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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) realized that there was a need for a standard method to develop stress intensification factors

(SIFs or i-factors) for ASME
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k-factprs should be used in the elastic analysis of piping systems, and Nonmandatory Appendix D provides
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E. C. F
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rd fittings and joints but did not provide guidance on how to conduct further research on existing SIFs
sh SIFs for nonstandard and other standard fittings or joints.
01 the Committee realized that SIFs and k-factors in the various B31 Code books were not consistent or
ASME initiated aresearch project completed by the MDC to incorporate recentresearch and current man
es in the SIF and k-factor test procedures, to provide a consistent and up-to-date tablerof SIFs and k-
ic piping components.
document provides a standard approach for the development of SIFs, k-factors, and sustained stress mul
components and joints of all types, including standard, nonstandard, and proprietary fittings.
ained stress multipliers are used to multiply the nominal bending stress due-to-sustained loading and
ke capacity of the metallic piping component or joint. Multipliers of the nominal bending stress due td
Currently exist explicitly in some, but not all, B31 books. Where more accurate sustained stresses are neg
on for the sustained stress is not given in the B31 Code book, nominalstresses due to sustained momentg
the section modulus of the matching pipe should be multiplied By the appropriate sustained stress
 the sustained stress is needed and an equation for the sustained'stress is given in the Code book as a fun
d provided in lieu of more applicable data, the sustained stress multipliers developed using the met

us of the matching pipe.
most applicable currently available stress intensification and flexibility factors compiled from test af
br standard commercially available metallic components are included in Table 1-1 and should be us
h modulus of the matching pipe (not an “effective” section modulus). Nonmandatory Appendix A p1
rd method to develop stress intensification factors. Nonmandatory Appendix B provides the standard
p branch connection flexibility factors. Nonmandatory Appendix C demonstrates how the new branch

d to develop sustained stress factors. A procedure to develop k-factors for bends, elbows, and strai

fodabaugh and E. A. Wais (July.2001).

s development, this Standard-has been reviewed by individuals and appropriate subcommittees of the
ire Vessel Code, B31, ,a11d/B16 Committees. Comments resulting from the review have been consi
nded to, with revisionssmade to the Standard, as appropriate. The 2017 edition has been revised in i
approved as an American National Standard by the American National Standards Institute on Januarj
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CORRESPONDENCE WITH THE B31 COMMITTEE

General. ASME Standards are developed and maintained with the intent to represent the consensus of concerned
interests. As such, users of this Standard may interact with the Committee by requesting interpretations, proposing
revisions, and attending Committee meetings. Correspondence should be addressed to:

Pro
or des
publis

The
citing

Secretary, B31 Standards Committee

The American Society of Mechanical Engineers
Two Park Avenue

New York, NY 10016-5990
http://go.asme.org/Inquiry

posing Revisions. Revisions are made periodically to the Standard to incorporate.changes that appear
irable, as demonstrated by the experience gained from the application of the Stafidard. Approved revisi
hed periodically.

Committee welcomes proposals for revisions to this Standard. Such propodsals should be as specific g
the paragraph number(s), the proposed wording, and a detailed desCription of the reasons for thg

including any pertinent documentation.

Intd
Stand
Comny

Req
form i
autom

If tH
Comny

hrd. Interpretations can only be rendered in response to a written request sent to the Secretary of the B31
ittee.

uests for interpretation should preferably be submittéd through the online Interpretation Submittal
5 accessible at http://go.asme.org/InterpretationRequest. Upon submittal of the form, the Inquirer will
atic e-mail confirming receipt.

e Inquirer is unable to use the online form, he/she may mail the request to the Secretary of the B31
ittee at the above address. The request for\an interpretation should be clear and unambiguous. It is fi

ommended that the Inquirer submit his/her'request in the following format:

Subjeft: Cite the applicable paragraph number(s) and the topic of the inquiry in one or t

Editidn: Cite the applicable edition of the Standard for which the interpretation is being

Questfion: Phrasé€ the question as a request for an interpretation of a specific requirement s
géeneral understanding and use, not as a request for an approval of a proprietary
situation. Please provide a condensed and precise question, composed in such a
“yes” or “no” reply is acceptable.

Propqsed Reply(ies); Provide a proposed reply(ies) in the form of “Yes” or “No,” with explanation as
entering replies to more than one question, please number the questions an

Background Information: Provide the Committee with any background information that will assist the Cor

understanding the inquiry. The Inquirer may also include any plans or drawin
necessary to explain the question; however, they should not contain proprietary
information.

necessary
ons will be

s possible,
proposal,

rpretations. Upon request, the B31 Standards Committee will rénder an interpretation of any requireinent of the
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Requests thatare notin the format described above may be rewritten in the appropriate format by the Committee prior
to being answered, which may inadvertently change the intent of the original request.
ASME procedures provide for reconsideration of any interpretation when or if additional information that might affect
an interpretation is available. Further, persons aggrieved by an interpretation may appeal to the cognizant ASME
Committee or Subcommittee. ASME does not “approve,” “certify,” “rate,” or “endorse” any item, construction, proprietary
device, or activity.

Attending Committee Meetings. The B31 Standards Committee regularly holds meetings and/or telephone confer-
ences that are open to the public. Persons wishing to attend any meeting and/or telephone conference should contact the
Secretary of the B31 Standards Committee.
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INTRODUCTION

The ASME B31 Code for Pressure Piping consists of anumber 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:

(a) |B31.1, Power Piping: piping typically found in electric generating stations, in industrial and institutiengl plants, in
geoth¢rmal and solar power applications, and in central and district heating and cooling systems

(b) |B31.3, Process Piping: piping typically found in petroleum refineries and in chemical, pharmaeceutifal, textile,
paper]| semiconductor, cryogenic, and related processing plants and terminals

(c) IB31.4, Pipeline Transportation Systems for Liquid Hydrocarbons and Other Liquidsfpiping that fransports
produjcts that are predominately liquid between plants and terminals, and within terminals@nd pumping, fregulating,
and njetering stations

(d) |B31.5, Refrigeration Piping: piping for refrigerants and secondary coolants

(e) IB31.8, Gas Transportation and Distribution Piping Systems: piping that transperts products that ar¢ predomi-
nately] gas between sources and terminals, including compressor, regulating, and metering stations and gag gathering
pipelipes

(f) B31.9, Building Services Piping: piping typically found in industrial, institutional, commercial, and publif buildings
and njultiunit residences that do not require the range of sizes, pressares, and temperatures covered by (B31.1

(g) |B31.12, Hydrogen Piping and Pipelines: piping in gaseous and liguid hydrogen service and pipelines fpr gaseous
hydrogen service

Rulgs for each Standard provide guidance for a specific task found in one or more B31 Section publications, jas follows:

(a) |B31E, Seismic Design and Retrofit of Above-Ground Pipihg Systems, establishes a method for the seismic design of
abovefground metallic piping systems in the scope of the~ASME B31 Code for Pressure Piping.

(b) |B31G, Remaining Strength of Corroded Pipelines, provides a simplified procedure to determine the effect of wall
loss due to corrosion or corrosion-like defects on the pressure integrity in pipeline systems.

(c) IB31H, Standard Method to Establish Maximum Allowable Design Pressure for Piping Components, provides a
standgrdized method to perform a proof (burst) test for piping components and joints (under developmént).

(d) |B31], Stress Intensification Factors (i-Fagtors), Flexibility Factors (k-Factors), and Their Determination for Metallic
Piping Components, provides a standardized method to develop the stress intensification factors (i-factors)} flexibility
factorf (k-factors), and sustained stress\factors used in ASME B31 piping analysis.

(e) IB31T, Standard Toughness Requirements for Piping, provides requirements for evaluating the suitability of mate-
rials ysed in piping systems for piping that may be subject to brittle failure due to low-temperature service ¢onditions.

