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FOREWORD

In 1990 The American Society of Mechanical Engineers (ASME) B31 Code for Pressure Piping Technical Committee on
Mechanical Design (MDC) recognized a need for a standard method to develop stress intensification factors (SIFs or i-
factors) for ASME piping components and joints. At the time, the B31 Code books provided SIFs for various standard

fittings and joints but did ndt provide guidance on how to conduct further research on existing SIFs or how to establish
SIFs for nonstandard and ofther standard fittings or joints.

In 2001 the MDC realized that SIFs and k-factors in the various ASME B31 Code books were not consistent or up to date.
ASME initiated a research project completed by the MDC that incorporated recent research and current manufacturing
practices into the SIF and k-factor test procedures. This resulted in a consistent and up-to-date table of SIFs and k-factors

for metallic piping compongnts.

ASME B31] provides a st
piping components and joi

Sustained stress multiplie
collapse capacity of the met
loads currently exist explicit
equation for the sustained st
using the section modulus
Where the sustained stress i
SIF and provided in lieu of
Standard may be substitute
modulus of the matching p

The most applicable curr
data for standard commerc
section modulus of the mat
standard method to develop

dard approach for the development of SIFs, k-factors, and sustained stress multipliéps for
ts of all types, including standard, nonstandard, and proprietary fittings.
s are used to multiply the nominal bending stress due to sustained loading and-reflect the
hllic piping component or joint. Multipliers of the nominal bending stress due to sustained
y in some, but notall, B31 books. Where more accurate sustained stresses are needed but an
Fess is not given in the B31 Code book, nominal stresses due to sustained moments computed
f the matching pipe should be multiplied by the appropriate sustained stress multiplier.
needed and an equation for the sustained stress is given in the Code book as a function of the
more applicable data, the sustained stress multipliers developed using the method in this
d as more applicable data and used with the nominal stréss computed using the section
pe.
ently available stress intensification and flexibility factors compiled from test and analysis
ally available metallic components are included igvTFable 1-1 and should be used with the
ching pipe (not an “effective” section modulus), Nonmandatory Appendix A provides the
stress intensification factors. Nonmandatory Appendix B provides the standard method to

develop branch connection flexibility factors. Nonmandatory Appendix € demonstrates how the new branch connection

k-factors should be used in
method to develop sustaine
available in Rodabaugh and

This Standard has been r
Code, B31, and B16 Commi
revisions made to the Standa3

he elastic analysis of piping systems,(and Nonmandatory Appendix D provides a standard
d stress factors. A procedure to develop k-factors for bends, elbows, and straight pipe is
Wais.!

bviewed by individuals and appropriate subcommittees of the Boiler and Pressure Vessel
tees. Comments resulting frem the review have been considered and responded to, with
rd, as appropriate. ASME'B31]-2023 was approved as an American National Standard by the

American National Standardls Institute on July 1%~2023.

! Rodabaugh, E. C., and Wais, E. A
463). Welding Research Council.

. (2001). Report 1: Standardized Method for Developing Flexibility Factors for Piping Components (WRC Bulletin
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CORRESPONDENCE WITH THE B31 COMMITTEE

General. ASME codes and standards are developed and maintained by committees with the intent to represent the
consensus of concerned interests. Users of ASME codes and standards may correspond with the committees to propose
revisions or cases, report errata, or request interpretations. Correspondence for this Standard should be sent to the staff

secretary noted on the com

Revisions and Errata. T
changes that appear necessz
dard. Approved revisions W

In addition, the committe
Users can register on the c

This Standard is always
should be as specific as poss
reasons for the proposal, in

Cases. The committee d|

Interpretations. Upon rd
interpretation can be issued
https://go.asme.org/Interp}
confirming receipt.

mittee’s web page, accessible at https://go.asme.org/B31committee.

he committee processes revisions to this Standard on a continuous basis to incorporate
ry or desirable as demonstrated by the experience gained from the application of the Stan-
ill be published in the next edition of the Standard.

b may post errata on the committee web page. Errata become effective on the date posSted.
bmmittee web page to receive e-mail notifications of posted errata.

pen for comment, and the committee welcomes proposals for revisions. Such«preposals
ible, citing the paragraph number, the proposed wording, and a detailed description of the
cluding any pertinent background information and supporting documentation.

pes not issue cases for this Standard.

quest, the committee will issue an interpretation of any requirement of this Standard. An
only in response to a request submitted through the online Interpretation Submittal Form at
etationRequest. Upon submitting the form, the inquirer will\réceive an automatic e-mail

ASME does not act as a conpsultant for specific engineering problems or for the general application or understanding of

the Standard requirements.
should seek assistance, ther
can track the status of thei

ASME procedures providd
an interpretation is availah
committee or subcommittee
device, or activity.

Interpretations are publis
issued.

Committee Meetings. TH
wishing to attend any meeti
can be found on the comm

[f, based on the information submitted, it is the opinion of the committee that the inquirer

bquest will be returned with the recommendation that such assistance be obtained. Inquirers

" requests at https://go.asme.org/Interpretations.

for reconsideration of any interpretation when or if additional information that might affect
le. Further, persons aggrieved by an_interpretation may appeal to the cognizant ASME
ASME does not “approve,” “certify,” “rate,” or “endorse” any item, construction, proprietary

hed in the ASME Interpretations-Database at https://go.asme.org/Interpretations as they are

e B31 Standards Committee regularly holds meetings that are open to the public. Persons
g should contact the'seeretary of the committee. Information on future committee meetings
ttee web page at.https://go.asme.org/B31committee.

vii
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INTRODUCTION

The ASME B31 Code for Pressure Piping consists of a number of individually published Sections and Standards, each an
American National Standard, under the direction of the ASME B31 Code for Pressure Piping Committee.
Rules for each Section reflect the kinds of piping installations considered during its development, as follows:

B31.1 Power Piping: piping typically found in electric generating stations, in industrial and institutional plants, in
geothermal and|solar power applications, and in central and district heating and cooling systems

B31.3 Process Piping: piping typically found in petroleum refineries and in chemical, pharmaceutical, textile,
paper, semiconductor, cryogenic, and related processing plants and terminals

B31.4 Pipeline Transportation Systems for Liquid Hydrocarbons and Other Liquids: piping that transports
products that afe predominately liquid between plants and terminals, and within terminals and
pumping, reguldting, and metering stations

B31.5 Refrigeration Piping: piping for refrigerants and secondary coolants

B31.8 Gas Transportatiop and Distribution Piping Systems: piping that transports products thatlare predo-
minately gas befween sources and terminals, including compressor, regulating, and.métering stations
and gas gathering pipelines

B31.9 Building Services Biping: piping typically found in industrial, institutional, commercial, and public buildings
and multiunit residences that do not require the range of sizes, pressures, andtémperatures covered by
B31.1

B31.12

Hydrogen Piping a
hydrogen servig

Rules for each Standard provig

nd Pipelines: piping in gaseous and liquid hydrogen service and pipelines for gaseous
e

e guidance for a specific task found in one or mere B31 Section publications, as follows:

B31E B31E, Seismic Des]gn and Retrofit of Above-Ground Piping Systems, establishes a method for the seismic
design of above{ground metallic piping systems in the'scope of the ASME B31 Code for Pressure Piping.

B31G Remaining Strength of Corroded Pipelines, provides asimplified procedure to determine the effect of wall
loss due to corrosion or corrosion-like defectSon the pressure integrity in pipeline systems.

B31H Standard Method fo Establish Maximum Allowable Design Pressure for Piping Components, provides a
standardized mpgthod to perform a proof (burst) test for piping components and joints (under
development).

B31] Stress Intensificatjon Factors (i-Factors), Flexibility Factors (k-Factors), and Their Determination for
Metallic Piping Components, ptovides a standardized method to develop the stress intensification
factors (i-factors), flexibility factors (k-factors), and sustained stress factors used in ASME B31 piping
analysis.

B31T

Standard Toughne
materials used i

ss Requirements for Piping, provides requirements for evaluating the suitability of
1 piping systems for piping that may be subject to brittle failure due to low-temperature

service conditiof

S.

This B31] Standard provides stress intensification factors (i-factors) and flexibility factors (k-factors), with procedures

for their determination for metallic piping components and joints. Stress intensification and flexibility factor equations
for common piping components are provided in Table 1-1. The sustained load test procedure can be used to determine
more applicable nominal stress multipliers for use in sustained and occasional ASME B31 analyses. Hereafter, in this
Introduction and throughout the text of this B31 Standard, where the word Standard is used without further identifica-
tion, it means this B31] Standard.

This Standard sets forth stress intensification factors, flexibility factors, and engineering procedures deemed appro-
priate for the safe determination of the fatigue and sustained load capacity of metallic piping components or joints in
typical services. The procedure cannot foresee all geometries and services possible, and the use of competent engineering

viii
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judgment may be necessary to extend the procedure to cover unusual geometries and service conditions or to ensure a
safe testing environment.

The ASME B31 Committee is organized and operates under procedures of The American Society of Mechanical Engi-
neers, which have been accredited by the American National Standards Institute. The Committee is continuing and keeps
all Code Sections and Standards current with new developments in methods, materials, construction, and industrial
practice. New editions are published or reaffirmed at intervals of 3 to 5 years.

This edition of the B31] Standard is not intended to be retroactive. Unless agreement is specifically made between
contracting parties to use another edition, or a regulatory body having jurisdiction imposes the use of another edition, the
latest edition issued at least 6 months prior to the original contract date for the piping installation activity in which a
component or joint qualified hy this Standard is to be used shall he the gaverning document for the determination of SIFs

and k-factors. Users of this Sfandard are cautioned against making use of Standard revisions without assurance that they
are acceptable to the propdr authorities in the jurisdiction where the piping component is to be installed.
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ASME B31J-2023
SUMMARY OF CHANGES

Following approval by the ASME B31 Committee and ASME, and after public review, ASME B31]J-2023 was approved by

the American National Standards Institute on July 17, 2023.

ASME B31]J-2023 includes the fpllowing changes identified by a margin note, (23).

Page Location Change
viii Introduction First sentence of last paragraph editorially revised
1 1 Reference to ASME BPVC, Section III updated
2 Table 1-1 (1) Equations for sketch 1.1, SIF in plane and out of plane, revised
(2) Equations for sketches 2.1, 2.4, and 2.6, run SIF in plane, i,
revised

(3) Equations for sketch 2.3, run SIF in plane, iz and branch SIF
out of plane, i,,, revised

(4) In General Note (a), variable h added and variable I revised to i

(5) General Note (d) and Notes (6), (7)(f), and (9) revised, and
General Note (e) added

1 3 (1) Title revised
(2) Subparagraph (a) editorially revised

18 Nonmandatory Appendix A References reformatted throughout
19 A-1.2 Last sentence of second-paragraph editorially revised
19 A-1.3(a) Last sentence editorially revised
20 A-2.3 Definition of yariable S in eq. (A-3) revised
23 A-5.1 (1) In lastparagraph, cross-references updated
(2) Subparagraph (c) editorially revised
27 Nonmandatory Appendix B References reformatted throughout
27 B-1(c) Editorially revised
27 B-1.1 Third sentence of second paragraph editorially revised
30 B-3 For variables S, and S, “Record” revised to “Report”
32 B-4.6(g) Last sentence deleted
36 C-1 Definition of variable r corrected by errata
40 Nonmandatory Appendix D References reformatted throughout
41 D-1.2(d) Last-sentence-editoriallyrevised
41 D-2 Definition of test pressure editorially revised
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ASME B31]J-2023

STRESS INTENSIFICATION FACTORS (i-FACTORS),

FLEXIBILITY FACTORS (k-FACTORS), AND THEIR
DETERMINATION FOR METALLIC PIPING COMPONENTS

(23) 1 GENERAL

The ASME B31 Code for P
Boiler and Pressure Vesseg
Subsection NCD piping rul
intensification factors (SIF
factors (k-factors) when che
nents and joints (welded and
to various loads, including c
fatigue failures. As used her
used without specific identiff

ressure Piping and the ASME
1 Code (BPVC), Section III,
es require the use of stress

or i-factors) and flexibility
Cking the adequacy of compo-
nonwelded) in piping subject
yclic loads, that may produce
bin, where the word “Code” is
cation, it means the code that

incorporates or references

this Standard. Experimental

methods to determine SIFs, flexibility factors, and
sustained load factors are pfovided in the Nonmandatory
Appendices. Compiled stresq intensification and flexibility
factor equations for comnjon piping components are

included in Table 1-1; see
Figures 1-1 through 1-7.

2 DEFINITIONS

flexibility factor: for branch
ratio that defines the rotat
negligible-length element ¥
end of the same element
moments are applied at e
based on an effective len
increases the element flex
of bend ovalization that
length of the bend.

i-factor: the same as the st
k-factor: the same as the fl¢

pipe stress analyst: the indivi
racy of i-factors, k-factors, ar

hlso Tables 1-2 and 1-3 and

connections and reducers, a
on of one end of a zero- or
vith respect to the opposite
when equal and opposite
ch end; for bends, a factor
gth of matching pipe~that
bility to simulate the, effect
pplies over the.entire arc

ess intensification factor.
xibility.faetor.

dualresponsible for the accu-
d sustained load factors used

a through-wall crack to appear in a given number of
cycles in a straight pipe butt weld to the elastically calcu-
lated nominal stress in the matching pipe used with the
component that produces a through-wall crack ificthe
same number of cycles in the component or attaclied.pipe.

verified numerical analysis: typically, a finite\eélement
analysis of a particular piping systemeomponent
whose results have been verified against existing test data.

3 CONTENTS OF STANDARD

(a) There are several diffetent tests the manufacturer
or user of a metallic piping.eomponent may conduct to
demonstrate the component's Code adequacy. These
tests include burst tests, load-deflection tests (k-factor
tests), SIF tests (i=factor tests), and sustained load
tests. Multiple tests may be performed on the same
specimen. Foryexample, SIF tests can follow multiple k-
factor tests,”and sustained load tests can follow SIF
tests wHen the specimen has been suitably repaired.

(b) Typical tests conducted as part of a piping compo-
nent evaluation include, but are not limited to, the
following:

(1) burst test

(2) SIF test (in accordance with Nonmandatory
Appendix A)

(3) k-factor test (in accordance with Nonmandatory
Appendix B)

(4) sustained load test (in accordance with
Nonmandatory Appendix D)

Procedures for the tests in (2) through (4) are described
in the nonmandatory appendices in this Standard.

