r e  

l i s t e d  i n  Table  A-1 t o g e t h e r  w i t h  t h e  l o c a t i o n s  a t  wliich t h e s e  measure- 

ments w e r e  t a k e n ,  A l so  l i s t e d  a r e  t h e  o v a l i t i e s ,  which ranged from a 

maximum of 1.3X ( p r i o r  t o  r e s t )  t o  14.5% ( fo l lowing  t e s t ) .  The t h i c k -  

n e s s  d e v i a t i o n s  ranged from 0,O t o  1.4.2% of nominal f o r  PE-1~7; -7.4 t o  

+22% f o r  PE-18; -10 t o  +7.9% f o r  PE-19%; and -11.6 t o  +10.2% f o r  PE-20. 

A l l  el.bow dimensions are  w i t h i n  l i m i t s  g iven  by t h e  a p p l i c a b l e  manu- 

f a c t u r i n g  s t a n d a r d .  



5 2  

T a b l e  A-1. Measured specimen d imens ionsa  

d 
OD T O v a l i t y  

( i n . )  I.ocat i o n  ( i n .  ) (%) 
L o c a t i o n  

Specimen 
......... ~ a n g l e  ~ ...... ~. - ~... -~ No. 

P l a n 2  AngleC P r e t e s t  P o s t t e s t  P o s t t e s t  P r e t e s t  P o s t t e s t  

PE-17  A 

Mid 

0-180 6 . 7 0 0  
90-270 6 . 6 6 0  

6 . 4 8 8  
6 .848  

0 
90 

180  
270 

0 
90 

180 
270 

0 
90 

180 
270 

0 
90 

180 
270 

0 
90 

180 
270 

0 
90 

180  
270 

0 
90 

180 
270 

0 
90 

180 
270 

0 
90 

180 
270 

0 
90 

180 
270 

0 
90 

180  
270 

0 
90  

180 
270 

0.295 0 . 6  
0 .332  
0.296 
0 .307  

0 . 2 5 0  0.7 
0 .288  
0.316 
0 . 2 7 8  

0 .290  1 . 1  
0.298 
0 .301  
0 . 3 0 3  

0 . 4 7 1  
0.477 
0.467 
0 . 5 0 1  

0 . 4 0 0  
0.459 
0 .514  
0 . 4 3 4  

0 .514  
0 .525  
0 .455  
0.494 

0.252 
0 . 2 9 3  
0.285 
0 . 2 8 1  

0.252 
0.290 
0.269 
0.270 

0 . 2 6 0  
0 . 2 7 3  
0 .252  
0 . 3 0 2  

0 .386  0 . 4  
0 .458  
0 . 4 4 3  
0 . 4 5 0  

0 . 3 8 3  1 . 3  
0 .437  
0.423 
0 . 4 4 0  

0 .382  0.4 
0 . 4 5 0  
0 . 3 8 3  
0.457 

5 . 4  

9 . 3  

4.7 

5 .1  

14 .5  

4 . 2  

5 .9  

7 . 6  

5.6 

8.2 

12 .6  

6 . 3  

0-180 6 .575  
90-270 6.622 

6.332 
6.937 

0-180 6.700 
90-270 6.625 

6 . 4 6 0  
6 . 7 7 3  

L 

PE-18 A 

Mid 

0-180 
90-270 

6.423 
6 .758  

0-180 
90-270 

6.105 
7 .064  

0-180 
90-270 

6 . 4 7 0  
6 .748  

L 

PE-19 A 

M j  d 

0-180 
90-270 

6.432 
6.820 

0-180 
90-270 

6 .412  
6 . 9 2 0  

0-180 
90-270 

6 . 4 7 1  
6 .845  

L 

PE-20 A 

Nid 

L 

0-180 6 . 6 4 0  
90-120 6 .655  

6 .352  
6 .898  

0-180 6 .566  
90-120 6 . 6 5 3  

6 .199  
7 . 0 3 5  

0-180 6.624 
90-120 6.647 

6 . 4 1 0  
6.824 

'1 i n .  = 25.4 mm. 

L'A = f i x e d  end;  Mid = 45" p l a n e ;  L = l o a d e d  end .  

CAngular  l o c a t i o n s  c o r r e s p o n d  t o  t h o s e  i n  F i g s .  7 and 8 .  
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