Thi$ B31] Standard provides.stress intensification factors (i-factors) and flexibility factors (k-factors), with procedures
for th¢ir determination formetallic piping components and joints. Stress intensification and flexibility factor equations
for common piping componeénts are provided in Table 1-1. The sustained load test procedure can be used to|determine
more ppplicable nonfinal 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, if means_this B31] Standard.

Thi$ Standard’sets forth stress intensification factors, flexibility factors, and engineering procedures deemed appro-
priate| for@he safe determination of the fatigue and sustained load capacity of metallic piping components ¢r joints in
typicall services. The procedure cannot foresee all geometries and services possible, and the use of competent epngineering
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
Engineers, 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 years to 5 years.

[t is intended that this edition of the B31] Standard not 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 by this Standard is to be used shall be the governing document for the determination of SIFs
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and k-factors. Users of this Standard are cautioned against making use of Standard revisions without assurance that they
are acceptable to the proper authorities in the jurisdiction where the piping component is to be installed.
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Stress Intensification Factors (i-Factors), Flexibility Factors (k-
Factors), and Their Determination for Metallic Piping
Components

1 General

stress intensification factor (SIF): a piping component

Theg ASME B31 Code for Pressure Piping and the ASME
Boilet and Pressure Vessel Code, Section III, Nuclear
Components, Subsections NC and ND piping rules
requite the use of stress intensification factors (SIFs or
i-factdrs) and flexibility factors (k-factors) when checking
the adlequacy of components and joints (welded and
nonwelded) in piping subject to various loads, including
cyclic|loads, that may produce fatigue failures. As used
herein}, where the word Code is used without specific iden-
tificatjon, it means the Code that incorporates or refer-
ence$ this Standard. Experimental methods to
determine SIFs, flexibility factors, and sustained load
factorf are provided in the Nonmandatory Appendices.
Complled stress intensification and flexibility factor equa-
tions for common piping components are included in
Table|1-1; see also Tables 1-2 and 1-3 and Figures 1-1
through 1-7.

2 Definitions

flexibifity factor: for branch connections and reducers, a
ratio that defines the rotation of one end of a-zero- or
negligible-length element with respect to the opposite
end df the same element when equal.ahd opposite
momgnts are applied at each end; foribends, a factor
based on an effective length of matching pipe that
incredses the element flexibility(to simulate the effect
of bend ovalization that applies over the entire arc
length of the bend.

i-factdr: same as the stres$“intensification factor.
k-factpr: same as theflexibility factor.

pipe stress analyst:individual responsible for the accuracy
of i-faftors, k-factors, and sustained load factors used in
the arjalysistof the piping system.

piping components: mechanical elements suitable for

fattgue StrengtT factor tat 15 the ratto of the] elastically
calculated nominal stress in matching pipe that causes a
through-wall crack to appear in a given namberjof cycles in
a straight pipe butt weld to the elastically ralculated
nominal stress in the matching pipewused with the compo-
nent that produces a throughywall crack in| the same
number of cycles in the comporient or attachpd pipe.

verified numerical analysis: typically, a finite element
analysis of a particular piping system c¢mponent
whose results havebeen verified against existinig test data.

3 Document.Contents

(a) Several different types of tests are often|conducted
on metallic piping components by the manufacturer or
usexr of a piping component to demonstfate Code
adequacy. These tests include burst tests, load}deflection
tests (k-factor tests), SIF tests (i-factor tgsts), and
sustained load tests. Multiple tests may be performed
on the same specimen. For example, SIF|tests can
follow multiple k-factor tests, and sustained|load tests
can often 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 accordgnce with
Nonmandatory Appendix D)

Procedures for the tests in subparas. (2) through (4)
above are described in the Nonmandatory Appendices
in this Standard.

fe)-Stress—intensification—andfexibilityfactors 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.

metallic piping components are included in Table 1-1
and were developed using the test procedures in this
Standard and numerical methods.
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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) ki My, /0ip (EY(Up)/ (ki d)
Moz (Leg 3) kob Mop /8ob (EYUb)/(kop d)
M3 (Leg 3) ke My /B0 (E)YUb)/(kep d)
M1, (Legs 1, 2) kir M /6y (E)(1)/ (ki D)
Mo1,2 (Legs 1, 2) kor Mo /8or (E)U1)/(kor D)
M1, (Legs 1, 2) Ker M /B (E)(I)/ (ke D)

GENERAL NOTE: The moment-rotation relationships in this table are developed by independently applying moments to the resppctive run or
branch|leg. Simultaneous run and branch 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 Factor Flexibility Factor Multiplier, ¢
ki 1-0.032 N, 135 (p1)°*3" (d/D)*%3
Kob 1 - 0.07 N, ®©(p/1)°** (d/D)*3*°
ke 1 - 0.003¢N, 3962 (D/T)0.548 (d/D)O.693

Figure 1-1 Orientations for Sketches 2.1 Through 2.6 of Table 1-1

Leg 3 !
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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

100
80 Flexibility factor for
\ elbows, k = 1.65/h
60 \
Flexibility factor for
40 ~ miters, k= 1.52/h°®
N\ N
30 N \
\ Stress %/nstensification factor, i

:~ 20 N =0.9/h
S x
O .~ N
&L 2 15 Stress irzlltéensification fdctor, i
5F \ ><>X =0.75/h
T 2
R} E 10 M
55 g
Ei N N
]
= \
o N N
»

4 ‘\‘
3 \\\\ N
O\ Y
) N, ~ N\
15 \\ N AN
| \Q N\
: u\u -
0.02 0.03 0.04 0.06 0.10 0.15 0.2 0.3 04 06 08 1.0 1.5
Characteristic, h

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 i .
given in Table 1-2 such that 6 across
the element is equal to kMd/El, or
kMd/El, in accordance with Table 1-2 Branch
and Fig. 1-1
[
Rigid length
from run
Run ~centerline to Run
i f
\ run pipe surface A /
N
Intersection point of
branch and run centerlines
Branch Flexibility Location Run Flexibility Location

GENERAL NDTE: See Figure 1-1 for flexibility orientations.

Figure 1-7 Fillet Weld Contours

|

e Theoretical throat/]:—>‘ e
Size of

weld
(a) Convex Equal Leg (b) Concave Equal Leg
Fillet Weld Fillet Weld
Leg
length
Y S
‘4_ Leg\‘>‘\‘€vTheoretical throat—/'z Leg _>‘ e
length length
(c) Convex Unequal Leg (d) Concave Unequal Leg
Fillet Weld Fillet Weld
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NONMANDATORY APPENDIX A
Stress Intensification Factor (SIF) Test Procedure

A-1 (

A-1.1

A s
1.1-1.

(a)
cientlj
any u
end o
by thd
as shq

(b)
closer]
assen
which
the f1
servig
impo
Failur

seneral

Test Equipment

hematic of a test arrangement is given in Figure A-

The fatigue test machine framework must be suffi-
r rigid to prevent sliding, ratcheted movement, or
hwanted displacements or rotations at the fixed
f the assembly. An unwanted rotation is defined
movements with respect to the mounting flange
wn in para. B-4.3 in Nonmandatory Appendix B.
The component to be tested shall be mounted no
than two pipe diameters to the fixed end of the test
bly unless the component is bolted or flanged, in
case the component can be attached directly to
amework if a condition typically employed in
e is replicated. The mounting configuration is an
'tant aspect of producing an accurate result.
s must occur at the part and not at the attachment

to the framework; additionally, the resistance(Lto ovaliza-

tion at the connection to the framework shoul
ence the SIF results. When D/T > 40,(the’leng
between the component and the framework
numerically evaluated to ensureithat unwant
tion does not occur.

(c) The test rig shall bé«apable of apply
reversed displacementiat the point of apj
without binding in a direction transverse to th
of loading.