(c) Stress intensification and flexibility factors for
metallic piping components are included in Table 1-1

in the analysis of the piping system.

piping components: mechanical elements suitable for
joining or assembly into pressure-tight, fluid-containing
piping systems. Components include pipe, tubing, fittings,
flanges, gaskets, bolting, valves, and devices such as
expansion joints, flexible joints, pressure hoses, traps,
strainers, in-line portions of instruments, and separators.

stress intensification factor (SIF): a piping component
fatigue strength factor. It is the ratio of the elastically
calculated nominal stress in matching pipe that causes

and were developed using the test procedures in this Stan-
dard and numerical methods.

4 REFERENCE

Rodabaugh, E. C. (1994). Part 1: Standardized Method for
Developing Stress Intensification Factors for Piping
Components (WRC Bulletin 392). Welding Research
Council.
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(23)

Flexibility and Stress Intensification Factors

Table 1-1

Term

|

Equation

Sketch

1.1 Pipe Bend or Welding Elbow Meeting ASME B16.9 [Notes (1)-(4)]

Flexibility characteristic, h TR, /R?
Flexibility factor in plane, k; 1.65/h
Flexibility factor out of plane, k, 1.65/h
SIF in plane, i; 0.9/h*/3
SIF out of plane, i, 0.75/h2/3
SIF torsional, i, 1

[

. T

1.2 Closely Spaced Miter Bend, 4

< R (1 + tan 6) [Notes (1), (2), (4)]

Flexibility characteristic, h

sT cot 6/(2R?)

Flexibility factor in plane, k; 1.52/h°/®
Flexibility factor out of plane, k, 1.52/h°/®
SIF in plane, i; 0.9/h*/3
SIF out of plane, i, 0.9/h%/3
SIF torsional, i, 1

1.3 Widely Spaced Miter Bend, 5

2 R (1 + tan 6) [Notes (1), (4), (5)]

Flexibility characteristic, h

T (1 + cot 6)/(2R)

Flexibility factor in plane, k; 1.52/h%/°
Flexibility factor out of plane, k, 1.52/h%/°
SIF in plane, i; 0.9/h*/3
SIF out of plane, i, 0.9/h*/3
SIF torsional, i, 1

% R, = R(1 +Zcot 0)

€20Z-[1€9 INSY
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Table 1-1

Flexibility and Stress Intensification Factors (Cont’d)

|

Branch torsional flexibility factor, k.,

[1.08(d/D) - 2.44(d/D)* + 1.52(d/D)*](R/T)*”" (d/D)** (t/T)

Term Equation Sketch
2.1 Welding Tee Meeting ASME B16.9 [Notes (1), (6), (7)]
Run in-plane flexibility factor, k;, 0.18(R/T)"*® (d/D)°
Run out-of-plane flexibility factor, k,, 1 al T
Run torsional flexibility factor, k- 0.08(R/T)*°* (d/D)>7 l X

Tl ) iR
Branch in-plane flexibility factor, ke Qe Dy 432 (/DY 2 7/ DYURITYOTT (/N7 (/T \ r,
Branch out-of-plane flexibility factpr, ko [0.34(d/D) - 0.49(d/D)? + 0.18(d/D)*](R/T)**° (t/T) J " Lt _
<«

Run SIF in plane, i,

098(R/TJ035 (d/D)OJZ (t/T)—O.SZ

Run SIF out of plane, i,

061(R/T)029 (d/D)l.‘)S (t/T)—O.53

Run SIF torsional, i,

0.34(R/T)*”* (d/D)(t/T)*®

Branch SIF in plane, i,

0.33(R/T)*? (d/D)"'® (¢/T)*7

Branch SIF out of plane, i,

042(R/TJ2/3 (d/D)0'37 (f/T)O'37

Branch SIF torsional, i,

0_4-2[R/T]2/3 (d/D)l.l (t/T)l.l

y
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Table 1-1
Flexibility and Stress Intensification Factors (Cont’d)

Term Equation Sketch
2.2 Reinforced Fabricated Tee (When t, > 1.5T, Use t, = 1.5T) [Notes (1), (7)]
Run in-plane flexibility factor, k;, 0.21[R/(T + 0.5t,) 1%°7 (t/1)"°%° (d/D)%?
Run out-of-plane flexibility factor, k,, 1
Run torsional flexibility factor, k- 0.12[R/(T + O.StID)]l'39 (t/7)°7* (d/D)%>
O

Branch in-plane flexibility factor, k;,

[1.29(d/D) - 2.73(d/D)* + 1.62(d/D)*][R/(T + 0.5¢,)]"* (t/T)*°° (d/D)**?

Branch out-of-plane flexibility factor, ko

[0.84(d/D) - 1.27(d/D)* + 0.5(d/D)*][R/(T + 0.5t,)]*°° (t/T)*°® (d/D)°?*

“<_|—><—

Branch torsional flexibility factor,

th

1.1[R/(T + 0.5t,)]°° (d/D)*>**

Run SIF in plane, i;-

[R/(T + 0.5t,)]%*° (d/D)"° (t/T)°** > 1.5

Run SIF out of plane, i,,

[1.29(d/D) - 2.87(d/D)* + 2.39(d/D)*1(t/T) **[R/(T + 0.5¢,)]°%

Run SIF torsional, 7,

0.36[R/(T + 0.5t,)*° (¢/T)"*° (d/D)**

Branch SIF in plane, i,

[3.33(d/D) - 5.49(d/D)* + 2.94(d/D)*|(TR**)(T + 0.5¢,)°/* (¢/1)°3

Branch SIF out of plane, i,

[2.86(d/D) + 2.4(d/D)* - 4.34(d/D)*|(TR**)(T + 0.5¢,)>3 (t/T)**
(when t/T < 0.85, use t/T = 0.85)

Branch SIF torsional, iy,

0.642(d/D)? (TR*’®)(T + 0.5t,)7°/% (t/T)*3

—
o
o
Q-|-

<+
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Table 1-1

Flexibility and Stress Intensification Factors (Cont’d)

Term

Equation

Sketch

2.3 Fabricated Tee [Notes (1), (7), (8)]

Run in-plane flexibility factor, k;,

1.23(R/T)* (¢/T)"°4 (d/D)>?

Run out-of-plane flexibility factor, k,,

1

Run torsional flexibility factor, k-

(RN (¢/T)°° (d/D)"*

_¥

Branch in-plane flexibility factor, kn

[3150d/D) — 6 ALd/DN% o ALd/D\31R /7083 (/7049 (/002
L Al J 7 J Al PR ASH 4 J A4 J A\l J

Branch out-of-plane flexibility factpr, k,p

[2.05(d/D) - 2.94(d/D)* + 1.1(d/D)*](R/T)** (t/T)°® (d/D)%*?

Branch torsional flexibility factor, kg,

0.95(R/T)*®3 (d/D)>**

Run SIF in plane, i,

1.2(d/D)*° (R/T)** (t/T) % 2 1.5

Run SIF out of plane, i,

[(d/D) - 2.7(d/D)* + 2.62(d/D)*1(R/T)*** (t/T)"”
(when d/D < 0.5, use d/D = 0.5; when t/T < 0.5, use t/T = 0.5)

R
Set on r Insert F
I

1 [N

Run SIF torsional, i,

1.2 (R/T)°* (¢/T)"°45 (/D)7
(when t/T < 0.15, use t/T = 0.15)

Branch SIF in plane, i,

[0.038 + 1.45(d/D) - 2.39(d/D)? + 1.34(d/D)*1(R/T)°7° (t/T)°"*
(when t/T <1, use t/T =1)

Branch SIF out of plane, i,

[0.038 + 2(d/D) + 2(d/D)? - 3.1(d/D)*](R/T)*3 (t/T)
(when t/T < 0.6 use t/T = 0.6)

Branch SIF torsional, iy,

0.45(R/T)*® (t/T)*** (d/D)?

t>| | i [Sezpﬂg{‘ea:s)l
ol r"'i{f d=2r
p D=2R
Y
R
Set on Insert if
1,
Optional
[See Note (8)]
t"“_:j ,-| d=2r
1, |< D=2R
p
Y
R
)\
0 T
Set on Insert _L
i | | |:§weldedT
t > |<-
> r |~ d=2r
> 1, |~ D=2R
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Table 1-1

Flexibility and Stress Intensification Factors (Cont’d)

Term Equation Sketch
2.4 Extruded Outlet With r, = 0.05d, and T < T, < 1.5T [Notes (1), (7), (9)]
Run in-plane flexibility factor, k;, 0.18(R/T)*® (d/D)°
Run out-of-plane flexibility factor, k,, 1 Y T

Run torsional flexibility factor, k-

0.08(R/T)*°* (d/D)>’

Branch in-plane flexibility factor, k;,

[1.91(d/D) - 4.32(d/DY? + 2.7(d/D) R/ (d/D)¥ (t/T)

Branch out-of-plane flexibility factor, k.

[0.34(d/D) - 0.49(d/D)? + 0.18(d/D)*|(R/T)*® (¢/T)

Branch torsional flexibility factor,

th

[1.08(d/D) - 2.44(d/D)* + 1.52(d/D)*](R/T)®”” (d/D)*"° (t/T)

Run SIF in plane, i,

145(1 + r/R)2/ (R/T)*3 (d/D)*7? (¢/T) 52

Run SIF out of plane, i,,

0.58(1 + r/R)** (R/T)*/* (d/D)**°

Run SIF torsional, 7,

0.55(1 + r/R) (R/T)* (d/D)(t/T)**

Branch SIF in plane, i,

0.56(1 + r,/R)** (R/T)*/ (d/D)***

Branch SIF out of plane, i,

0.85(1 + r/R)*?* (R/T)*/* (d/D)**

Branch SIF torsional, iy,

0.71(1 + r,/R)** (R/T)?/ (d/D)?

2.5 Welded-in Contour Insert (W

'hen r, Is Not Provided, Use r, = 0) [Notes (1), (6), (7)]

Run in-plane flexibility factor, k;.

0.18(R/T)*"* (d/D)°

Run out-of-plane flexibility factor, |, 1

Run torsional flexibility factor, k- 0.1(R/T)*°* (d/D)>”

Branch in-plane flexibility factor, i, [2.36(d/D) - 5.33(d/D)* + 3.33(d/D)*](R/T)*""\{e/D)°*" (t/T)
Branch out-of-plane flexibility factpr, k,p (1 + ry/R)[0.67(d/D) - 0.97(d/D)* + 0.36(d/BY](R/T)**® (t/T)

Branch torsional flexibility factor,

[1.05(d/D) - 2.36(d/D)?* + 1.49(d/D)*|(RFY°7" (d/D)"°! (t/T)

Run SIF in plane, i;

(R/T)O.35 (d/D)0.72 (t/T)_O'SZ

Run SIF out of plane, i,,

O72(R/TJ029 (d/D)l.‘)S (t/T)-O.S3

Run SIF torsional, i,

0.36(R/T)%/® (d/D)(t/T) "5

Branch SIF in plane, i,

0.35(R/T)*? (d/DY™3® (¢/T)%7

Branch SIF out of plane, i,

O48(R/TJZ/3 (d/D)0.37 (t/TJO.37

Branch SIF torsional, iy,

0.44(R/TY*R_(d/D)"" (t/T)"*
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Table 1-1

Flexibility and Stress Intensification Factors (Cont’d)

Term

|

Equation

Sketch

2.6 Integrally Reinforced Branch Welded-on Fittings [Notes (1), (7), (10)]

Run in-plane flexibility factor, k;, 0.5(R/T)* (d/D)°
Run out-of-plane flexibility factor, k,, 1
Run torsional flexibility factor, k- 0.1(R/T)(d/D)>”

Branch in-plane flexibility factor, kn

[0.550d/D) = 1130d/D\2 & 0690d/DN31R /T[T
L Al J A\l J \Sald PR ASH 4 AN J

Branch out-of-plane flexibility factpr, k,p

[1.03(d/D) - 1.55(d/D)* + 0.59(d/D)*](R/T)** (t/T)(d/D)">3

(TS
Y

Branch torsional flexibility factor, ki, [0.37(d/D) - 0.75(d/D)? + 0.46(d/D)*](R/T)(t/T)(d/D)*? ] <_,t
!
Run SIF in plane, i; (R/T)**% (d/D)** 2 1.5
Run SIF out of plane, i,, [0.02 + 0.88(d/D) - 2.56(d/D)? + 2.58(d/D)*|(R/T)** — v—} T
Run SIF torsional, i, 1.3(R/T)°* (d/D)*37 R
Branch SIF in plane, iy [0.08 + 1.28(d/D) - 2.35(d/D)* + 1.45(d/D)*I(R/T)*®" (t/T)(r/r})
Branch SIF out of plane, i, [1.83(d/D) - 1.07(d/D)*] (R/T)*®* (¢/T)(r/r,)""® |<1
Branch SIF torsional, iy, 0.77(R/T)*3 (t/T) (d/D)? (r/r,) rle t d=2r
< D=2R
137
PREAEY
:_"4-1[ d=2r
r, < D=2R
3.1 Concentric or Eccentric Redycer Meeting ASME B16.9 [Note (11)]
SIF in plane, i; 0.6 + 0.003(aT2/T1)*® (DL/ T (D2/r2)
SIF out of plane, i, 0.6 + 0.003(aT,/T1)*3.(D2/T2)*?° (D, /12) ¢T1
SIF torsional, i, 0.3 + 0.0015(aT, /)28 (D, /T5)%% (Dy/r2) T j T,
D, -+ b,
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Table 1-1
Flexibility and Stress Intensification Factors (Cont’d)

Term I Equation I Sketch
4.1 Butt Weld, T 2 6 mm (0.237 in.), &ax < 1.5 mm (%, in.), and 8.4vg/T < 0.13 [Note (12)]
SIF in plane, j; 1.0 .
SIF out of plane, i, 1.0 _T_\ i T
SIF torsional, i, 1.0 + -
A5
4.2 Butt Weld, T = 6 mm (0.237 in.), 8oy < 3 mm (% in.), and 68,,,/T = Any Value OR T < 6 mm (0.237 in.), 8max < 1.5 mm (%46 in.), and 8,,¢/T < 0.33 [Note (12)]
SIF in plane, i; 1.9 max. or 0.9 + 2.7(8,../T) but not less than 1.0 _
SIF out of plane, i, 1.9 max. or 0.9 + 2.7(8a.y¢/T) but not less than 1.0 T
SIF torsional, i, 0.45 + 1.35(04vg/T) but not less than 1.0 T
45

4.3 Fillet-Welded Joint or Socke§-Welded Flange Meeting ASME B16.5 or Socket-Welded Fitting Meeting ASME B16.11 [Note (13)]