(d) The testequipment shall be calibrated t|
placements with an accuracy of 1% of the im
placement amplitude.

(e) Thepipingattached to the tested compon
be equal'to the diameter and wall thickness inte
useéd)with the component.

Figure A-1.1-1 Representative Cantilever Test Arrangements

not influ-
rth of pipe
should be
bd interac-

ng a fully
blied load
b direction

p read dis-
posed dis-

ent should
nded to be

| |
Free end L .
Length to leak point
Applied ip-plane
~+ Run crack + | J displacement, A
Branch connection specimen ;< \
/ B;anch Loaded end " | Tested Loaded end
component
7 /
crack s, | _prpIied in-plane
displacement, A
Tqsted /
dJomponent L -
Length to leak point
] Fixed end
~+ Run
! 77777777
Fixed end Through-run specimen
11777777 « Fixed end Loaded end
crack

N )j’ | _TAppIied in-plane

Ny 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 WRC Bulletin 433, “Report No. 2: Effect of Testing Methods on Stress Intensification Factors,” para 5.7, p. 74, E. C. Rodabaugh and R. J.
Scavuzzo (July 1988).
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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 Boiler and Pressure Vessel Code,
Section VIII, Division 2, Mandatory 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) Ifthereisan 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
paras. (a) and (b), and displacement applied in the oppo-
site direction to approximately the same displacement
magnitude used in the positive displacement loading
sequence in para. (b). If the slope of the reverse-direction
load-displacement diagram is sufficiently different from

The fabyfication, welding, and examination of the tested
componenft shall be the same as that expected to be used in
service. Weld contours and procedures should also be
representdtive of those intended to be used in practice.
Weld locatfions where fatigue cracks are likely to originate
should be| inspected for undercut, welding starts and
stops, or pther anomalies that may affect fatigue life.
Where wglding starts and stops, undercuts, or other
irregularifies are visible at potential crack sites, these
imperfections should be documented. All weld profiles,
sizes, repgirs, and/or photographs should be recorded
and included in the Test Report.

Where lpakage is anticipated in or adjacent to a weld,
the dimengions of the weld in that area should be recorded
carefully apd variations in the weld contours noted in the
Test Report. After the test is completed, the inside weld
profile at the failure location should be described in the
Test Report with photographs if possible and any anoma-
lies noted

A-1.3 Ap
(a) The

plied Displacement Calibration

test specimen shall be mounted in the.test
assembly [to develop a load-deflection diagram using
the same procedure that will be used during the cyclic
loading plortion of the fatigue test. Toxdevelop the
load-deflegtion diagram, displacements ‘shall be applied
in positive steps in the linear range-to obtain a load-dis-
placement{diagram similar to that'shewn in Figure A-1.3-
1. Atleast five points shall be recorded in the linear region
of the diagram. A point can.be’considered in the linear
range if after the displacement is applied the load does
not changg for a peried_of at least 3 minutes.

(b) Thelinitial loading sequence described in para. (a)
shall be stopped when the load-displacement plot is no
longer lin¢ar erywhen a sufficient linear portion of the
diagram has been produced. To accommodate this

the slope of the positive-direction load-displacement
diagram, the smaller value of the slope shalV'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 detertpining
the force, F,, used in para. A-2.1.

A-1.4 Cycles to Leakage

(a) Once the load-deflectien'plot is established, the test
specimen shall be fixed in'the test machine with thq cyclic
loading mechanism attached to the test specimen. The test
specimen shall befpressurized with water sufficient to
detect leakage~A liead pressure of 12 in. (300 mm) of
water at the _expected failure location (leak polnt) is
usually sufficient. Equivalent methods of through-wall
crack detection are permissible. If a closed system is
used.toprovide water pressure, provisions shotild be
made for a possible separation of the test piece jat the
anticipated failure location, and the pressure shopild be
monitored throughout the test.

(b) The specimen shall be subjected to a prespé¢cified
fully reversed cyclic displacement until a through-wall
crack is detected in the component or its weld o the
attached pipe. The displacement shall be selected so
that the test failure occurs within an expected| cycle
range in accordance with para. (d) below.

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

(d) The number of cycles, N, at which the through-wall
crack occurs shall be recorded immediately when ldakage

is detected at the through-wall crack. The cyclic digplace-
mante chall ha calactad cuech that foilyyg Acar s in a

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 para. (a), deflec-
tions 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.

18
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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 cyclestoleakage shall be determined
as described in para. A-2.6 if the applied test displacement
magnitude is changed during the test because of accidental
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 best-fit straight line is used in subsequent tests, tovdetermine the stress intensification fact

A-2 $tress Intensification Factor

A-2.1] Calculated Stress

The applied moment at the leak point, M,, is calculated
from ¢q. (A-1).
M, =EL (A-1)
wherd
F, |= force corresponding to the applied‘displacement
amplitude, taken from the straight-line portion of
the load-deflection diagram developed in para. A-
1.3,1b (N)
L |= distance between the)point of applied displace-
ment and the legk point, along a line perpendi-
cular to the imposed displacement, in. (mm)
M, |= applied elastic moment amplitude, in.-1b (N-mm)

Thq elastically calculated stress amplitude corre-
spondling to'the elastic moment at the leak point is

S=M,/Z (a-2)

0.008 -0.006 -0.004 -0.002 .4
!’-

* 088’

208

:_ 4902 0004  0.006

0.008
Displacement

Test displacement
amplitude

s

usedwith the component. If the stress at the lgak point is
¢omputed using Z other than that of the matching pipe, the
manner 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 desigt.

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

pipe:
4 4
7 = (l)(%DJ] (A-2)
32 X

Additional care may be needed when defin|ng Z for i-
factors developed for reduced outlet branch cpnnections
since many piping Codes use a modified value ¢f Z in such
cases. Stress intensification factors given in Taple 1-1 are
for use with the section modulus of the attache@l matching
pipe for all connections unless otherwise notgd.

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

A-2.2 Section Modulus

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 the matching nominal wall pipe intended to be

A-2.3 Stress Intensification Factor

The stress intensification factor is established as
i = C/(SN?) (A-3)

where
b = material exponent, 0.2 for metals. If the number of
cycles to failure is less than 5,000 or greater than
200,000 [see para. A-1.4(d)], the user must vali-
date the values of b and Cused. [f more appropriate

19
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Table A-2.4-1 Stress Intensification Increase Factor

Number of Test Specimens Testing Factor, R;

1 1.2
2 1.1
3 1.05
>4 1.0

values for b and C are available, those values may
be used and should be included in the Test Report;

A-2.6 Variable-Amplitude Test

Ifthe applied displacement amplitude is changed during
a cyclic test as described in para. A-1.4(e), the number of
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 cantilever
specimens with girth butt welds where the displacement

altprnate values of b typically used are between 0.2
angl 0.35.

mdterial constant, 245,000 psi (1 690 MPa) for a
cafbon-steel test specimen

stress intensification factor

number of equivalent cycles to failure, where N is
the first cycle in which through-wall leakage
ocgurs. See para. A-2.6 when variable-amplitude
digplacements are used in the test.

nominal stress amplitude at the leak point, psi
(MPa)

~.
1

A-2.4 Nymber of Test Specimens

(a) The
be the ave
ment tests
sification

(b) Wh

value of the stress intensification factor, i, shall
age value of a minimum of four cyclic displace-
when no analytically determined stress inten-
actor is available.

n fewer than four tests are conducted and there
is no analyftically determined stress intensification factor
available, the average stress intensification factor, i, shall
be increased by the factor R, given in Table A-2.4-1.

(c) Whgn an analytically determined stress intehsifica-
tion factorjand one or more test-determined stress'inten-
sification factors are available, the value of the stress
intensificafion factor, i, shall be determined by a detailed
rational apalysis included in the Test(Report.

A-2.5 Directional Stress Intensification Factors

(a) For|components that de*hot have a single axis of
symmetry (e.g., branch_ connections), a directional
stress intensificationfactor shall be established for
each independent diréction of bending. When a verified
numericall analysis\is available, the verified numerical
analysis mlay be-ised to predict the stress intensification
factor for directions where tests have not been performed.

range N; < 3,200 and the leak occurs at the weld, th¢ value
of b may be taken as 0.335. For in-plane loads throulgh the
branch where the displacement range Ny~<.3,200, and
where the leak occurs at the weld, the\wyaltie of p may
be taken as 0.2 if other guidance is not.available.

The exponent b may be a function-of the comp
geometry and the magnitude ef/the loading. Wh
cycle range that causes the.most significant f
damage is applied for less-than 3,200 cycles, the

onent
bn the
htigue
value

of b may range from 0.1¥to 0.7, but is likely befween
0.15 and 0.38.
N=N]-+Z(ri)1/b><l\7ifori=l, 2, ...n (A-4)
where
b_="material exponent, usually 0.2 or 0.3B5 for
metals
Jj = the number of the test case chosen as thie base
case
N = equivalent number of cycles to leakdge, at
maximum amplitude X;
N; N; = number of cycles at amplitudes X;, Xj, whiere all
Xi< X;
ri = Xi/X;ri<1
X; X; = amplitudes of displacement applied during

cycle N; Nj, in. (mm)

A-2.7 Instrumentation

Instrumentation such as load-measuring devic¢s and
displacement indicators shall be calibrated within 12
months prior to the test and traceable to NIST stanjdards
or equivalent. The cycle counter shall be checked t¢ be in
good working condition. The force-measuring devicg shall
be capable of measuring forces within 200-N (0.0/5-kip)
increments or 1% of the largest load imparted during the
test increments.

(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.

20

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
practical, the base of the test specimen shall be quantita-
tively rigid as described in Nonmandatory Appendix B,
para. B-4.3.
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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-
rial constant, C, shall be established using one of the two
following methods unless the material constant C has
already been established (see [11]):

(a) C-Factor Determination Method Using Modulus of

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, 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

Elasti¢Tty Ratios. This method of C-Tactor determimation multiple tests run on different diameters and thicknesses
assunjes that the C-factor for a material different from to establish a relationship between the SIFiand the dimen-
low-carbon steel is equal to the C-factor of low-carbon  sjonal parameters. Alternatively, if a closed-fofm evalua-
steel multiplied by the modulus of elasticity of the  tion can be confidently performed, the |technical
differ¢nt material and divided by the modulus Ofelasticity justiﬁcation can be based on a Single-size f]ttlng with
of low-carbon steel.

(U.§ Customary Units)

245,000 X E(other material)
27,800,000 psi

C(¢ther material) = (A-53)

(S1 Pnits)
1690 X E(other material)

192 000 MPa

(A-5b)

other material) =

wh
Cc
E

re
material constant, for use in eq. (A-3), psi (MPa)
modulus of elasticity, psi (MPa)

(b) |C-Factor Determination Method Using Fatigue Tests
(1) This method of C-factor determination requires
that 4 minimum of eight butt-welded, cantilever, test
specimens of the to-be-tested material are-fabricated
and tgsted in accordance with paras. A-1.1 thréugh A-1.4.
(2) Each of the minimum of eight specimens shall be
subjedted to different applied displacements.

(8) The pairs of N (cycles to failure) and S (elastically
extrapgolated nominal stress) shall.be plotted on a log-log
scale.|The material constant @ and exponent b shall be
obtaihed by plotting a{best-estimate straight line
through the (N, S) points.in the form
a/(SN”> =1 (A-6)
(#) Thefactor b found from the best estimate should
not bglessthan 0.1 or greater than 0.7. The value of a that
resultp from the best-estimate fit of eq. (A-6) shall be taken

the closed-form evaluation uséd,to clearly id
the SIF is extrapolated to ather sizes.

(c) Ofparticularimportance is the dimensionjal detail at
intersections (radii forcrotch regions, weld dgtails, etc.).

(d) Tests on small{welded components in|which the
fillet weld leg lengths are equal to or larger tham the thick-
nesses of theparts joined may not be comparaple to tests
on larger components where the fillet weld leg lengths are
smaller<than the thicknesses of the parts joinjed.

(e)«The procedure used in this Standard may be used to
establish SIFs for partial-penetration welds| provided
adequate geometric similarity is established.

entify how

A-3.3 Flanges, Compression Fittings, B3ll Joints,
Slip Joints, and Other Pipe-Joining
Components

Where i-factors are needed for flanges or gther pipe-
joining components, 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 Standprd, 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 persor] of equiva-
lent expertise as defined by national practicd. The Test
Report shall be complete and written to facilitajte an inde-
pendent review. The report shall contain

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
subpara. (3) above.
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(1) 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) description 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 Qualification (WPQ) for the welding
operator who welded the components. When the
failure oc i ar 2 ed joi a narrative
describing the visual examination of the welds shall
also be included. If possible, detailed high-resolution
photographs of all or a portion of the welds should be
included [in the report, including images from the
inside of fhe specimen at the root of any welds where
through-wjall cracks or critical weld joints appear.

(7) agsembly procedure used for joints.

(8) ldading and unloading load-displacement points.

(9) values of material constant, C, section modulus, Z,
number of{cycles to leakage, N, length to leak point, L, and
imposed displacement for each test.

(10) {lerivation of the force, F, moment, M, and stress
intensification factor, i, for each test.

(11) description and photograph(s) or sketch(es) of
the leak ldcation.

(12) (ustification for geometric similarity, if any, in
accordancg with para. A-3.2.

(13) Hescription of any additional preparation or
pre- or pdst-weld heat treatment provided to improve
the quality] of the weld beyond that which would be antici+
pated for the service conditions.

(14) Value of the i-factor derived for all tests;_see
section A-p.

(15) ffailure location in each test, identified by
sketches [and/or photographs, including the weld
profile at the failure cross section so that'service require-
ments car] be specified and actual-performance can be
expected o exceed test behavioy:

(b) When the SIF test is corfducted by or for a manu-
facturer, the Test Report shall be’'maintained by the manu-
facturer for review by thé.owner, purchaser, or designer.

(c) 1f thle specimen«is_of a material other than carbon
steel or an|already évaluated material [11], then the Test
Report shdll be prepared in two parts, one that describes
the develdpment of the a and b material constants, and
another tHat\describes the determination of the SIF for

0_0 ne aelaed 1011 1

able justification for extrapolations would consist of a
valid elastic-stress theory applicable to the type of compo-
nent, e.g,, a branch connection. Care would be needed to
ensure thatthe elastic-stress theory applies over the range
of dimensional extrapolations given in the Test Report.
The use of finite element analysis, for example, when
applied properly, is considered an applicable elastic-
stress theory.

Nonm naa

Procedure

ASME B31] is based on the work by E. C/Redabapgh in
WRC Bulletin 392 [1]. The following comnientary provides
asynopsis of the discussion in Ref. [1]+Readers whodesire
more detail are urged to see Refs{J1] through [5].

A-5.1 General

The Codes for pressureipiping (e.g., ASME B31.1;/ASME
B31.3; ASME Boiler and Pressure Vessel Code (BPVC),
Section Ill, Class 2/3)use stress intensification factors
(i-factors) for vdripus piping components and joints as
a measure of\their fatigue performance relatjve to
girth butt welds. Occasionally, a need arises to estlablish
i-factors forcomponents notincluded in the Codes, such as
a branek’ connection in an elbow or some proprjietary
piping component. This Standard provides a set|of re-
guirements that will ensure that newly developed i-
factors are consistent with existing i-factors.