SIF in plane, i; 1.3
SIF out of plane, i, 1.3 r T

A Co
SIF torsional, i 13 X 7 i NgZi
C, Cx

€20Z-[1€9 INSY

¥ ¥
Megting Meeting
applicable applicable
IANNNWNNNE Code | Code

4.4 Tapered Transition in Accorfance With Applicable Code Sections and ASME B16.25

SIF in plane, i; 1.9 max. or 1.3 + 0.0036(D,/T) + 3.6(6/T)

SIF out of plane, i, 1.9 max. or 1.3 + 0.0036(D,/T) + 3.6(6/T)

SIF torsional, i, 1.3

4.5 Weld Neck Flange

SIF in plane, i; 1.0
SIF out of plane, i, 1.0
SIF torsional, i, 1.0
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Table 1-1
Flexibility and Stress Intensification Factors (Cont’d)

Term Equation Sketch
4.6 Single Welded Slip-on Flange
SIF in plane, i; 1.3
SIF out of plane, i, 1.3
SIF torsional, i, 1.3
4.7 Double Welded Slip-on Flange
SIF in plane, i; 12
SIF out of plane, i, 1.2
SIF torsional, i, 1.2
4.8 Lap Joint Flange (With ASMH B16.9 Lap Joint Stub)
SIF in plane, i; 1.6
SIF out of plane, i, 1.6
SIF torsional, i, 1.6
5.1 Threaded Pipe Joint or Threpded Flange in Accordance With Acceptable Code Detail
SIF in plane, i; 2.3
SIF out of plane, i, 2.3
SIF torsional, i, 2.3
GENERAL NOTES:
(a) The following symbols are usqdd in this table:
» = metal area of p|pe cross section, in.2 (mm?)
B = length of miter|segment at crotch, in. (mm)
b = branch subscript corresponding to Leg 3 in Figure 1-1
¢ = factor for rigid fends adjacent to bends, miters, and branch connections in sketchés 1.1, 1.2, and 2.1 through 2.6
C, = minimum sockqt weld leg length, in. (mm)
D = mean diameter |of matching pipe found from (D, - T), in. (mm); for sketche$-2.1 through 2.6, the mean diameter of the matching run pipe

d = mean diameter|of matching branch pipe found from (d, - t), in. (mm)
d’ = effective brancll diameter used with Figure 1-3, illustrations (a), (b)xand (c), in. (mm)

Dy, D, = outside diametgr

2%

=)
S

= outside diametgr

of matching pipe at large and small ends of reducer, respectively, in. (mm)

= inside diameter| of matching run pipe found from (D, - 2T), itis(nim)
= inside diameter| of matching branch pipe found from (d, - 2t)yin. (mm)

of matching pipe, in. (mm)

_~ &

Ib/ Ir =

= outside diametgr of the matching branch pipe, in. (mm);\for sketches 2.1 through 2.6, the outside diameter of the matching run pipe
= modulus of eladticity, psi (kPa)

= flexibility charakteristic for elbows and bends

= stress intensifidation factor (SIF)

matching branch and run pipe moment of-inertia used in Table 1-2, in.* (mm*)

= flexibility factorfwith respect to the plane-and.component indicated [see Rodabaugh (1994) for a more detailed definition of flexibility factor

pipe and branch connections]

= length of taper for thicker branch section in Figure 1-2, in. (mm)

length of the cylindrical portiop-at the small end of the reducer in sketch 3.1, in. (mm)
moment on branch or run legs\shown in Figure 1-1, in.-Ib (N-mm)

hs it applies to straight and curved

£€20Z-(1€9d ANSVY


https://asmenormdoc.com/api2/?name=ASME B31J 2023.pdf

()8

Table 1-1
Flexibility and Stress Intensification Factors (Cont’d)

GENERAL NOTES: (Cont'd)

N, = number of flanges or other rigid components adjacent to the run pipe end of a branch connection (1 or 2)
P = gage pressure, psi (MPa)

R = mean radius of
r = mean radius of

matching pipe found from (D, - T)/2, in. (mm)
matching branch pipe found from (d, - t)/2 for sketches 2.1 through 2.6, in. (mm)

R; = bend radius of welding elbow or pipe bend, in. (mm)

r, = radii used with

Figure 1-3 and in sketch 3.1, in. (mm)

r; = inside radius used with Figure 1-3, in. (mm)
r, = radius to outside edge of fitting for sketches 2.3 and 2.6 measured in longitudinal plane, in. (mm)
ry = external crotch radius of welding tee in accordance with ASME B16.9, extruded outlet and welded-in contour insert (see sketches 2.1, 2.4, and 2.5), measured in the plane

containing the
s = miter spacing
SIF = stress intensifi
T = nominal wall th
wall thickness o
run pipe for tee
through 4.4
t = nominal wall t
t’ = effective branc
Ty, T, = nominal wall tl
T. = crotch thicknes
t, = local branch pi
t, = reinforcement
y = large end of ta
Z = section moduly
Zp, = section modulyl
a = reducer cone a
6 = mismatch, in. (1
6 = one-half angle
6, = angle used with
Oins Oob Ocy

CIILCT :;IIC dATS Uf L:AC TuIr aud ‘l)l ﬂllL:l, ill. (llllll)

centerline, in. (mm)

tion factor

ckness of matching pipe or the average wall thickness of the fitting, if available, for welding elbows in sketch 1.1; nominal w:

11 thickness of pipe or the average

the fitting, if available, for pipe bends in sketch 1.1; nominal wall thickness of pipe for miter bends in sketches 142 anid 1.3; nominal wall thickness of matching

in sketches 2.1 and 2.4; nominal wall thickness of run pipe for tees in sketches 2.2, 2.3, 2.5, and 2.6; nominal wall thickness of]

ickness of matching branch pipe, in. (mm)

thickness used with Figure 1-3, illustrations (a), (b), and (c), in. (mm)
ickness of matching pipe at the large and small ends of the reducer, respectively, in. (mm)
in sketches 2.1, 2.4, and 2.5 measured at the center of the crotch and in the plane shown,n) (mm)
e thickness used with Figure 1-3, illustrations (a) and (b), in. (mm)

ad or saddle thickness, in. (mm)
er used with Figure 1-3, illustration (c), and found from (L; tan 8,), in. (mm)

of pipe, in.*> (mm?) [see Note (7)]

of matching branch pipe, in.> (mm?) [see Note (7)]
hgle, deg
hm)

etween adjacent miter axes, deg

Figure 1-3, illustration (c), deg

0:, 8,5, B, = rotations at brgnch or run legs shown in Figure 1-1, rad

(b) Stress intensification and flexih
provided as needed below.
(1) Flexibility and stress in
(2) Stress intensification fa
(3) Stress intensification an|
manufactured from ductile fery
copper and aluminum alloys)
(4) Corrugated straight pipd
Manufacturers Association; on
(c) The highest in-plane or out-of-
orientation specified. For sket
(d) Where sustained stress or monj
and sketches 3.1 through 5.1, th
directional sustained stress o
(1) 0.75 times the applicab

ensification factors shall not be less than 1.0.
Ftors may be used without flexibility factors.

ous materials and from numerical analysis usingfinite elements. Caution should be exercised when applying these rules for
for other than low-cycle applications.

or corrugated or creased bends should.be'designed using the principles found in ASME B31.3, Nonmandatory Appendix X; s
similar standards.

plane stress intensification factor’shall be used when only a single stress intensification factor is needed. Flexibility facto
hes 3.1 through 5.1, the in-plane,and out-of-plane orientations must be orthogonal to each other and to the pipe axis.

moment multiplier cah.bé conservatively taken as the smaller of (1) and either (2) or (3) below.
e stress intensification factor

pipe for weld joints in sketches 4.1

ility factor data in this table shall be used in the absence of mere’directly applicable data. Their validity has been demonstraked for D/T < 100. Other limits are

d flexibility factors in this table have been developéd from fatigue tests of representative commercially available matching product forms with assemblies

certain nonferrous materials (e.g.,
fandards from the Expansion Joint

s should always be used with the

ent factors are required by the'applicable Code (e.g., ASME B31.1, ASME B31.3), and in lieu of more applicable data, for comppnents of sketches 1.1 through 1.3
e directional sustained stress-or moment multiplier can be taken as the component stress intensification factor. For componepts of sketches 2.1 through 2.6, the

€20Z-[1€9 INSY
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Table 1-1
Flexibility and Stress Intensification Factors (Cont’d)

GENERAL NOTES: (Cont'd)
(2) (t/T) times the square root of the applicable stress intensification factor when ¢t/T > 1
(3) the square root of the applicable stress intensification factor when t/T < 1
The sustained stress or moment factors should always be used with the section modulus of the matching pipe and should not be less than 1.0.
When the D,/T ratio for any component is greater than 50, the sustained stress or moment factor should be divided by (1.3 - 0.006D,/T).
(e) For piping components such as valves, strainers, eccentric reducers, reducing elbows, unions, nonstandard fittings or attachments not covered in Table 1-1, suitable stress intensification
factors can be found by comparison of their significant geometry with similar components in Table 1-1. Relationships can be developed using engineering judgment, supplemented by detailed
stress analysis, e.g., finite element method or correlation with documented test results.

NOTES:

€

(2)

3)
4

(5)
(6)

(7

Stress intensification and flexi
intensification factors for sket
for branch Leg 3 in Figures 1-
applied as shown in Figures
Where flanges or other rigid ¢
computed h.

When the bend angle is 90 deg
from Figure 1-5 where appli
In large-diameter thin-wall ¢

and divide i by

For consistency, use kPa
modulus of the bend, whichey
Sketch 1.3 includes single m
Sidewall thinning, undulation|
Sketch 2.3 stress intensificat
(a) if ry = (%)(d,) and T, 2
(b) ift/T < 0.6, use t/T =0
The flexibility and stress intg
(a) the branch pipe axis is
(b) R/T <50
(c) d/D<1
(d) r/t<50
(e) the matching run pipe t
(f) for sketches 2.1, 2.4, an
When a Table 1-2 flexibil
shall be multiplied by the factor
pipe end when the length of ai

bility factors apply over the effective arc length (shown by heavy centerlines in the sketches) for curved and miter bendsand+
ches 2.1 through 2.6 apply to the intersection point for Legs 1 and 2 as shown in Figures 1-1 and 1-6. Stress intensification fac
| and 1-6 when d, /D, > 0.5, and to the branch centerline at the surface of the run pipe when d, /D, < 0.5. Flexibility factors fo
1.1 and 1.6 for all d,/D,.

bmponents are attached to one or both ends, the in-plane and out-of-plane values of k and i shall be multiplied'by the factor ¢|

and the thickness of the bend is equal to the thickness of the matching pipe, the flexibility factors k; ahd’k, may be found fronj
table.
bows and bends, pressure can affect the magnitudes of k and i. To correct values from this-table, divide k by

RECATE

/2 p \BU3
vea(e) [
ENT I3

nd mm for Sl and psi and in. for U.S. customary notation. Stress ifitensification factors shall be used with the section modulus
er is smaller.

ter joints.

, creases, tool marks, and boring discontinuities can reduce fatigue life. Sketch 2.1 stress intensification factors are based or]
on factors may be used as an alternative. When sketch 2.1 stress intensification factors are used
1.57, the factors k and i may be divided by 1:26,-and

6 for all branch k and i factors

nsification factors apply only if the following conditions are satisfied:

hormal to within 5 deg of the surface®ofi\the run pipe unless otherwise noted

hickness, T, and diameter/D)\are maintained for at least two run pipe diameters on each side of the branch centerline
25, t/T<12and T /T 3T1

ty factor is less than or'equal to 1.0, the stiffness associated with that flexibility factor shall be rigid. Flexibility factors k;p, kop,

c from Table 1-3 when'flanges or other rigid components are adjacent to one or more of the run pipe ends. A flange or other rig

y straight run pipe‘between the branch and the flange or rigid component is less than 0.1D"*/T%*, Stress intensification

hay be read from Figure 1-4. Stress
ors apply to the intersection point
Ir sketches 2.1 through 2.6 shall be

from Figure 1-5, entering with the

1.3/h and adjusted by the factor ¢

pf the matching pipe or the section

components free of these defects.

land ky, in sketches 2.1 through 2.6
d componentis adjacentto the run
actors iy, Iop, Ity Tirs 1or, and i, and
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Table 1-1
Flexibility and Stress Intensification Factors (Cont’d)

NOTES: (Cont'd)

flexibility factors k;p, Kop, Kep» Kirs Ko and k- in sketches 2.1, 2.2, 2.4, 2.5, and 2.6 shall not be greater than the corresponding stress intensification and flexibility factors for sketch 2.3 and Figure
1-3, illustration (d), calculated using matching branch and run pipe dimensions and r, = 0. Stress intensification factors iy, iop, i¢, Ii, Ior, and i,- and flexibility factors k;p, Kop, Keps Kir, Kor, and k- in
sketches 2.2, 2.3, 2.4, 2.5, and 2.6 shall not be less than the corresponding stress intensification and flexibility factors for sketch 2.1 calculated using T, = 1.1T.

If i,y < i;; for any of sketches 2.1 through 2.6, then use i, = iy . If i;,- < i,,. for any of sketches 2.1 through 2.6, then use i;. = i,,.. Stress intensification factors i, iyp, i, I, and i, from this table can
be used for sketches 2.2, 2.3, 2.5, and 2.6 when the branch pipe axis is in the same plane as the run pipe axis and is normal to within 45 deg of the surface of the run pipe, provided D/T < 50 and
d/D < 0.6; in the absence of more applicable data, i,;, can be taken equal to i, . The stress intensification factor i,y in sketch 2.3 shall be multiplied by the larger of [0.75(t/T) - 0.89(t/T)* + 0.18]
(D/7)°3* or 1.0 when t/T < 0.85, d/D < 1, and D/T = 25.

The stress intensification factor i,, in sketch 2.2 shall be multiplied by the larger of [1.07(t/T) - 1.08(t/T)? + 0.026](D/T)°3**or 1.0 when
t/T < 0.85,d/D < 1, and D/T = 25.