(a) Papers by Markl and George ([2], [3], [4]) provided
the basis for most of the i-factors in the Codes. Key akpects
of the testing and interpretation of test results pre as
follows:

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

(2) cyclic bending tests are run with contfolled
displacements

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

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

(b) Markl [5] discusses “allowable stress range”
Appendices 1 and 2 of [1], describes rules that werg
tually incorporated into ANSI B31.1-1955. Referer
discusses the following concepts that are fundame
the use and interpretation of i-factors as a cont
fatigue failure:

(1) the i-factors are dependent on dimensions and

loped

and, in
even-
ce [5]
htal to
rol of

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 ([2], [3], [4], [5]). More generally, an accept-

22

are independent of the material

(2) as aconsequence of subpara. (1) above, 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].25(S; + S;)] 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; see pages
97-99 of Ref. [12].

(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.
It is recognized that some components may not be made
from Grade Bmaterials e g, coppertubingand fittings For

(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
during loading, the boundary effect is influenced by
either the extent of any plastic zone at the boundary

example, if tests were run on a copper elbow, then a
differlent C constant would be needed so that the
concept that i-factors are independent of the material
is pregerved. Section A-1 is written to allow for this even-
tuality, with rules provided in section A-3.

(d)| Dimensions and Dimensional Extrapolations.
Mark|’s tests were run on NPS 4 test specimens.

Marklfs broad extrapolations to other dimensions were
based| on elbow theory. For elbows, Markl’s in-plane
tests led to

i =p.90/h?*/?
wherd

h H trR/r?

R 4 bend radius

r 4 mean radius of elbow cross section

t 4 wall thickness

Parpgraph A-3.2 permits dimensional extrapolations
providled the technical justification for such extrapola-
tions |is included in the Test Report. An example)of
such justification is the elastic-stress theory for elbows
used By Markl. More generally, an acceptable justification
for exfrapolations would consist of a valid ‘elastic-stress
theory applicable to the type of component, e.g., a branch
connegtion. Care is needed to ensure thatthe elastic-stress
theory is applicable over the range-of-dimensional extra-
polatipns given in the Test Report. For example, the use of
finite plement analysis, when-applied properly, is consid-
ered 4n applicable elastiesstress theory.

Appropriate dimensional extrapolations for branch
conngctions, their theory, testing, and the effect of
weld profiles onsi~factors are exhaustively treated in
Refs. [6] and JZ]»The need to ensure and quantify the
weld peometry“used in the testing is clearly shown in
Ref. [¢], where a subtle change in weld profile produced
a chargedn the SIF value by a factor of 2. Thus, paras. A-4

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 distafiee’ will be ¢ither the
extent of any plastic zone sizé or a length from the
boundary equal to 0.5D*7%%%. A quantitative [discussion
of the effect of boundary;condition lengths gdjacent to
branch connections can‘be found in Ref. [8].| The basis
for requiring that a numerical evaluation be performed
when D/T > A0"is that the ovalization ifteraction
length found by 0.5D*7°°* is greater thaph 2D, and
some extra/precaution might be warranted.
Calibration of instrumentation is necessar
repeatability by independent organizations.
(2) Paragraph A-1.2. Markl’s test specimhens were
ASTM A106 Grade B material, or equivalent in the case
of forgings, castings, and plate. Use of differenf materials
requires a new C constant to be developed sinc¢ materials
such as copper, aluminum, or very high-strepgth steels
exhibit a fatigue life that may be different from plain
carbon steel. The intent of the test is to devlelop a SIF
that is geometry dependent and not material dependent.
Cantilever fatigue test data on different piping materials is
reported in Ref. [11].
Nominal dimensions and wall thicknesseq should be
reported carefully for branch connections to gnsure that
extrapolation of results to other sizes is dong correctly.
The importance of the weld profile is clearly demonstrated
in Ref. [6].
(3) Paragraph A-1.3. Markl’s tests werd based on
linear elastic equivalent moments, i.e., a constarjt displace-
ment or rotation was applied and the momlent at the
failure location was based on extrapolation pf the M -
0 (or F - §) elastic curve. This allows agreement with
the way linear elastic thermal expansion anjlyses are

y to ensure

(b), 6(b), and 6(f) require the weld contour to be repre-
sentative of the installation.

A-5.2 Basis for Requirements

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

(a) Section A-1
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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 [9]
equation should be used to determine the i-factor. From
Ref. [4], it can be seen that the preponderance of tests are
for failures above 1,000 cycles. The few test failures that
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occur below 1,000 cycles show significant deviation from
the proposed straight line. Some high D/T configurations
in the testrecord are artificially 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/Tranges, the lower limit of 5,000 cycles should remain.
(b) Section A-2

(1) Paragraph A-2.3. The equation in para. A-2.3 is
taken directly from the work by Markl [i.e. [4], eq. (4)].
Since Markl's tests formed the basis ofthe current i-factors

weld profiles, the owner can also ensure that such
profiles/procedures 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 his agent.

A-6 References
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K 2 [1.0
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to the bas¢ 10 of the cycles to failure. If some other value
for standafd deviation arises from the test data of a parti-+
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(2) Paragraph A-3.2. Dimensional extrapolations
need to be justified based on either elastic-stress
theory or tests of additional sizes. Elastic theory was
the basis of Markl’s extrapolation work in elbows and
straight pipe.

(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

| E(carbon steel = 27.8E6 psi)
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NONMANDATORY APPENDIX B
Test Method for Determining Branch Connection Flexibility
Factors

B-1 General

Fleyibility factors for moment loading are defined in
Table| 1-1 and are expressed as the in-plane, out-of-
plane,|and torsional flexibility factors k;, k,, and k;, respec-
tively) and may be unique for both the branch and run
sides|of a component; see Figures B-1-1 and B-1-2.
The basis for k-factor development can be found in
Ref. [1]. The procedure defined here improves on that
meth¢d by incorporating an iterative approach using
resuls from a linear elastic beam analysis computer
progrpm to determine k-factors, eliminating the need
to deyelop a mathematical stiffness model of the test
configuration.

The k-factor test should be conducted prior to any SIF or
sustaihed load test because

(a) |The k-factor test uses low loads with elastic dis-
placeiments that do not damage or plastically deform
the specimen. Tested specimens can subsequentlybe
used in a SIF or sustained load test.

(b) |The mounting required for the k-factortest’is iden-
tical o the mounting required for either\the SIF test
described in Nonmandatory Appendix Avor‘the sustained
load tpst described in Nonmandatory\Appendix D.

(c) |For the sustained load test(the k-factor is used to
estimgte the required dimensions needed for the test.

Figure B-1-1 Branch"Connection Specimen

(d) All six k-factors can be determined from a single
mounted test configuration.
Flexibility factors (k-factors) fox multiple loading direc-
tions can usually be evaluated’with a single pssembled
position and test specimen.The number of load}deflection
pairs possible for a single assembled and| mounted
specimen will typically)depend on the avaflability of
fixed points in the,vicinity of the assembly that can be
used to apply the relatively small requited loads.
Figure B-1-2-sHows a single assembled positipn and six
loading cenfigurations that can be used to fletermine
each k-factor. The procedure designer must [determine
the appropriate loads and directions for the djomponent
evaluated and the facility where the test is ¢onducted.
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 displlacements
or rotations as identified for each load in Taljle B-1-1.
Once the assembled position, pipe sizes, and lengths are
established, load magnitudes can be determingd in accor-
dance with para. B-1.3 and the practicality df applying
loads in the necessary directions determined] Locations
selected for the force application should b¢ removed
from the specimen of interest by straight pipe having a
length at least 0.5D™*7T%* and applied at a pection on
the pipe that has an essentially rigid cross sgction, i.e.,
a flange, end cap, or clamp.
The displacement measurement can be taken at the
same point as the force is applied, provided the cross
section where the force is applied is rigid.

B-1.1 Types of k-Factors

There are two types of components for which k-factors
are determined, as follows:

A
Free end
Run
Branch Loaded end
7
/
B
Branch connection specimen
~+ Run
Fixed end
17777777

(a) components where added flexibility is provided
over a finite-length centerline, e.g,, the curved centerline
of bends

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

The procedure in this Appendix addresses only branch
connection components described in para. (b) above.
When flexibility factors must be calculated for finite-
length components, the procedure outlined in WRC
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Figure B-1-2 Multiple k-Factor Tests on Single Assembled Position

A
Free end _> A A A
Run
Branch + -
B S 1 ]
B B B
Branch connection
speeiren
+ Run
Fixed end X
TTTTTTY7 Z/
TT7T7777
TTITITTT EEELELd
Step Step 2 Step 3 Step. 4
-
A A
B
B + B
77777777
TTTTI7T77 T7I77777
Step 5
P Step 6 Step 7
Table B-1-1 Load-Deflection Pairs for Single Assembled Orientation Shown in Figure B-1-2
Load Step k-
No. Horce Displacement Factor Description and Degrees of Freedom
2 F. dy; k. Forde, 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 Fp;i dp; kpi( 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. dy k. Force, rotation pair for torsional run loading. Load at end of cantilever attached to point A |n the x
direction. Rotation measured at point A about the y-axis. Run stiffness k,. is along the y-pxis.
5 Fro dro k., 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 Fpo dpo ky, Force, displacement pair for out-of-plane branch loading. Load at point B in the z directior}.
Displacement measured at point B in the z direction. Branch stiffness k, is along the y-jxis.
7 Fr dp: ky.  Force, rotation pair for torsional branch loading. Load at end of cantilever attached to point Bfin the y

direction. Rotation is measured at point B about the x-axis. Run stiffness k,, is along the x-axis.

Bulletin 463 can be used. The main characteristic of para.
(b) branch connections is that the flexibility is provided by
a local deformation of the shell at the point of pipe or
nozzle attachment. A “point spring” approach is used
in these cases to simulate local flexibilities in a piping
analysis. The point spring flexibility factor approach is
discussed in more detail in Nonmandatory Appendix C.

26

B-1.2 Effect of Attached Straight Pipe

To determine the flexibility factor of a branch connec-
tion, the effect of the straight pipe, flanges, rigid clamps,
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
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Figure B-2-1 Example Flexibility Factor Branch Load Assembly Orientation

, P
,-

Brace on free
end of run pipe

Ay _..M@mw %

Bar mounted specimen
flange to support
dial indicator

"

purpose. Manual formulation and solution of the elastic
equatjons relating forces and displacements in multisec-
tion tpst assemblies is prone to error and should be
avoidgd.

B-1.3
The

Magnitude of Loading

maximum applied load in the k-factor/test must

(a) |produce a measured displacementat least 10 times
larger|than the smallest measurabledisplacement and be
atleadt 10 times larger than the smallést measurable force

(b) Inot cause plastic deformiatioen or stiffening due to
large rotation

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

Theg magnitude ofthe applied force appears in both the
numefator and the.-denominator of the k-factor expression
and sqlow-magnitude loads may be used if they satisfy the
criterfa in para. B-4.6(j).

Bar to apply torsional
load on run pipe

B Tested intersection
ll specimen

8| Assembly'flange
bolted to platen
ZEN

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

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

b displace-
k-factor for

B-3 Nomenclature

D = mean diameter of matching run pip¢, in. (mm)
d = mean diameter of matching branch pipe, in.
(mm)
D; = mean diameter of loaded matchinjg pipe, in.
(mm)
d,, = test displacement measurement, in| (mm)
dpmin = smallest measurable displacement, fin. (mm)

B-2 Definitions——————————— d_ = displacementatthe measurementpoint calcu-

assembled position: orientation of the piping assembly to
be tested where one or more legs are rigidly fixed to a
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.
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lated from the elastic model of the test assembly
with rigid intersections for both the run and
branch sides of the branch 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 measurement

Fmin = smallest measurable force
F, = nominal load applied to elastic beam model of

the test assembly used to find elastic constant G


https://asmenormdoc.com/api2/?name=ASME B31J 2017.pdf

ASME B31]J-2017

I = moment of inertia of the elbow, matching pipe
for tees and other components, in.> (mm?)
k; = in-plane flexibility factor
k, = out-of-plane flexibility factor
k. = torsional flexibility factor
L = distance from centerline of specimen to point

where displacements are measured whend/D =
0.5 and distance from surface of branch connec-
tion to point where displacements are

Criteria are provided in para. B-4.6(j) when additional
restraint or bracing 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

measured when d/D < 05 _in. (imm)
Limin = minimum length of nominal pipe attached to the
fested specimen, in. (mm)
M,, = moment found from M,, = L x F,,

T = thickness of matching run pipe, in. (mm)

t = thickness of matching branch pipe, in. (mm)

T; = thickness of the attached pipe on the loaded
bipe leg, in. (mm)
S, = yield stress of tested component from the
Material Test Record
S,p = yield stress of the pipe attached to the tested
Cfomponent from the Material Test Record

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
Nonmandftory Appendix A, para A-1.3. The length of
straight pjpe attached to the loaded specimen should
be greatey than the length L, calculated by eq. (B-1j
and should match the schedule or wall thickness_ of'the
componenit tested.

Ly = 0.5DMAT704 (B-1)

B-4.2 Smallest Measurable Loads and
Displacements

The smallest measurable displacement d,,;, and load
Fnin can b¢ estimated as one-half the value between indi-
cations onfthe ruler or dialindicator used to measure dis-
placement} or the precision of the digital readout, or the
manufactyrer’s reported instrument precision, whichever
is greatest| The smallest measurable displacement should
not be les$ than 0:001 in. (0.025 mm).

Displacgnmients should be measured with respect to a

toad platensust be igid-wittrrespecttotiie joaded
specimen. When the relative stiffness of the load platen is
unknown, the displacements of the compénent flange

mounted to the platen should be limited by the follpwing:
Specimen

A

_.:B@==

The measured displacement at A and B durirlg any
phase of the Kfactor test must be less than 0.00425 in.
or 1/50 of.the maximum displacement measufed in
the test, whichever is less.

Fixed-end flange

Frame load platen

B-4.4> Elastic Beam Model Construction

Once the assembly dimensions and load directions are
selected, the following hold:
(a) A six-degree-of-freedom beam model of the test
piping assembly, as shown in Figure B-4.4-1, shopld be
constructed that includes all piping components fin the
assembly beginning with the rigid base and going up
to and including the points where
(1) loads are applied
(2) displacements are measured
(3) additional braces may be needed [see paral B-4.6
(j) and Figure B-2-1]
When developing flexibility factors for through-run
loadings, the Figure B-4.4-1 beam model shoyld be
adjusted to accommodate the zero-length el¢ment
between points C and D in Figure B-4.4-2, illustration
(a). A rigid element should be placed between pdints C
and D to start the k-factor iteration process. The¢ rigid

element between points C and D should fix point C to
pr\inf D.so that their r‘icp]arnmnnfc and-rotatighs are

fixed locatiomatthe base of the piping test assembly
to eliminate any influence due to the rotation of the
pipe assembly flange. Displacement measurements 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 measured with lasers mounted
to the centerline of the pipe, e.g,, point A in Figure B-1-2
Step 4 and point B in Figure B-1-2 Step 7. The rotation is
the linear trace of the laser pointer divided by the distance
between the laser and the trace.

equal.