The designer must be satisff
used with the section modulu

and by the following equation for the branch:

(8) Thein-plane, out-of-plane,an
radius, r,, is provided and is
(a) Flexibility and stress in
(b) Stress intensification fa
(c) Calculate ¢t as follows:
(-1) For Figure 1-

(-2) For Figure 1-

(d) Calculate d’ as follows:

(e) Stress intensification fa
(9) When r, is not provided, use
discontinuities can reduce fat
alternative.
When r/r, is notavailable, a v
and actual dimensions of the
longitudinal plane. When d/D)
should be used when availaH

(10)

of the matching pipe. The section modulus shall be calculated using the following equation for the run:

7= (1) oy -}
2 D,

2=(Z) dy — df
32 d,

torsional stress intensification factors for both the branch and the run may be multiplied by thefactor 0.7 for the geometries g
not less than the smallest of T/2, t/2, (r, - r})/2, or (t + y)/2. For Figure 1-3, illustrations (a), (b), and (c), the followi
ensification factors shall be calculated by replacing the parameters t/T with t'/T dnd d/D with d’/D.
tors 1, Iop, and iy, and flexibility factors ky,, kop, and ky, shall also be multiplied by [t/t’)(d/d’)z.
, illustrations (a) and (b)
= t,if Ly > 0.5(2t)/2
tif Ly <0.5(2rt,)1 /2

A
|

, illustration (c)

s
|

£ (2/3)y if 6, < 30 deg
t + 0.38SL if 6, > 30 deg

d=d-t+t

tors iy, Iop, Ii, and i, shall not be less than+1.5.
ry = 0.05d,. If ry 2 1, use ry = r. When-t/F< 0.6, use t/T = 0.6 for all branch k and i factors. Sidewall thinning, undulation
igue life. Sketch 2.4 stress intensification factors are based on components free of these defects. Sketch 2.3 stress intensi

lue of 0.85 may be used. If /1, < 0.6, then use r/r,, = 0.6. For size-on-size branch connections when D/T < 40, i,, may be mult
itting are available, r, can be taken as the distance along the surface of the run pipe from the branch centerline to the toe

> 0.8, the geometry oficemmercially available fittings varies considerably from manufacturer to manufacturer. More appli
le. Results from testsSswhere D/T < 40 should not be extrapolated to branch connections where D/T > 40.

ress intensification factors shall be

hown in Figure 1-3 when the outer
hg hold:

5, creases, tool marks, and boring
ication factors may be used as an

plied by 0.75. When the weld sizes
f the attachment fillet weld in the
cable data from the manufacturer
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Table 1-1
Flexibility and Stress Intensification Factors (Cont’d)

NOTES: (Cont'd)

(11) The flexibility and stress inte
(a) 5 deg < a < 60 deg
(b) 5<D;/T, <80

nsification factors apply only if the following conditions are satisfied:

(c) the wall thickness is not less than T, throughout the body of the reducer, except in and immediately adjacent to the cylindrical portion on the small end, where the thickness shall not be

less than T,
(d) 0.08 <r, /D, <0.7
(e) 1 <Ty/T, <212

(f) if Ly < (D,T5)°", the str

The maximum stress inten
thickness from D,, T, to D4, Ty
more accurately represent the
When r; is not given, use r; 3
(12) The stress intensification fact
nominal outside diameter an|

(13) For welds to socket-welded
(a) the assumption that the
requirements of the applicabl

(b) the weld is made as sh

(c) the pipe wall thickness
(d) theweldsize Cyisinacco
directions shall be equal to 2.1

been shown to improve the fatjigue performance of the weld. Large-diameter socket-welded and slip-on flangesvitlrwelds smaller than those required 4

stresses not considered by th

i ifiaati faat hanld—ls LiialiadTtast cn. 7. 10.57
SS-Htensteation—tactors—spotrepe-mtrtpreaoy12—t AP

ification factor need not be greater than 2.0 but shall in no case be less than 1.0. Reducers with D,/T, < 55 can be modéled

0.1D;. When L, is not given, use L, = 0.1D,. When «a is not given, use a equal to the smaller of 60(D;/D, = 1)%r 60.

d nominal wall thickness, respectively. 6,5 is the average mismatch or offset.
langes and fittings, the stress intensification factor is based on the following:
pipe and fitting are matched in accordance with ASME B16.11 or that socket-welded pipe, flanges,and.other fittings greats
e Code.

wn in sketch 4.3.

s greater than the lesser of schedule 40 or standard weight.

Fdance with the applicable Code. For pipe whose wall thickness is thinner than the lesser ofschedule 40 or standard weight, th

stress intensification factors.

as a step change in diameter and

t the middle of the reducer, or with any more applicable geometry. When D,/ T, > 55, consideration should be givento addihg flexibility to the beam model to
tiffness of the reducer. For eccentric reducers, the dimensions shown in sketch 3.1 are to be taken at the location onthe.circupference where a is the maximum.

rs apply to girth butt welds between two items for which the wall thicknesses are between 0.875T and 1.10 T'for-an axial digtance of (D,T)*/2. D, and T are the

r than NPS 2 meet the fabrication

stress intensification factor for all

nless otherwise justified. Blending the toe of the fillet weld with no undercut smoothly into the pipe wall, as shown in Figure 1-7, illustrations (b) and (d), has

y the applicable Code may induce
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Table 1-2
Moment-Rotation Relationships for Sketches 2.1 Through 2.6 of Table 1-1
Stiffness, Stiffness,
Moment (Figure 1-1) Flexibility Factor, k in.-lb/rad (N-mm/rad) in.-lb/rad (N-mm/rad)
M;3 (Leg 3) kip Mip/On, (EYUp)/ (kipd)
M3 (Leg 3) Kob Mop/6ob (E)Ub)/ (kopd)
Mis (Leg 3) ku, M,/ 6cp (EY(Ip)/ (kepd)
Mi1 (Legs 1, 2) kir M./ 0 (E)(I)/ (kD)
M,z (Legs 1, 2) kor Mor/Bor (E)(Ur)/ (korD)
My, (Legs 1, 2) ki M/ Oy (E)(1)/ (kD)

GENERAL NOTE: The moment-rotatiop relationships in this table are developed by independently applying moments to the respective run or
branch leg. Simultaneous run and brahch moment-rotation interaction must be accommodated by the model.

Table 1-3
Flanged End Correction Coefficients for Sketches 2.1 Through 2.6 of Table 1-1
Flexibility Hactor Flexibility Factor Multiplier, ¢
kib 1-0.032 Ncl.345 (D/T)().431 (d/D)OSOS
ko 1-0.07 NCO.61 (D/TJ0.44 (d/D]0'339
ktb 1-0.003 NC3.962 (D/T)O.548 (d/D)O'693
Figure 1-1

Orientations for Sketches 2.1 Through 2.6 of Table 1-1

Leg 3

" CP )

t

|
N '
N ! _
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Figure 1-2
Orientations for Bends
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Figure 1-3
Branch Dimensions
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Figure 1-4
Flexibility and Stress Intensification Factors for Bends and Miters
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Figure 1-5
Flanged-End Corrections for Bends and Miters
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Figure 1-6
Flexibility Element Locations

Flexible element of negligible length
with moment-rotation relationship

Branch ] .
given in Table 1-2 such that 8 across
[~ the element is equal to kMd/El, or I B h
kMa/El, in accordance with Table 1-2 ranc
and Figure 1-1
/ A
M=
Rigid length \
from run
Run ~centerline to Run
i rf;
\ run pipe su ace/ A /
/ \ WV
Intersectign point of
branch aphd run centerlines }
Branch Fjexibility Location Run Flexibility Location

GENERAL NOTE: See Figure 1-1

for flexibility orientations.

Figure 1-7
Fillet Weld Contours
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NONMANDATORY APPENDIX A
STRESS INTENSIFICATION FACTOR (SIF) TEST PROCEDURE

A-1 GENERAL
A-1.1 Test Equipment

A schematic of a test arr
Figure A-1.1-1.

hngement is given in

(a) The fatigue test machine framework must be suffi-

ciently rigid to prevent sliding,
any unwanted displacements ¢
end of the assembly. An unwa
by the movements with respect

ratcheted movement, or
r rotations at the fixed
hted rotation is defined
to the mounting flange

as shown in Nonmandatory Appendix B, para. B-4.3.

(b) The component to be tes
closer than two pipe diameters t
assembly unless the componen
that case, the component can
the framework if a condition
service is replicated. The moun

ed shall be mounted no
b the fixed end of the test
is bolted or flanged. In
be attached directly to
typically employed in
ting configuration is an

important aspect of producing an accurate result. Failures
must occur at the part and not at the attachment to the
flanged. Additionally, the resistance to ovalization at the
connection to the framework should not influence the SIF
results. When D/T > 40, the length of pipe between the
component and the framework should be numerically
evaluated to ensure that unwanted interaction de€s
not occur.

(c) The test rig shall be capable of applying a’ fully
reversed displacement at the point of applied load
without binding in a direction transverseo the direction
of loading.

(d) The test equipment shall be cdlibrated to read dis-
placements with an accuracy of 1%. of the imposed dis-
placement amplitude.

(e) The pipingattached tothe tested componentshould
be equal to the diameter and.wall thickness intended to be
used with the component.

Figure A-1.1-1
Representative Cantilever Test Arrangements

| |
Free end L .
Length to leak point
Applied in-plane
Run Crack | J displacement, A
Branch cpnnection specimen ;< \
/ Brangh Loaded end ; Tested Loaded end
/ / component
/
Crack; | —TAppIied in-plane
displacement, A
Tested /
component L
Length to leak pGint
R Fixed end
~+ Run
17777777
Fixed end Through-run specimen
I/ rrr/ <J Fixed end Loaded end
Crack

N )5 | _TAppIied in-plane

~ displacement, A

A /

Tested
component L

Length to leak point

GENERAL NOTE: Other supported test configurations, such as the four-point bend arrangements, should be used with caution in the low-cycle
range. See Rodabaugh and Scavuzzo (1998), para. 5.7.

18
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A-1.2 Test Specimen

The test specimen may be fabricated from a lower-
strength carbon steel, such as ASTM A106 Grade B
pipe or ASTM A234 Grade WPB fittings, or equivalent
plates and forgings, corresponding to the “UTS < 80
ksi” curve in ASME BPVC, Section VIII, Division 2, Manda-
tory Appendix 3-F(a). For other materials, the material
constant, C, shall be modified or derived as described
in para. A-3.1 if needed.

(c) Ifthereis an expectation that deflection in the oppo-
site direction will produce a different load-displacement
diagram, the specimen should be unloaded following the
same recording sequence used during the loading steps in
(a) and (b), and displacement applied in the opposite
direction to approximately the same displacement magni-
tude used in the positive displacementloading sequence in
(b). Ifthe slope of the reverse-direction load-displacement
diagram is sufficiently different from the slope of the posi-

The fabrication, welding, ind examination of the tested
component shall be the samd as that expected to be used in
service. Weld contours and procedures should also be
representative of those intgnded to be used in practice.
Weld locations where fatigug cracks are likely to originate
should be inspected for updercut, welding starts and
stops, or other anomalies [that may affect fatigue life.
Where welding starts and| stops, undercuts, or other
irregularities are visible aff potential crack sites, these
imperfections should be dpcumented. Documentation
of the weld profiles (e.g., sizps, repairs, and photographs)
should be included in the Test Report.

Where leakage is anticipdted in or adjacent to a weld,
the dimensions of the weld i} that area should be recorded
carefully and variations in the weld contours noted in the
Test Report. After the test is completed, the inside weld
profile at the failure locatiopn should be described in the
Test Report with photographs if possible and any anoma-
lies noted.

A-1.3 Applied Displacement Calibration

(a) The test specimen shall be mounted in the test
assembly to develop a lodd-deflection diagram using

the same procedure that
loading portion of the fa
load-deflection diagram, di
in positive steps in the line
placement diagram si
Figure A-1.3-1. At least fivg
thelinear region of the diagr
in the linear range if the loag
of at least 3 min after the

(b) The initial loading se

ill be used during the cyclic
igue test. To develop the
placements shall be applied
r range to obtain a load,dis=*
milar to that shown-in
points shall be recorded in
hm. A point can be.considered
does not changefor a period
isplacementtis/applied.
quence désecribed in (a) shall

be stopped when the load-

splacement plot is no longer

linear or when a sufficient linear-portion of the diagram
has been produced. To accpmimodate this requirement,
the loading sequence may require one or two steps
into the nonlinear range. If the cycle range is known to
be well within the linear portion of the load-deflection
plot range produced in (a), deflections in the nonlinear
portion of the load-deflection diagram are not required.
Several cycles within the linear range may be applied to
remove fabrication and installation residual effects before
the load-displacement plot is produced.

19

tive-direction load-displacement diagram, the smaller
value of the slope shall be used when determining F,
in eq. (A-1).

(d) The linear region of the load-displacement curve
and its straight-line extension will be used in determining
the force, F,, used in para. A-2.1.

A-1.4 Cycles to Leakage

(a) Once theload-deflection plot is established, the test
specimen shall be fixed in the test machine with the cyclic
loading mechanism attached to the test speeimen. The test
specimen shall be pressurized with water sufficient to
detect leakage. A head pressuresof/12 in. (300 mm) of
water at the expected failure lecation (leak point) is
usually sufficient. Equivalentymethods of through-wall
crack detection are permissible. If a closed system is
used to provide water{pressure, provisions should be
made for a possiblelseparation of the test piece at the
anticipated failuré’location, and the pressure should be
monitored throughout the test.

(b) The specimen shall be subjected to a prespecified
fully reversed cyclic displacement until a through-wall
crack'isvdetected in the component or its weld to the
attached pipe. The displacement shall be selected so
that the test failure occurs within an expected cycle
range in accordance with (d).

(c) Thefullyreversed displacementshall beapplied ata
frequency not to exceed 120 cycles per minute. Higher
frequencies are permitted, provided there are no deleter-
ious effects due to temperature or dynamic effects that
alter the static character of the test, i.e., natural frequen-
cies of the test piece should not coincide with the loading
frequency.

(d) The number of cycles, N, at which the through-wall
crack occurs shall be recorded immediately when leakage
is detected at the through-wall crack. The cyclic displace-

minimum of 5,000 cycles of reversed displacements
and at no more than 2e6 cycles of reversed displacement.
If the through-wall crack occurs at more than 2e5 cycles,
the values of € and b used in eq. (A-3) must be validated.

(e) Thenumber of cycles toleakage shall be determined
as described in para. A-2.6 if the applied test displacement
magnitude is changed during the test because ofaccidental
deviations in prescribed displacements, to accommodate
failure, or for any other reason.
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Figure A-1.3-1
Displacement and Force or Moment Recorded During Loading and Unloading of a Test Specimen in Both Positive and
Negative Directions, With Linear Displacement

Projected
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GENERAL NOTE: The slope of the begt-fit straight line is used in subsequent tests to determine the stress intensification factor.