When developing flexibility factors for through-branch
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
point F so that their displacements and rotations are equal.
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Figure B-4.4-1 Detailed Beam Model for Through-Branch k-Factor Test

"9
Rigid element from

run pipe

centerline to surface of

Flange
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surface of run pipe
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Rigid platen

=) ¢

N

lero-length element at
pach end of run pipe
framing into branch
connection stiffness
nserted here

Branch element not

branch connection
beam model

777077

(a) Loaded'Through Run

(b) [Any weld neck flange in the test piping assembly
shouldl be simulated in the beam analysis using a rigid
element followéd by a nominal matching pipe section.
The r{gid,efement length should be equal to %, of the
total length’of the weld neck flange from the weld line

Zero-length element at
Dial indicator displacement

measurement point

Figure B-4.4-2 Beam Model

needed for through-run

G

/]

Lug | Centerline of
| load ram

Rigid element from
centerline to surface
of run pipe

® O
E F

\

Zero-length elemeft at
surface of run pipe
stiffness inserted |here

JI7TT7IT

(b) Loaded Through Branch

model in all applicable directions and will be used to
compute the k-factors for each direction.

(e) The multiple k-factor calculation q
involves making measurements of the disp

or rotations in accordance with paras. B-4.5

rocedure
acements
and B-4.6

to thelflangeface:

(c) Theload applied to the beam model should produce
measurable displacements 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 loads from para. (c) to the beam model, and record
the magnitudes of the calculated displacements or rota-
tions. These results define the overall stiffness of the beam

29

for-each-of-theload-Steps2threugh7astefined 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 point location and whether the recorded
parameter is displacement or rotation.


https://asmenormdoc.com/api2/?name=ASME B31J 2017.pdf

ASME B31]J-2017

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.

B-4.6 Initial Step for a Single Load-Deflection Test

(a) For each load and measurement direction, attach
the load mechanism and dial indicator or laser. Be
sure that

(1) When additional stiffness or bracing is added in
accordance with para. (j), the beam model must be modi-
fied 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.

any dial indicator in contact with the pipe jg
hced by local ovalization induced in the pipe
on by the applied load.

brd the displacement and load at the zero dis-
placement] location.

(c) Apply theload chosen in para. B-4.4(c) to the model
in five evef intervals. Record the displacement or rotation
and force pt each interval.

(d) Renpove the load in approximately the same five
load interjals, recording the displacement or rotation
and force pt each interval.

(e) Recgrd the displacement or rotation and load at the
zero displdcementlocation. Repeat steps (c) through (e) in
the opposite direction when practical or when opposite-
direction Ipading may produce a different load-deflection
diagram.

(f) Repg
recording
interval.

(g) Pro
Figure B-4
along the
the vertic
slope on

not influe
cross sect
(b) Rec

atthe entireloading sequence atleast one time,
the displacement or rotation and load at each

duce a load-deflection diagram as shown in
.6-1. The displacement or rotation should be
horizontal axis and the load should be along
il axis. The diagram should show a censtant
oading and unloading for both load ¢ycles.
All points|should fall along the same straight line. Any
discrepangy should be resolved before proceeding. An
example linear load-deflection diagram is shown in
Figure B-4.6-1.

(h) Retlirnto step (a) and repeattheé procedure for each
load-defle¢tion direction.

(i) Compute the displacement or rotation ratio from eq.
(B-2) for gach load-defle€tion direction.

= dyl/dp,

displacement ratio = |d,,, (B-2)

(j) If the displacement ratio is less than 0.30, then
consider emporarlly mcreasmg the stiffness of the
assembly [ evaluated
value of the computed dlsplacement or rotation, d,,
must include the effect of 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 validated load-deflection curves are
produced, the k-factor can be calculated using the iterative
procedure in para. B-4.7.

30

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

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

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

Compute the estimated.rotational branch stiffness Kesp
using eq. (B-4) or the estimated rotational run stiffness
Kestr using eq. (B55)(_The rotational run stiffnless is
needed for Figure-B:1-2 Steps 2, 4, and 6. The rotgtional
branch stiffnessS)issneeded for Figure B-1-2 Steps 3,|6, and
7.

Kesth = EIb/(kest X d) (B-4)

Kegtr = EIL/ (kegt X D) (B-5)
s into
ustra-
beam
loads
in the
Pction

Enter the computed estimated rotational stiffne
the beam model configuration in Figure B-4.4-2, il
tion (b) for loads through the branch and in the
model configuration in illustration (a) for
through the run. Apply the maximum test load
beam model used for the appropriate load-defl
test in para. B-4.6. Stiffnesses calculated using eqs. (B-
4) and (B-5) are in units of length multiplied by force
per radian. When the correct component stiffess is
used, the predicted displacements or rotationq from
the computer program should be within 1% ¢pf the
measured displacements or rotations as calcula|

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
local stiffness in the current beam model by 2. Replace the
original local stiffness in the beam model with the modi-
fied stiffness and rerun the analysis. If the newly calculated
displacement or rotation at the measurement point is still
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Figure B-4.6-1 Load-Displacement Diagram
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-1,500 3
_2'000-||||||||| TTrrrrrrryprrrrrrrrrprrrrrrrrrprrrrrrrrrprrrrriyrrgrrrrrrrreryrrerereeni
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Displacement, in.
too lop, halve the stiffness again and rerun the analysis. B-4.7:3. Iteration for Each Load-Deflectior) Direction
Continue halving the stiffness and rerunning the calcula- . . . . .
g 5 (@) Use the iterative solution described in pgra. B-4.7.1

tion uptil the computed displacement is too high. When
the computed displacement is too high, multiply the stiff-
ness By 1.5 and rerun the analysis. On subsequent runs,
contirue increasing or decreasing the stiffness by smaller
amounts until the calculated displacement or rotation is
equal fo the measured displacement or rotation withiti 1%
as found from eq. (B-6).

of para. B-4.7.2 to find the flexibility factors for|each load-
deflection direction.

(b) If continuing to increase the stiffnesg does not
significantly reduce the calculated displacement or rota-
tion, then the k-factor is 1 or zero.

(c) When converged stiffnesses are found, fecord the
calculated displacement or rotation d. that cqrresponds
Percent Difference (B-6) with the converged stiffness for each load-deflection

= 100 X |Calculated — Measured|/Mgasured direction.
(d) For through-run loaded branch connections,

B-4,7.2 Convergence When Predicted Displacements  compute the flexibility factor from eq. (B-7).
or Rotations Are Too High. If the calculated displacement k = EI/(KD) (B-7)
or rotation at the measurement point is too high, multiply
the logal stiffness in the curtent beam model by 2. Replace (e) For through-branch loaded branch connections,

the offiginal local stiffness in the beam model with the compute the flexibility factor from eq. (B-8).
modiffed stlf.fness ahd rerun the analysis. If the n.ewl.y k = EI,/(Kd) (B-8)
calculpted displacement at the measurement point is
still tgo highsthen double the stiffness again and rerun
the anpalysisiContinue doubling the stiffness until the
calculpted.displacement is too low. When the calculated The number of repeated tests required to determine the
displa s i oo tow, divide S i S Oy 1.5 arrd thitityfacte and—a trerea acto deded for a
rerun the analysis. On subsequent runs, continue smaller number of tests shall be determined by a rational
increasing or decreasing the stiffness by smaller analysis included in the Test Report.

amounts until the calculated displacement or rotation

is equal to the measured displacement or rotation ~ B-6 Variations and Similarities in Materials and
within 1% as found from eq. (B-6). Geometry

B-5 Number of Test Specimens

D o175 aiTc y c c O

)

(a) The flexibility factors derived from tests conducted
in accordance with this Standard are applicable to geome-
trically similar components, where the degree of

31
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Figure B-6-1 Unreinforced Branch Connection With (Left) and Without Ovalization Restraint Plates in Place

geometric|
analysis.

(b) Dimensional extrapolations considered acceptable
shall be id¢ntified in the Test Report, along with their tech-
nical justiffcation. For example, a complex fitting may have
multiple t¢sts run on different diameters and thicknesses
to establish a relationship between the flexibility factors
and dimensional parameters. Alternatively, if a closed-
form evawuation or a finite element analysis can be
performed, the technical justification can be based on‘a
single-siz¢ fitting with the closed-form evaluation,;‘or
the finite plement analysis showing how the flexibility
factor is ektrapolated to other sizes.