A-2 STRESS INTENSIFICATIDN FACTOR

A-2.1 Calculated Stress

The applied moment at the lez
from eq. (A-1).

k point, M,, is calculated

M, =EL (a-1)
where
F, = force corresponding to the applied displacement
amplitude, taken from tlpe straight-line portion,of
the load-deflection dliagram developed\in
para. A-1.3, 1b (N)

L = distance between the point of applied{displace-
ment and the leak poinft, along a line perpendi-

cular to the imposed dlsplacemeiit; " in. (mm)
M, = applied elastic moment pmplitides/in.-1b (N-mm)

The elastically calculated sgress amplitude corre-

A-2.2 Section Modutus

The value of the-section modulus, Z, used in calculating
the stress amplitude at the leak point in para. A-4(a) shall
be that of theTmatching nominal wall pipe intended for use
with the component. If the stress at the leak point is
computed using Z other than that of the matching pipe,
thesmanner in which Z is computed must be specified
in_the definition of the stress intensification factor so
that an appropriate value for Z can be used in design.

Unless otherwise defined by the Code, the value of Z
shall be calculated using the following equation for
matching pipe with an outside diameter D, and an
inside diameter D;, where the difference between D,
and D; is twice the nominal wall thickness of the matching

pipe:
4
)"
32

_ p?
DO

(A-2a)

sponding to the elastic moment at the Teak point is

S=M,/Z (A-2)
where
S = stress amplitude at the leak point, psi (MPa)
Z = section modulus as defined in para. A-2.2, in.?
(mm®)

20

Additional care may be needed when defining Z for i-
factors developed for reduced outlet branch connections
since many piping codes use a modified value of Z in such
cases. Stress intensification factors given in Table 1-1 are
for use with the section modulus of the attached matching
pipe for all connections unless otherwise noted.

A-2.3 Stress Intensification Factor

The stress intensification factor is established as

(23)
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Table A-2.4-1
Stress Intensification Increase Factor

Number of Test Specimens

Testing Factor, R;

1

w N

v
K

1.2
1.1
1.05
1.0

(b) When the design code requires the use of a single
stress intensification factor, the largest of the directional
stressintensification factors shall be used. For size-on-size
branch connections or laterals, the torsional stress inten-
sification factor may be the highest single stress intensi-
fication factor.

A-2.6 Variable-Amplitude Test

Ifthe applied displacement amplitude is changed during

i=C/(§

where

material exponent, 0
cycles to failure is le|
200,000 [see para. 4
date the valuesofba
values for b and C ar
be used and should b
alternate values of b 1
and 0.35.

material constant, 2
carbon-steel test sp

—~.
1]

number of equivaler]
the first cycle in W
occurs. See para. A-
displacements are u
S = stress amplitude at

A-2.4 Number of Test S

(a) The value of the stres
be the average value of a mij
ment tests when no analytig
sification factor is available

(b) When fewer than four]
is no analytically determine
available, the average stress
be increased by the factor

(c) When an analytically
tion factor and one or more
sification factors are avail
intensification factor, i, shal
rational analysis included i

NY) (A-3)

2 for metals. If the number of
5s than 5,000 or greater than
\-1.4(d)], the user must vali-
nd Cused. If more appropriate
e available, those values may
e included in the Test Report;
ypically used are between 0.2

15,000 psi (1690 MPa) for a
pcimen

stress intensification factor

t cycles to failure, where N is
hich through-wall leakage
D.6 when variable-amplitude
sed in the test.

the leak point, psi (MPa)

pecimens

intensification factor, i, shall
limum of four cyclic displace-
ally determined stress inten-

tests are conducted and there
H stress intensification factor
intensification factor,\, shall
R: given in Table As2.4-1.
etermined stress intensifica-
Lest-determined stress inten-
hble, the value of the stress
be deterimined by a detailed
n the Test Report.

A-2.5 Directional Stress

(a) For components that

IntensificationFaet

T CyCIT testas described im para A-t=te); the ramberof
cycles to leakage shall be determined by eq. (A-4). The
cyclic load case j in eq. (A-4) should be associated with
the displacement and cycle range that is believed to
cause the most significant fatigue damage. When N; <
5,000, the value of b used must be validated. For cantileyer
specimens with girth butt welds where the displacemént
range N; < 3,200 and the leak occurs at the weld, thevalue
of b may be taken as 0.335. For in-plane loadsthrough the
branch where the displacement range N;\<~3,200, and
where the leak occurs at the weld, the-value of b may
be taken as 0.2 if other guidance is<not available.

The exponent b may be a function of the component
geometry and the magnitude.ofithe loading. When the
cycle range that causes théymost significant fatigue
damage is applied for less than 3,200 cycles, the value
of b may range from 0.1 to 0.7, but is likely between
0.15 and 0.38.

N=1\Tj+2(ri)1/bx1\fifori=l, 2, ...n (a-4)
where
b\= material exponent, usually 0.2 or 0.335 for
metals
Jj = the number of the test case chosen as the base
case
N = equivalent number of cycles to leakage, at
maximum amplitude X;
N; N; = number of cycles at amplitudes X;, X, where all
Xi<X;
ri = Xi/X;ri<1
X; X; = amplitudes of displacement applied during

cycle N;, N, in. (mm)

A-2.7 Instrumentation

Instrumentation such as load-measuring devices and

do not have a single axis of

symmetry (e.g., branch connections), a directional
stress intensification factor shall be established for
each independent direction of bending. When a verified
numerical analysis is available, the verified numerical
analysis may be used to predict the stress intensification
factor for directions where tests have not been performed.

21

displacement indicators shall be calibrated withim 12
months prior to the test and traceable to National Institute
of Standards and Technology standards or equivalent. The
cycle counter shall be checked to be in good working
condition. The force-measuring device shall be capable
of measuring forces within 200-N (0.05-kip) increments
or 1% of the largest load imparted during the test incre-
ments.

When possible, the applied displacement measurement
point described in para. A-1.3 shall be identified clearly
with respect to the fixed base of the specimen, and, when
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practical, the base of the test specimen shall be quantita-
tively rigid as described in Nonmandatory Appendix B,
para. B-4.3.

A-3 VARIATIONS IN MATERIALS AND GEOMETRY

A-3.1 Material Constant and Material Exponent

When using a test specimen made of Code-listed mate-
rials other than lower-strength carbon steel, a new mate-

A-3.2 Geometric Similarity

(a) The stress intensification factor derived from tests
conducted in accordance with this Standard is applicable
to geometrically similar components. The degree of
geometric similarity should be established by rational
analysis.

(b) Dimensional extrapolations considered acceptable
shall be identified in the Test Report, along with their tech-
nicaljustification. For example, a complex fitting may have

rial constant, C, shall be established using one of the two
following methods unless the material constant C has
already been established (Hinngnt et al,, 2014):

(a) C-Factor Determination Method Using Modulus of
Elasticity Ratios. This method of C-factor determination
assumes that the C-factor for a|material different from
low-carbon steel is equal to th¢ C-factor of low-carbon
steel multiplied by the modullus of elasticity of the

different material and divided by
of low-carbon steel.

(U.S. Customary Units)

the modulus of elasticity

245,000 X [E(oth terial
C(other material) = 45 (other material) (A-5a)
27,800,000 psi
(SI Units)
1690 X Efoth terial
C(other material) = o other material) (A-5b)
192|000 MPa
where

C = material constant, for us
E = modulus of elasticity, ps

(b) C-Factor Determination M
(1) This method of C-facto1
thata minimum of eight butt-wel
mens of the to-be-tested material
in accordance with paras. A-1.1
(2) Each of the minimum of
subjected to different applied d
(3) The pairs of N (cycles to
extrapolated nominal stress) sha
scale. The material constant a
obtained by plotting a best-
through the (N, S) points in the

e in eq. (A-3), psi (MPa)
(MPa)

bthod Using Fatigue Tests
determination requires
ed, cantilever test speci-
are fabricated and tested
through A-1.4.
eight specimens shall.be
splacements.
failure) and S (€lastically
1l be plotted(on a log-log
ind exporient b shall be
estimatéstraight line
form

(A-6)

multiple tests run on different diameters and thicknesses
to establish a relationship between the SIF and the dimen-
sional parameters. Alternatively, if a closed-form evalua-
tion can be confidently performed, the technical
justification can be based on a single-size fitting with
the closed-form evaluation used to clearly identify how
the SIF is extrapolated to other sizes.

(c) Ofparticularimportance is the dimensional detail at
intersections (radii for crotch regions, weld details)etc.).

(d) Tests on small welded components in which the
fillet weld leg lengths are equal to or larger than the thick-
nesses of the parts joined may not be comparable to tests
on larger components where the filletweld leg lengths are
smaller than the thicknesses of the parts joined.

(e) The procedure used in thi§Standard may be used to
establish SIFs for partial-penetration welds, provided
adequate geometric similatity is established.

A-3.3 Flanges, Compression Fittings, Ball Joints,
Slip Joints, and Other Pipe-Joining
Components

Where_i-faetors are needed for flanges or other pipe-
joining caomponents, and where recognized standards
do not exist, a clear definition of failure due to the repeated
displacement loading described in para. A-1.3, i.e,, pres-
sure retention, must be established.

A-4 TEST REPORT

(a) To meet the requirements of this Standard, a Test
Report shall be prepared and certified by a Registered
Professional Engineer competent in the design and
analysis of pressure piping systems, or a person of equiva-
lent expertise as defined by national practice. The Test
Report shall be complete and written to facilitate an inde-
pendent review. The report shall contain

a/(SNb> =1

(4) The factor b found from

the best estimate should

not be less than 0.1 or greater than 0.7. The value of a that

results from the best-estimate fit

ofeq. (A-6) shall be taken

as the C value for the tested material.
(5) The target number of cycles to failure for each

test should be greater than 5,000 and less than
200,000. Tests in which failures occur outside of this
range shall be excluded from the best estimate in (3).
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(1) a description of the tested specimens.

(2) nominal pipe and piping component size and
dimensions and actual cross-sectional dimensions of
importance in interpreting the test results.

(3) adescription and photograph(s) or sketch(es) of
the test equipment, including positioning of the test speci-
mens in the loading device.

(4) calibration of the test equipment. This informa-
tion may be provided by reference.
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(5) certified Material Test Reports for the tested
component, including, but not limited to, elongation,
yield, and ultimate strength.

(6) component and component-to-pipe weld exam-
inations where required by the construction code. This
may include a copy of the Welding Procedure Specification
(WPS) and the Welding Operator Performance Qualifica-
tion (WPQ) for the welding operator who welded the
components. When the failure occurs in or near a

welded joint, a narrative descrihi i ina-

tion of the welds shall also be
high-resolution photograp
welds should be include
images from the inside of
any welds where through-
joints appear.
(7) assembly proceduy
(8) loading and unload
(9) values of material c
number of cycles to leakage,
imposed displacement for ¢
(10) derivation of the f
intensification factor, i, for
(11) description and p
the leak location.
(12) justification for g

accordance with para. A-3.2.

(13) description of an
pre- or post-weld heat tre:
the quality of the weld beyor]
pated for the service condi

(14) value of the i-fac
section A-2.

(15) failure location
sketches and/or photog
profile at the failure cross se
ments can be specified ang
expected to exceed test bel

(b) When the SIF test is
facturer, the Test Report sha
facturer for review by the o

(c) If the specimen is of
steel or an already evaluat
then the Test Report shal
one thatdescribes the devel
constants, and another thatd

included. If possible, detailed
s of all or a portion of the
d in the report, including
the specimen at the root of
wall cracks or critical weld

e used for joints.

ng load-displacement points.
bnstant, C, section modulus, Z,
N, length to leak point, L, and
ach test.

rce, F, moment, M, and stress
pach test.
notograph(s) or sketch(es) of

bometric similarity, if any, in

y additional preparation or
tment provided to improve
d that which would be antici-
ions.

tor derived for all tests; see

in each test, identified by
aphs, including the weld
ction so that service require=
actual performance can-be
avior.

ronducted by or foraymanu-
1 be maintained by thé manu-
wner, purchaset;or designer.
h material other than carbon
bd matepial\(Hinnant, 2014),
be prepdred in two parts,
pmentof the a and b material
escribes the determination of

George (1950). More generally, an acceptable justification
for extrapolations would consist of a valid elastic-stress
theory applicable to the type of component, e.g., a branch
connection. Care is needed to ensure that the elastic-stress
theory applies over the range of dimensional extrapola-
tions given in the Test Report. The use of finite element
analysis, for example, when applied properly, is consid-
ered an applicable elastic-stress theory.

- SIE

TEST PROCEDURE

ASME B31] is based on the work by Rodabaugh (1994).
The following commentary provides a synopsis of the
discussion in Rodabaugh. Readers who desire moxe
detail are urged to see Rodabaugh (1994), Markl
(1947, 1952, and 1955), and Markl and George {1950).

A-5.1 General

The Codes for pressure piping (e.g.,, ASME B31.1; ASME
B31.3; ASME BPVC, Section I1I, Class 2/.3) use stress inten-
sification factors (i-factors) for various piping compo-
nents and joints as a measaire of their fatigue
performance relative to girth\butt welds. Occasionally,
a need arises to establish 7*factors for components not
included in the Codes,sstich as a branch connection in
an elbow or some proprietary piping component. This
Standard provides a set of requirements that will
ensure that newly developed i-factors are consistent
with existing(#sfactors.

(a) Papers by Markl (1947 and 1952) and Markl and
Georgé(1950) provided the basis for most of the i-factors
in the Codes. Key aspects of the testing and interpretation
of test results are as follows:

(1) a preliminary load-deflection plot is developed
(see Figure A-1.3-1)

(2) cyclic bending tests are run with controlled dis-
placements

(3) failure is defined as a through-wall crack

(4) the i-factor is calculated by eq. (A-3)

(b) Markl (1955) discusses “allowable stress range”;
Rodabaugh (1994) describes rules that were eventually
incorporated into ANSI B31.1-1955. Markl (1955)
discusses the following concepts that are fundamental
to the use and interpretation of i-factors as a control
of fatigue failure:

the SIF for the component or joint.
(d) Dimensional extrapolations that are deemed

appropriate shall be identified and technically justified
as described in section A-3. The value of Z to be used
with the respective i-factor shall be clearly identified.
(e) Paragraph A-3.2(b) permits dimensional extrapola-
tions provided the technical justification for such extra-
polations is included in the Test Report. An example of
such justification is the elastic-stress theory for elbows
used by Markl (1947, 1952, and 1955) and Markl and
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(1) the i-factors are dependent on dimensions and
are independent of the material

(2) as a consequence of (1), i-factors developed by
Markl using ASTM A106 Grade B material are presumed to
be applicable to components made of any of the metallic
materials listed in the piping Codes

(3) the Code stress limits, e.g., f[1.25(S; + Sp)], are
proportional to the fatigue strength of materials used
in the components
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(4) the dependent variable should always be the
logarithm of the cycle life and the independent variable
should always be the logarithm of the stress to failure
when curve fitting fatigue life test results (Conway and
Sjodahl, 1991, pp. 97 to 99).

(c) Materials and Material Extrapolations. Markl ran
tests on specimens made of ASTM A106 Grade B material.
Paragraph A-1.2 prescribes analogous Grade B materials.
Some components may not be made from Grade B mate-
rials, e.g., copper tubing and fitti i
were run on a copper elbow, then a different C constant
would be needed to preserve thelconcept that i-factors are
independent of the material. Sectjon A-1 is written to allow
for this eventuality, with rules provided in section A-3.

(d) Dimensions and Dime
Markl’s tests were run on
Markl’s broad extrapolations t
based on elbow theory. For e
tests led to

i=090/h
where
h = tR/r?
R = bend radius
r = mean radius of elbow cij
t = wall thickness

Paragraph A-3.2 permits dinj
provided the technical justifical
tions is included in the Test
such justification is the elastic-
used by Markl. More generally, a
for extrapolations would consis
theory applicable to the type of
connection. Care isneeded to ens
theory is applicable over the ran
polations given in the Test Repoy
finite element analysis, when ap
ered an applicable elastic-stress

Appropriate dimensional ex
connections, their theory, teg
weld profiles on i-factors are
Woods and Rodabaugh (1994)
The need to ensure and quan
used in the testing is clearly shqg
baugh (1994), where a subtle

ional Extrapolations.
PS 4 test specimens.
other dimensions were
bows, Markl’s in-plane

b /3

0ss section

ensional extrapolations
tion for such extrapola-
Report. An example of
tress theory for elbows
h acceptable justification
L of a valid elastic-stress
omponent, e.g., a branch
Lire that the elastic-stress
ge of dimensional extra-
t. For example, the use of
plied properly, is consid-
theory.

frapolations for branch
ting, and the effect of
exhaustively treated in
and Rodabaugh (1987).
[ify the sveld geometry
wn in.Woods and Roda-
chdnge in weld profile

produced a change in the SIF

value by a factor of 2.

(a) Section A-1

(1) Paragraph A-1.1. Markl’s test was a cantilever
test with the specimen oriented as shown in Figure
A-1.1-1. Removing the component from the mounting
by two diameters is to prevent end effects (stiffening)
from affecting the SIF results even though end results
are strongly influenced by the deformed shape of the
component being tested. If the tested component is
axisymmetric where ovalization is not introduced

either the extent of any plastic zone at the boundary
or a length from the boundary equal to (RT)%®. If the
component being tested is not axisymmetric, such as a
branch connection or bend, then ovalization will likely
be introduced at the component due to bending, and
the effective boundary distance will be either the
extent of any plastic zone size or a length fromthe
boundary equal to 0.5D*T~%*, A quantitative diselission
of the effect of boundary condition lengths adjaeént to
branch connections can be found in Koves et al.
(2004). The basis for requiring that a numerical evaluation
be performed when D/T > 40 is that the"ovalization inter-
action length found by 0.5D>*T % is@gteater than 2D, and
some extra precaution might be warranted.

Calibration of instrumentation is necessary to ensure
repeatability by independentorganizations.

(2) Paragraph A-1.2. Markl’s test specimens were
ASTM A106 Grade B miaterial, or equivalent in the case
of forgings, castings,‘and plate. Use of different materials
requires a new C constant to be developed since materials
such as copper, aluminum, or very high-strength steels
exhibit a fatigue life that may be different from plain
carbon steel. The intent of the test is to develop a SIF
that is geometry dependent and not material dependent.
Cantilever fatigue test data on different piping materials is
reported in Hinnant (2014).

Nominal dimensions and wall thicknesses should be
reported carefully for branch connections to ensure that
extrapolation of results to other sizes is done correctly.
The importance of the weld profile is clearly demonstrated
in Woods and Rodabaugh (1994).

(3) Paragraph A-1.3. Markl’s tests were based on
linear elastic equivalent moments, i.e., a constant displace-
ment or rotation was applied and the moment at the
failure location was based on extrapolation of the M -
0 (or F - §) elastic curve. This allows agreement with

Thus, paras. A-2.2, A-4(a)(2), and A-4(a)(6) require the
weld contour to be representative of the installation.

A-5.2 Basis for Requirements

The paragraphs from the Standard that are considered
self-explanatory do not have a corresponding commen-

tary.
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the way linear elastic thermal expansion analyses are
used in typical pipe stress analysis programs, even
though predicted stresses may be above yield.

(4) Paragraph A-1.4.The use of anominal pressure is
to ensure a ready means of detecting a through-wall crack.
The use of 5,000 cycles as a minimum is to ensure correla-
tion with the lower bounds of Markl’s work and to remove
the need to determine if Markl’s equation or Hinnant’s
(2008) equation should be used to determine the i-
factor. From Markl (1952), it can be seen that the
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preponderance of tests are for failures above 1,000 cycles.
The few test failures that occur below 1,000 cycles show
significant deviation from the proposed straight line.
Some high D/T configurations in the Test Report are arti-
ficially fabricated pipe specimens that may not represent
typical installed components. Until more work is done in
the very low cycle and the very high D/ T ranges, the lower

limit of 5,000 cycles should remain.

(b) Section A-2
(1) Paragraph A-2.3. T
taken directly from the w
(4)]. Since Markl’s testg

rk by Markl [i.e., 1952, eq.
formed the basis of the

current i-factors and Code 1fules, use of Markl’s equation

is appropriate for correlatio
N > 5,000 cycles, where the
agree.

(2) Paragraph A-2.4.1
provide for scatter in the t
R; factor in Table A-2.4-
single test point is likely t
shifted from the mean. An
two-standard-deviation s
found in ASME BPVC, Sect]
(f) as given below.

K¢s=1.47 - 0.044 x nun
zero for only a single test)

Ky = 1.0

K, replaces R, from Tal
when a higher probability
assumed that one standar
where the standard deviati
to the base 10 of the cycles
for standard deviation arise
cular part, alternate values

(3) Paragraph A-2.6. ]
amplitude tests is the sam
ANSI B31.1-1955 to convert
stress ranges, typically ther
base stress range, and is bas¢
relation for stress and cyclé¢

(c) Section A-3

(1) Paragraph A-3.1. B
(1966), the material expon
constant at 0.2 and has beer
dard. Based on work done by
rial constant, C, can be found

n, especially when 200,000 >
Markl and Hinnant equations

'he factors in Table A-2.4-1
pst results. The basis for the

is the assumption that a

be one standard deviation
approximation that gives a
hift from the mean can be
on III, Appendix II, 11-1520

ber of replicate tests (may be

le A-2.4-1. K, should be used
of success is desired. It is
deviation is equal to 0.27,
bn is based on the logarithm
o failure. If some other value
b from the test data of a parti-
for R, can be used.
Fquation (A-4) for variable-
e equation incorporated in
different operating condition
mal stress ranges, to assingle
d on Miner’s rule and Markl’s
s when b = 0.2.

hsed on the.work in Manson
bnt, n, for,metals stays fairly
set to_that value in the Stan-
Kovesetal. (2004), the mate-
from a ratio of the moduli of

(d) Section A-4. The Test Report should assure owners
that the testing was carried out in compliance with this
Standard. Since the Test Report must also describe any
weld profiles, the owner can also ensure that such profiles
or procedures or both are incorporated into the welding
program for any actual installations of the component. The
basis for the i-factor must be reviewable by the owner or
the owner's agent.
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NONMANDATORY APPENDIX B
TEST METHOD FOR DETERMINING BRANCH CONNECTION
FLEXIBILITY FACTORS

27

(23)
(23) B-1 GENERAL (b) the mounting required for the k-factor test is iden-
L . . . tical to the mounting required for either the SIF test
Flexibility factors for moment loading are defined in described in Nonmandatory Appendix A or the sustained
Table 1-1 and' are expres ed as the in-plane, out-of- load test described in Nonmandatory Appendix D.
plane, and torsional flexibilify factors k;, k,, and k,, respec- (¢) the k-factor is used to estimate the required/dimen-
tively, and may be unique for both the branch and run sions needed for the sustained load test
sides O,f a component; set Figures B-1-1 a“‘,i B-1-2. (d) all six k-factors can be determined from a single
The basis for k-factor develdpment can be found in Roda- mounted test configuration
?augh and Wais (2001). ’[he. procedur'e defln.ed he:*re Flexibility factors (k-factors) for multiple loading direc-
improves on that method Jy incorporating an iterative tions can usually be evaluated with'a single assembled
approach using results from|a linear elastic beam analysis position and test specimen. The agmBer of load-deflection
computer program to determine k-factors. This eliminates pairs possible for a single<agsembled and mounted
the need to develop a mathejmatical stiffness model of the specimen will typically depend on the availability of
test configuration. . fixed points in the vicinity of the assembly that can be
The k-factor test should bg conducted prior to any SIF or used to apply the relatively small required loads
sustalnid ll??d test because~ low loads with elastic di Figure B-1-2 shows'a single assembled position and six
(a) the k-factor test uses low loads WIF elastic dis- loading configurations that can be used to determine
placements that do not dgmage or plastically deform each k-factor..The procedure designer must determine
thedspeamen. Tested. sp;amsns can subsequently be the appropriate loads and directions for the component
used in a SIF or sustained Joad test. evaluated;and the facility where the test is conducted.
Table B-1-1 contains recommended load and degree of
freedom directions. In all cases, applied forces are
used as the loads. Measured values are displacements
or rotations as identified for each load in Table B-1-1.
Once the assembled position, pipe sizes, and lengths are
Figure B-1-1 established, load magnitudes can be determined in accor-
Branch Conneftion Specimen dance.with para. B-1.3 gnd t.he practical.ity of appl}.ling
loads in the necessary directions determined. Locations
A selected for the force application should be removed
Free end from the specimen of interest by straight pipe having a
length at least 0.5D**T7°* and applied at a section on
Run the pipe that has an essentially rigid cross section, i.e.,
a flange, end cap, or clamp.
o Loaded end The displacement measurement can be taken at the
o Same poInt as the force 1S appiied, provided the cross
section where the force is applied is rigid.
B
B-1.1 Types of k-Factors (23)
Branch i i
ranch connection specimen There are two types of components for which k-factors
4 Run are determined, as follows:
(a) components where added flexibility is provided
over a finite-length centerline, e.g., the curved centerline
Fixed end of bends
/17777777
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Figure B-1-2

Multiple k-Factor Tests on Single Assembled Position

A
Free end ’ A A A
Run
Branch + -
? —— E— E—
B = B
Branch connection
specimen Y
+ Run
Fixed end X
rrrrrri7 z
L et TTITITTT 77177777
Step 1 Step 2 Step 3 Step 4
K
A A
B
B * B
rrrrrrr7
777 TTITTT77
Step 5
P Step 6 Step 7
Table B-1-1
Load-Deflectipn Pairs for Single Assembled-Orientation Shown in Figure B-1-2
Load Step Displace-
No. Force ment k-Factor Description and Degrees of Freedom

2 F, i ki Force, displacement pair for in-plane run loading. Load at point A in the x
direction. Displacement measured at point A in the x direction. Run
stiffness k,; is along the z-axis.

3 Fyi dp; Kyt Force, displacement pair for in-plane branch loading. Load at point B in
the y direction. Displacement measured at point B in the y direction.
Branch stiffness k; is along the z-axis.

4 F. d,: K¢ Force, rotation pair for torsional run loading. Load at end of cantilever
attached to point A in the x direction. Rotation measured at point A
l:l‘IJULlL Lllc _y'dAib. Ruu blifflltbb ;\r[ ib d}Ulls L‘llC _y'ﬂ}&ib.

5 F, d,, ko Force, displacement pair for out-of-plane run loading. Load at point A in
the z direction. Displacement measured at point A in the z direction.
Run stiffness k,, is along the x-axis.

6 Fro dpe ko Force, displacement pair for out-of-plane branch loading. Load at point B
inthe z direction. Displacement measured at point Bin the zdirection.
Branch stiffness ky, is along the y-axis.

7 Fpe dpe Kpe Force, rotation pair for torsional branch loading. Load at end of

cantilever attached to point B in the y direction. Rotation is measured
at point B about the x-axis. Run stiffness kj, is along the x-axis.

28
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Figure B-2-1
Example Flexibility Factor Branch Load Assembly Orientation

, s -
g1 Dynamometer

Bar-mounted specimen
flange to support
dial indicator

|

(b) components where added flexibility is provided ata
single point, e.g., branch conpections, reducers (D/T < 50),
or nozzles in heads

The procedure in this Appendix addresses only branch
connection components as |[described in (b). When flex-
ibility factors must be calculated for finite-length compo-
nents, the procedure outlijed by Rodabaugh and Wais
(2001) can be used. The |main characteristic of the
branch connections describgd in (b) is that the flexibility
is provided by a local defornpation of the shell at thé point
of pipe or nozzle attachment. A “point spring” approach is
used in these cases to simulafte local flexibilitiés:in a piping
analysis. The point spring flexibility facter.approach is
discussed in more detail in|Nonmandatery Appendix C.

B-1.2 Effect of Attached

To determine the flexibility\factor of a branch connec-
tion, the effect of the straightpipe,
etc. must be removed from the cumulative rotation of the
test assembly so that only the local rotation of the compo-
nent remains. Estimating the effect of multiple straight
pipe lengths with flanges, lugs, etc. is performed most
effectively by a computer program designed for that
purpose. Manual formulation and solution of the elastic
equations relating forces and displacements in multisec-
tion test assemblies is prone to error and should be
avoided.

Straight Pipe
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S Tested intersection
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B-1.3 Magnitude of Loading

The maximum applied load in the k-factor test must

(a) .pfoduce a measured displacement at least 10 times
larger than the smallest measurable displacement and be
atleast 10 times larger than the smallest measurable force

(b) not cause plastic deformation or stiffening due to
large rotation

The smallest measurable displacement should not be
less than 0.001 in. (0.025 mm).

The magnitude of the applied force appears in both the
numerator and the denominator of the k-factor expression
and so low-magnitude loads may be used if they satisfy the
criteria in para. B-4.6(j).

B-2 DEFINITIONS

assembled position: the orientation of the piping assembly

platen or heavy frame and where one or more load-deflec-
tion tests can be conducted. A single assembled position is
shown in Figure B-1-2 along with five possible load-deflec-
tion tests that could be conducted on the specimen while it
is in the single assembled position. An example fabricated
tee test specimen is shown in the assembled position in
Figure B-2-1.

load-deflection pair: a force and corresponding displace-
ment or rotation that can be used to compute a k-factor for
a given direction. The force and displacement or rotation
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for any flexibility factor test is measured along the same
line of action, but not necessarily at the same cross section
inthe testassembly. Load-deflection pairs that can be used
for branch connection tests are shown in Table B-1-1.

measurement point: the point on the test assembly along
the direction of interest where displacement measure-
ments are taken.

(23) B-3 NOMENCLATURE

straight pipe attached to the loaded specimen should
be greater than the length L, calculated by eq. (B-1)
and should match the schedule or wall thickness of the
component tested.

Loy = 0.5D, 141,04 (B-1)

B-4.2 Smallest Measurable Loads and
Displacements

cations on the ruler or dial indicator used to measure dis-
placement, or the precision of the digital readout, or the
manufacturer’s reported instrument precision, whichever
is greatest. The smallest measurable displacement should
not be less than 0.001 in. (0.025 mm).

Displacements should be measured with respecttto.a
fixed location at the base of the piping test assembly
to eliminate any influence due to the rotation-of the
pipe assembly flange. Displacement measuréments are
often taken using a dial indicator mounted on'an extended
rod whose base is fixed to the top of the‘assembly flange
that is bolted to the test machine platen. See Figure B-2-1.

Rotations are generally measuredwith lasers mounted
to the centerline of the pipe, e.g.\point A in Figure B-1-2,
Step 4 and point B in FigureB1-2, Step 7. The rotation is
the linear trace of the laser pointer divided by the distance
between the laser and the trace.

Criteria are provided in para. B-4.6(j) when additional
restraint or braéing of the pipe assembly free end is
required. Example additional bracing is shown in
Figure B-2:1:-“Additional temporary restraint or bracing
of the test specimen is required when the pipe stiffnesses
are lower than the branch connection stiffness in the load
direction of interest.

B-4.3 Load Platen Base Fixity

Load platens must be rigid with respect to the loaded
specimen. When the relative stiffness of the load platen is
unknown, the displacements of the component flange
mounted to the platen should be limited by the following:

Specimen

D = mean diameter of mafching run pipe, in. (mm
d = mean diameter of matching branch pipe, in.
(mm)
D, = mean diameter of lopded matching pipe, in.
(mm)
d,, = test displacement mejsurement, in. (mm)
dnin = smallest measurable dlisplacement, in. (mm)
d, = displacement at the njeasurement point calcu-
lated from the elastic nhodel of the test assembly
with rigid intersectiops for both the run and
branch sides of the brgnch connection, in. (mm)
E, = elastic slope of load-displacement diagram [see
Figure D-3-1 and eq.|(D-8) in Nonmandatory
Appendix D]
F,, = test force measuremept
Fmin = smallest measurable force
F, = nominal load applied fo elastic beam model of
the test assembly used to find elastic constant G
I = moment of inertia of he elbow, matching pipe
for tees and other cofponents, in.®> (mm?)
k; = in-plane flexibility fadtor
k, = out-of-plane flexibility factor
k. = torsional flexibility fagtor
L = distance from centerline of specimen to point
where displacements 4re measured whend/D 2
0.5 and distance from gurface of branch connec-
tion to point wherfe displacements are
measured when d/D § 0.5, in. (mm)
Lmin = minimum length of nominal pipe attached to the
tested specimen, in. (mm)
M,, = moment found from M,, = L x F,,
T = thickness of matching run pipe, ins(mm)
t = thickness of matching branch pipe,in. (mm)
T, = thickness of the attadhed pipe/on the loaded
pipe leg, in. (mm)
S, = yield stress of tested component from the Mate-
rial Test Report
S,p = yield stress of the pipe attached to the tested

component from the Material Test Report

B-4 TEST PROCEDURE

B-4.1 Test Setup

Select the test specimen material, pipe size, and lengths

for the applied displacement calibration test described in
Nonmandatory Appendix A, para A-1.3. The length of

30

/

Fixed-end flange

\ T

_=8@=

Frame load platen

The measured displacement at A and B during any
phase of the k-factor test must be less than 0.00025 in.
or 1/50 of the maximum displacement measured in
the test, whichever is less.



https://asmenormdoc.com/api2/?name=ASME B31J 2023.pdf

ASME B31]J-2023

Figure B-4.4-1
Detailed Beam Model for Through-Branch k-Factor Test
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B-4.4 Elastic Beam Mod

Once the assembly dimen

selected, the following hold}:

(a) A six-degree-of-freed
piping assembly shou
Figure B-4.4-1. This model iy
in the assembly, beginning w
to and including the points

(1) loads are applied
(2) displacements are

Additional braces may be

Figure B-2-1].

Y

—0 ¢
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Zero-length element at
surface of run pipe

H
Lug | Centerline of
| load ram

S

Dial indicator displacement
measurement point

Rigid platen

el Construction

sions and load directions are

om beam model of the test
ld be constructed. See
cludes all piping components
ith the rigid base and going up
where

measured
heeded [see para. B-4.6(j) and

When developing flexibillity factors for through-run

loadings, the Figure B-4.4
adjusted to accommodat
between points C and D in
(a). A rigid element should
and D to start the k-factor
element between points C

}-1 beam model should-be
b the zero-length €lement
Figure B-4.4-2,.llustration
be placed betWween points C
iteration process. The rigid
and D should fix point C to

point D so that their displpcementsvand rotations are
equal.
When developing flexibility factors for through-branch

The rigid element length should be equal to %, of the
total length of the weld neck flange from the weld line
to the flange face.

(c) Theload appliéd to the beam model should produce
measurable displdéements at least equal to 10 times the
minimum measurable displacement determined in
para. B-1.3:

(d) For:each load-deflection location and direction
evaluated (see Figure B-1-2, Steps 2 through 7), apply
the leads from (c) to the beam model, and record the
magnitudes of the calculated displacements or rotations.
These results define the overall stiffness of the beam
model in all applicable directions and will be used to
compute the k-factors for each direction.

(e) The multiple k-factor calculation procedure
involves making measurements of the displacements
or rotations in accordance with paras. B-4.5 and B-4.6
for each of the load Steps 2 through 7 as defined in
Table B-1-1. Once the displacements or rotations are
recorded, the flexibility factors for each respective direc-
tion can be determined by applying the iterative proce-
dure in para. B-4.7. Table B-1-1 identifies the

measurement pninf location-and whether the recorded

loadings, the Figure B-4.4-1 beam model should be
adjusted to accommodate the zero-length element
between points E and F in Figure B-4.4-2, illustration
(b). A rigid element should be placed between points E
and F to start the k-factor iteration process. The rigid
element between points E and F should fix point E to
pointF so that their displacements and rotations are equal.

(b) Any weld neck flange in the test piping assembly
should be simulated in the beam analysis using a rigid
element followed by a nominal matching pipe section.

31

parameter is displacement or rotation.

B-4.5 Test Mounting and Loading

Mount the piping test specimen in the assembled posi-
tion. Gaskets are generally not needed between the
mounting flange and the platen.
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Figure B-4.4-2
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(a) Loaded T

(a) For each load and measu
the load mechanism and dial
sure that any dial indicator in
not influenced by local ovalizat
cross section by the applied loa

(b) Record the displacement
placement location.

(c) Apply theload chosenin p
in five even intervals. Record the
and force at each interval.

(d) Remove the load in appr]
load intervals, recording the d
and force at each interval.

(e) Record the displacement g
zero displacementlocation. Repe
the opposite direction when pra
direction loading may produce a
diagram.

(f) Repeattheentireloadings
recording the displacement or 1
interval.

hrough Run

(23) B-4.6 Initial Step for a Singl¢ Load-Deflection Test

rement direction, attach
indicator or laser. Be
rontact with the pipe is
ion induced in the pipe
d.

hnd load at the zero dis-

hra. B-4.4(c) to the model
displacement or rotation

pximately the same five
splacement or rotation

r rotation and load at the
at steps (c) through (e)in
ctical or when oppasite-
different load-deflection

bquence atleast/one time,
otation and.load at each

(g) Produce a load-deflection diagram as shown in
Figure B-4.6-1. The displacemej]t of rotation should be

stiffness inserted here

Zero-length element at
surface of run pipe
(b) Loaded Through Branch
displacement ratio = |d,,, — d,|/d}, (B-2)

(j) If the displacement ratio {siless than 0.30, then
consider temporarily increasing the stiffness of the
assembly for the direction and loading evaluated. The
value of the computed displacement or rotation, d,,
must include the effect-af any included temporary stiff-
ness. Clamps and_braces as shown in Figure B-2-1
have been used successfully to increase the stiffness of
the test assembly:

(k) When walidated load-deflection curves are
produced, the k-factor can be calculated using the iterative
procedure in para. B-4.7.

(H\When additional stiffness or bracing is added in
accordance with (j), the beam model must be modified
and the additional bracing added accurately in the
beam model. If the bracing is not rigid (see Figure
B-2-1), then the displacement at the bracing should be
measured during the loading test and the bracing stiffness
adjusted in the beam model. When bracing or additional

stiffnesses are added, the displacement ratio found in eq.
(B-2) should be less than 0.3 before proceeding.

B-4.7 Iterative Computation of k-Factor for
Branch Connections

along the horizontal axis and the load should be along
the vertical axis. The diagram should show a constant
slope on loading and unloading for both load cycles.
All points should fall along the same straight line. Any
discrepancy should be resolved before proceeding.

(h) Returnto step (a) and repeatthe procedure for each
load-deflection direction.

(i) Compute the displacement or rotation ratio from
eq. (B-2) for each load-deflection direction.

For each load-deflection pair, estimate the flexibility
factor from existing data, literature, numerical analysis,
or eq. (B-3).

kest = (R/T)(d/D) (B-3)

Compute the estimated rotational branch stiffness,
Kestn, using eq. (B-4) or the estimated rotational run stiff-
ness, Keg, using eq. (B-5). The rotational run stiffness is
needed for Figure B-1-2, Steps 2, 4, and 6. The rotational



https://asmenormdoc.com/api2/?name=ASME B31J 2023.pdf

ASME B31]J-2023

Figure B-4.6-1
Load-Displacement Diagram
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branch stiffness is needed for Figure B-1-2, Steps 3, 6, and

7.
Kesth = ELy/

Kestr = EIr/(

kege X d) (B-4)

kest X D) (B-5)

Enter the computed estinjated rotational stiffness into

the beam model configurati
tion (b) for loads through
model configuration in
through the run. Apply th
beam model used for the
test in para. B-4.6. Stiffn

bn in Figure B-4.4-2, illustra-
the branch and in the beam
illustration (a) for loads
e maximum test load in_the
hppropriate load-deflection
sses calculated using“eqs.

(B-4) and (B-5) are in unjfits of length multiplied by

force per radian. When the
is used, the predicted disp

correct compahent stiffness
acements of, rotations from

the computer program should ber Within 1% of the

measured displacements @
eg. (B-6). When the calculatg

r rotation$ as calculated in
d displacements or rotations

are too low, the procedure i

n para. B-4.7.1 can be used to

Displacement, in.

local stiffness in the current beam model by 2. Replace the
original local stiffness in the beam model with the modi-
fied stiffness and répun the analysis. If the newly calculated
displacement or-rotation at the measurement point is still
too low, halvethe stiffness again and rerun the analysis.
Continue halving the stiffness and rerunning the calcula-
tion until’the computed displacement is too high. When
the coemputed displacement is too high, multiply the stiff-
hess by 1.5 and rerun the analysis. On subsequent runs,
continue increasing or decreasing the stiffness by smaller
amounts until the calculated displacement or rotation is
equal to the measured displacement or rotation within 1%
as found from eq. (B-6).

percent difference (B-6)
= 100 X |calculated — measured|/measured

B-4.7.2 Convergence When Predicted Displacements
or Rotations Are Too High. If the calculated displacement
or rotation at the measurement point is too high, multiply
the local stiffness in the current beam model by 2. Replace

find an improved value for the Tocal stiffness. When the
calculated displacements or rotations are too high, the
procedure in para. B-4.7.2 can be used to find an improved
value for the local stiffness. When the calculated displace-
ments or rotations are within 1% of the measured dis-
placements or rotations, the flexibility factor used in
the last iteration is sufficiently accurate.

B-4.7.1 Convergence When Predicted Displacements
or Rotations Are Too Low. If the calculated displacement
or rotation at the measurement point is too low, divide the

the original local stiffness in the beam model with the
modified stiffness and rerun the analysis. If the newly
calculated displacement at the measurement point is
still too high, then double the stiffness again and rerun
the analysis. Continue doubling the stiffness until the
calculated displacement is too low. When the calculated
displacement is too low, divide the stiffness by 1.5 and
rerun the analysis. On subsequent runs, continue
increasing or decreasing the stiffness by smaller
amounts until the calculated displacement or rotation
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B-4.7.3 Iteration for Each Ld

(a) Use the iterative solution
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Figure B-6-1
Unreinforced Branch Connection With (Left) and Without Ovalization Restraint Plates in Place

ement or rotation within

ad-Deflection Direction

lescribed in para. B-4.7.1

or para. B-4.7.2 to find the flexibility factors for each load-

deflection direction.

(b) If continuing to increas
significantly reduce the calculat
tion, then the k-factor is 1 or zg

(c) When converged stiffness

b the stiffness does not
bd displacement or rota-
ro.

es are found, record the

calculated displacement or rotatfion, d, that corresponds

with the converged stiffness fi
direction.

(d) For through-run loade
compute the flexibility factor fr

k = EI,/(KD

(e) For through-branch load
compute the flexibility factor fr

k = EI,/(Kd)

pbr each load-deflection

l branch connectious,
bm eq. (B-7).
(B-7)

ed branch-connections,
bm eq. (B-8).
(B-8)

B-6 VARIATIONS AND SIMILARITIES IN
MATERIALS AND GEOMETRY

(a) The flexibility factors.derived from tests conducted
in accordance with this Standard are applicable to
geometrically similar\éomponents, where the degree of
geometric similarity should be established by rational
analysis.

(b) Dimensional extrapolations considered acceptable
shall be identified in the Test Report, along with their tech-
nical justification. For example, a complex fitting may have
multiple tests run on different diameters and thicknesses
to_establish a relationship between the flexibility factors
ahd dimensional parameters. Alternatively, if a closed-
form evaluation or a finite element analysis can be
performed, the technical justification can be based on a
single-size fitting with the closed-form evaluation or
the finite element analysis showing how the flexibility
factor is extrapolated to other sizes.

(c) Where ovalization in the vicinity of the branch
connection should be evaluated, some ovalization
restraint can be provided and the test repeated. Ovaliza-
tionrestraintas shown in Figure B-6-1isintended to simu-

B-5 NUMBER OF TEST SPE

IMENS

The number of repeated tests required to determine the
flexibility factor, k, and any increase factor needed for a
smaller number of tests shall be determined by a rational
analysis included in the Test Report.

34

Tate the effect of attached Ilanges, valves, clamps, or other
rigid components.

B-7 TEST REPORT

(a) To meet the requirements of this Standard, a Test
Report shall be prepared and certified by a Registered
Professional Engineer competent in the design and
analysis of pressure piping systems, or a person of equiva-
lent expertise as defined by national practice. The Test
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Report shall be complete and written to facilitate an inde-
pendent review. The report shall contain

(1) a description of the tested specimens

(2) nominal pipe and piping component sizes and
dimensions and actual cross-sectional dimensions of
importance in interpreting the test results

(3) adescription and photograph(s) or sketch(es) of
the test equipment, including positioning of the test

specimen in the machine

B-8 OVALIZATION RESTRAINT PLATES

Figure B-6-1 shows ovalization restraint plates on a
branch connection used to simulate the close proximity
of flanges, clamps, or other rigid components. The attach-
ment of these plates results in a lowering of the flexibility
factor.
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NONMANDATORY APPENDIX C
USE OF BRANCH CONNECTION FLEXIBILITY FACTORS
IN PIPING SYSTEM ANALYSIS

C-1 NOMENCLATURE
The following symbols are uged in this Appendix:
b = subscript indicating brgnch
D = mean run pipe diametejr
d = mean branch pipe dianjeter
D, = outside diameter of mafching run pipe
d, = outside diameter of makching branch pipe
E = elastic modulus
I = pipe moment of inertia
I, = branch pipe moment of inertia
I, = run pipe moment of ingrtia
K = rotational stiffness
k = flexibility factor
K, = branch leg rotational [stiffness (see Leg 3 in
Figure 1-1)
K; = in-plane rotational stiffpess
k; = in-plane flexibility factdr
K, = out-of-plane rotational ftiffness
k, = out-of-plane flexibility factor
K, = run leg rotational stiffness (see Legs 1 and 2 in
Figure 1-1)
K, = torsional rotational stiffness
k. = torsional flexibility factpr
r = subscript indicating ruy
C-2 GENERAL
Flexibility factor equations fgr branch connections’in
piping systems are given in Table 1-1. These flexibility
factors are intended to be used with beam _models of
piping systems where each point, or,node, in the
piping system model has af least\six degrees of
freedom defined about a locdl of-global orthogonal
axis. Three of these degrees of ffeedom are translational

The calculated rotational stiffnesses define the rotation
of one point on a branch or run pipe element in the piping
system with respect to another. The ends of these
elements are located at the same point in space or_at
very nearly the same point in space so that there is amegli-
gible distance between the two points. This is shown in
Figure C-2-1.

The coordinate system in Figure C-2-1,is@local X', Y/,
and Z' coordinate system where X' is alofig the element
centerline axis, Y’ is normal to the elémient axis, and Z’ is
orthogonal to X’ and Y'. The Y" andZ’ coordinate axes are
generally aligned along a defined‘in-plane or out-of-plane
orientation for the branch connection. For elements that
make up branch connectiofrmodels in a piping system, the

Figure C-2-1
Rotational Stiffness Location Between Two Nodes

Negligible or zero distance

7

and three are rotational.

The flexibility factors for branch connections in
Table 1-1, sketches 2.1 through 2.6 are used with
Table 1-2 moment-rotation relationships, or “rotational
stiffnesses.” These rotational stiffnesses are a function
of the flexibility factor, modulus of elasticity, moment
of inertia, and branch or run diameter given in eq.
(C-1) and in Table 1-2.

K = (ED)/(kd) €D

36
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Figure C-2-2
Branch Connection In-Plane Direction

in-plane orientation is showp in Figure C-2-2. The out-of-
plane orientation is different for branch and run elements
and is found by crossing the hranch element axial direction
vector into the in-plane oriertation vector shown in Figure
C-2-2 to find the branch out-pf-plane orientation. The out-
of-plane orientation is found by crossing the run element
axial direction vector into thie in-plane orientation vector.

There may be up to thre¢ moment-rotation node-pair
relationships for each locatiqn on the branch connection in
a beam model of a piping system depending on whether
the branch, run, or both the Qranch and run flexibilities are
considered; see Figures C-4-3 through C-2-5. There are
three branch moment-rotation relationships (rotational
stiffnesses) and three run mjoment-rotation relationships
(rotational stiffnesses) for epch intersection in Table 1-1,
sketches 2.1 through 2.6. The run rotational stiffnesses
may be used as shown in Higures C-2-4 and C-2-5. The
branch rotational stiffness¢s may be used as shown in
Figures C-2-3 and C-2-5.

The piping designer myst determine whiechvof the
branch connection modelf in Figures C-2=3 through
C-2-5 is most appropriat¢. In all casesithe run and
branch rotational stiffnesses may be used together in
series to provide an accurdte simulation. Including the
branch stiffness relationships only\(sée Figure C-2-3) is
reasonable when the run|stiffness relationships are
rigid or approximately rigid.\When the d/D ratio for a

Branch connection
in-plane direction

When both the branch and run flexibilities are used
simultaneously for the same branch connection, the inter-
action ofloads through the branch andrun must be consid-
ered and the branch connectiofi/symmetry maintained.
These requirements are satisfied by the model shown
in Figure C-2-5.

Rotational stiffnesses-should be inserted between the
two indicated nodes so'that the rotation of one node rela-
tive to the other.is'given by the branch connection
moment-rotation relationship in the appropriate direc-
tion. This is ilustrated in Figure C-2-6, where the rota-
tional stiffnesses are given with respect to the nodes
numbered 1 and 2. Translational stiffnesses between
nodés are rigid.

For the branch moment-rotation relationship, the
moment of inertia, k-factor, and mean diameter, d, of
the branch pipe should be used. For the run moment-rota-
tion relationship, the moment of inertia, k-factor, and
mean diameter, D, of the run pipe should be used.
Branch and run node locations are shown in Figure C-2-7.

C-3 REFERENCES

Moore, S. E., Rodabaugh, E. C., Mokhtarian, K., and
Gwaltney, R. C. (1987). Review and Evaluation of
Design Analysis Methods for Calculating Flexibility of
Nozzles and Branch Connections (NUREG/CR-4785,

branch connection is less than 1, the run flexibility
factors will often be less than 1 and need not be used.
When a flexibility factor is not used, the corresponding
rotational stiffness should be rigid. [See Table 1-1,
Note (1).] The three combinations available for each
branch connection are

(a) only branch flexibilities included

(b) only run flexibilities included

(c) branch and run flexibilities included together (in
series)
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Figure C-2-3
Branch Connection Flexibilities Used on Branch Side Only

Rigid element

zero weight

Branch spring
inserted between
these two nodes

RUN pipe elfement

Common node at intersection
of branch and run centerlines

Run pipe element

Figure C-2-4
Branch Connection Flexibilities Used on Run Side Only

Run-pipe element

Run spring insefkted between
these two (hodes

Run pipe element

Figure C-2-5
Branch and Run Flexibilities Used Together (in Series)

Rigid element
“Simultaneous use”| branch spring no weight
inserted between f{hesé.two nodes
[1/Kp - 1/(2K)17 \
{

“Simultaneous use” run spring
inserted between these two nodes (2K,)

“Simultaneous use” run spring
inserted between these two nodes (2K,)
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Figure C-2-6
Rotational Flexibility Definitions

Negligible or
Node\Z zero distance
Node 1

Element>\ - Y’ (in plane) Stiff Axi Stiffness
% J tiffness Xis | Equation

Stiffness inserted Element Rotational in plane Y’ Ellkd

between thege
two points (npdes) b X' Rotational out of plane 4 Ellk,d
(out of plane)  (torsional) [ Rotational torsion X' Ellk.d

Figure C-2-7
Branch and Run SIF and k-Factor Intersection Orientations

Branch leg 3 I
1
Apply branch stress
irftensification factors A_pply b_rfanc_h stress
af this point when /D < 0.5 intensification factors

at this point when«d/D > 0.5

\ |
Logd-displacement element of %/I Apply runrstress

Run

négligible length defined intensifieation factors
Rigid leg 2

bgtween these two nodes at this'point

Load dlsplacement element of
Run leg 1 negligible length defined
between these two nodes

Apply run stress Load-displacement element of
intensification factors negligible length defined
at this point between these two nodes
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NONMANDATORY APPENDIX D
SUSTAINED LOAD TEST PROCEDURE

D-1 GENERAL

The twice elastic slope (TES]
used to evaluate sustained loa

test procedure may be
ds on individual piping

components with geometries similar to those shown in

Figures D-1-1 and D-1-2 and is
required in ASME BPVC, Section
11-1430.

The TES test is equivalent to t
ment test described in detail if
(1981 and 1978); Rodabaugh

he collapse load criteria
[1I, Mandatory Appendix

he twice elastic displace-
Moore and Rodabaugh
Gwaltney, and Moore

(1993); Gerdeen and Rodabaujgh (1979); Matzen and

Yuan (2003); Wu, Sang, and W
and Rodabaugh (1979); O'Donn
Matzen (2001). The critical lod
load that causes a displacement
the measurement point equal

fidera (2010); Gerdeen
ell (1979); and Tan and
d in the TES test is the
in the test specimen at
to twice the elastically

Free e

~~ Run
At

hd

ached pipe length

Branch

computed displacement. Strains associated with the
TES critical load are usually in the range of 1% to 2%.

The TES-test-measured displacement, d,,,, should reflect
the movement of the centerline of the pipe in the direction
of the applied force, F,,,. The point on the pipe where d,, is
measured should be within one diameter of the applied
force. (Generally, d,, and F,,, are measured and appliedat
different points on the same rigid, or flanged, assefbly.)
The point on the load-deflection curve (F5, d;) satisfies the
“unsatisfactory performance” criteria described'in ASME
BPVC, Section VIII, Division 2, para. 5.2:4.3(b) and the
collapse load criteria in ASME BPVC, Section III, Manda-
tory Appendix 1I-1430 and defines{he*force where the
computed elastic displacement, dgis equal to one-half
the measured displacement, d,;

Figure D-1-1
Standard Sustained Load Setup

Attached pipe length
|

Attached pipe length

Fixed end

/ \
7 N
Ny A + B
B ~ -
Loaded ™ Loaded
end Throuah-run specimen end
Branch connection M -
specimen
Attached pipe
length PP T Run
(b) Through-Run Specimen
Fixed end

11117777

(a) Branch Connection Specimen
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Figure D-1-2

Bend Sustain

L

ed Load Setup

4B
~

> N\

\

Loaded end

D-1.2 Sustained Load Test Safeguarding

When the collapse mechanism of the test specimen is
characterized by para. D-1.1(a), or where a pressure sensi-
tivity may exist, safeguarding must be provided when the
component is used in an operating environment. Safe-
guarding requirements should be highlighted in the
Test Report. Safeguarding might include any or all of
the following:

(a) additional limits for allowed loads or displacements

(23)

Fixed eng

177

Components are generally
test is conducted, even tho
may affect the test resu
design pressure during a T
maximum load capacity f
tees. Other components m3
which case the applicati
during the TES test will 1
should be clearly stated
tested component is pressuy
and owner or manufacturer

' not pressurized when a TES
gh design internal pressure
ts. The application of the
ES test usually increases the
pr ductile steel bends and
y be “pressure sensitive,” in
bn of the design pressure
educe the load capacity. It
n the Test Report when a
e sensitive. The test designer,
must consider the intended

use of the testresults and defermine if the design pressure,

or some other pressure, sh
loading procedure descri
D-4.4. The Test Report shot
tions present during any tef
used to establish that loadi

When pressureisincluded
constant throughout the t¢
applied and removed. Pres
system should be monito
load application.

When pressure is include
personnel or equipment in
ered. Section D-8 provides
pressurized tests.

ould be included in the test
pbed in para. D-4.3 or para.
1d identify all loading condi-
t sequence and the rationale
hg condition.

ina TES test, it should be held
st while external loads are
sure in a closed, liquid-filled
ed at all times during/any

d in a TES test;the safety of

the vicinity fmust be consid-
safeguarding guidelines for

M

D-1.1 Collapse Mechani

when primary loads are present.

(b) inclusion of a pressure reduction in the sustained
stress evaluation.

(c) additional vertical pipe supports to limit pipe move-
ment in the vicinity of the component.

(d) additional gapped horizontal pipe supports when-a
component is pressure sensitive to limit ext€rnally
applied bending strains in the vicinity of the component.

(e) recommended flexible modeling of the‘eoupling for
use in an elastic beam analysis with apprepriate limits for
sustained, expansion, operating, occasional, range, and
combination load cases. The maxifmum permitted dis-
placements, rotations, loads, or-gny or all of these, on
the component for all possible load combinations
should be identified.

D-1.3 Simplified Approach

The approach described in this Appendix is intended to
produce a lower\bound estimate of the sustained load ca-
pacity. A designer capable of determining a more accurate
sustained (load capacity is permitted to do so.

D-2. DEFINITIONS

critical load direction: the direction along the selected line
of action that usually corresponds with the direction of the
applied force.

flow restriction: any damage to the pipe or reduction of the
pipe cross section that prevents the necessary conveyance
of the pipe contents from one location to another.

measurement point: the point on the test assembly where
displacement measurements are taken. The measurement
point may be at the same point on the test specimen where
the load is applied, but if not, it should be within one
diameter of the point on the test specimen where the
load is applied. Once the measurement point is selected,

Two types of collapse m
follows:

echanisms are identified, as

(a) where load-carrying capacity drops rapidly as M, is
approached, or where flow restriction or loss of pressure

(leak) is imminent as M, is

approached

(b) where load-carrying capacity is constant or
increasingas M, is approached, and where flow restriction
or loss of pressure (leak) is not imminent as M, is

approached

it must remain at the same location throughout the test.

pressure sensitive: a condition where the presence of an
internal pressure (most likely the design pressure)
reduces the load capacity of the tested component or
otherwise limits its ductility, flow behavior, tightness,
or performance. (See Figure D-2-1.)

repeated displacement test: a test conducted after the
initial TES test and repeated 100 times to demon-
strate the component’s ability to undergo repeated
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