(c) Where ovalization in the vicinity ©f the branch
connectign should be evaluated, soine ovalization
restraint{can be provided and thetest repeated.
Ovalizatiof restraint as shown in Figure B-6-1 is intended
to simulatg the effect of attached-flanges, valves, clamps, or
other rigid components.

similarity should be established by rational

Report

Professiopal Engineer competent in the design and
analysis o piping sys S, 0L A PErse iva
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

(1) 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) description and photograph(s) or sketch(es) of
the test equipment, including positioning of the test
specimen in the machine

32

(4) calibration{of the test equipment; this informa-
tion may be provided by reference

(5) certified Material Test Reports for the
componéntrand attached pipe, including mil
values of,yield, ultimate strength, and elongation

(6)" descriptions of all beam or finite element models

(7) tables clearly identifying the results of eacl itera-
tive k-factor solution

(8) optionally, component and component-t
weld examinations where they are required H
construction Code with certification of weld Code c
ance, a copy of the Welding Procedure Specification [WPS)
and the Welding Operator Performance Qualififation
(WPQ) for the welder, along with a narrative desqribing
the visual examination of the welds used in the test pieces
and photographs of the weldment

(9) assembly procedure used for the joints
joint assembly is required

(10) details of the bracing, and descriptions [of the
beam models used to simulate the bracing stifffness,
along with results before and after the bracfng is
applied, where bracing or other temporary restraint is
used

(b) When the k-factor test is conducted by of

manufacturer, the Test Report shall be maintair

tested
I-test

b-pipe
y the
bmpli-

Wwhere

for a

or designer.

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 follpwing symbols are used in this Appendix:
b = sybscript indicating branch

D an run pipe diameter

d an branch pipe diameter
D, = oytside diameter of matching run pipe
d, = oytside diameter of matching branch pipe

E = elpstic modulus

I = pipe moment of inertia

I, = bijanch pipe moment of inertia

I, = ryn pipe moment of inertia

K = rdtational stiffness

k = flgxibility factor
K, = bianchlegrotational stiffness (see Leg 3 in Figure

plane rotational stiffness

k plane flexibility factor

K, = oyt-of-plane rotational stiffness

k, = oyt-of-plane flexibility factor

K, = ryn leg rotational stiffness (see Legs 1 ,and2 in
Figure 1-1)

K, = torsional rotational stiffness

k. = torsional flexibility factor

r = ubscript indicating run

piping sylstems where each point, or node, in the
piping system _model has at least six degrees of
freedom dlefined about a local or global orthogonal
axis. Thre¢ of’these degrees of freedom are translational

The calculated rotational stiffnesses defin€ the rdtation
of one point on a branch or run pipe element in the piping
system with respect to anothetf/The ends of [these
elements are located at the saime point in spacq or at
very nearly the same point in space so that there is d negli-
gible distance between the“two points. This is shqwn in
Figure C-2-1.

The coordinate system in Figure C-2-1 is a local X', Y/,
and Z' coordinate-system where X' is along the elpment
centerline axis;Y"is normal to the element axis, and 7’ is
orthogonal t0.X"and Y'. The Y" and Z' coordinate axes are
generally@ligned along a defined in-plane or out-of}plane
orientation for the branch connection. For elements that
makeup branch connection models in a piping systgm, the
insplane orientation is shown in Figure C-2-2. The ¢ut-of-
plane orientation is different for branch and run elements
and is found by crossing the branch elementaxial direction
vector into the in-plane orientation vector shownin Figure
C-2-2 to find the branch out-of-plane orientation. The out-
of-plane orientation is found by crossing the run elpment
axial direction vector into the in-plane orientation yector.

There may be up to three moment-rotation node-pair
relationships for each location on the branch connecfion in
a beam model of a piping system depending on whether
the branch, run, or both the branch and run flexibilitjes are
considered; see Figures C-2-3 through C-2-5. Thefre are
three branch moment-rotation relationships (rotdtional
stiffnesses) and three run moment-rotation relatiopships
(rotational stiffnesses) for each intersection in Tahle 1-1
Sketches 2.1 through 2.6. The run rotational stiffhesses
may be used as shown in Figures C-2-4 and C-2-p. The
branch rotational stiffnesses may be used as shdwn in
Figures C-2-3 and C-2-5.

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 = (E)/(kd) D

The piping designer must determine wnich of the
branch connection models in Figures C-2-3 through C-
2-5 is most appropriate. In all cases, the run and
branch rotational stiffnesses may be used together in
series to provide an accurate simulation. Including the
branch stiffness relationships only (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 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
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Figure C-2-1 Rotational Stiffness Location Between Two
Nodes

ero distance

When both the branch and run flexibilities are used
simultaneously for the same branch connection, the inter-
action ofloads through the branch and run must be consid-
ered and the branch connection 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

\‘ |\ Negligible or z
Element >§ | Y’
£ x
Stiffijess inserted
betyveen these

twol points (nodes)

Element

Node 1
Rotational
stiffness, K,

N

Negligble
length

Rotation

. Node 2
axis

rotatipnal stiffness should be rigid. [See Table 1-1, Note
(1).] The three combinations available for each branch
conneftion are

(a) lonly branch flexibilities included

(b) lonly run flexibilities included

(c) |branch and run flexibilities included together (in
series

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

moment-rotation relationship in the appropriate direc-
tion. This is illustrated in Figure C-2-6, where the rota-
tional stiffnesses are given with respect'to [the nodes
numbered 1 and 2. Translational stiffiressef between
nodes are rigid.

For the branch moment-rotation relatiopship, the
moment of inertia, k-factor, and mean diame¢ter (d) of
the branch pipe should be uséd. For the run moment-rota-
tion relationship, the meément of inertia, k-factor, and
mean diameter (D)vef-the run pipe should be used.
Branch and run node locations are shown in Figure C-
2-7.
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Branch connection
in-plane direction
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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 element

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

Ruasspring inserted between
these two nodes

Run pipe element

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

Rigid element
no weight

“Simultaneous use” (branch spring
inserted between these two nodes

/K, - 1/(2K)1

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

\
)VSimultaneous use” run spring
inserted between these two nodes (2K})
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Figure C-2-6 Rotational Flexibility Definitions

Negligible or
Node 2 zero distance

\ Node 1
Element>>.$\ Y’ (in plane) Stiffness

Stiffness Axis Equation
Stiffness inserted g 1oy Rotational in plane Y' | Elkd
between these
two-poinris-rodes) i X' Rotational out of plane Z Ellk d
(out of plane)  (torsional) [ Rotational torsion x| Evkd

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

Branch leg 3 I
1

Apply branch stress
intensification factors
at this point when d/D < 0.5

Apply branch stress
intensification factors

\ 1 at this point when d/D > 0.5
\l
Load-displacement element of Z Apply run stress
negligible length defined o |ntenIS|f|c:.c1t|on factors ¢,
between these two nodes  Rigid at this point leg 2
-— -— Y -— -—
Load-displacement element of
Run leg 1 negligible length defined
between these two nodes
Apply run stress Load-displacement element of
intensificatjon factors negligible length defined
at this point between these two nodes
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NONMANDATORY APPENDIX D
Sustained Load Test Procedure

D-1 Gengral

The twife elastic slope (TES) test procedure may be
used to eyaluate sustained loads on individual piping
components with geometries similar to those shown in
Figures D-1-1 and D-1-2 and is the collapse load criteria
required i ASME Boiler and Pressure Vessel Code (BPVC),
Section I1l}f Mandatory Appendix 11-1430.

The TE test is equivalent to the twice elastic displace-
ment test flescribed in detail in Refs. [1], [2], [3], [4], [6],
[71,[8], andl [15]. The critical load in the TES test is the load
that causdgs a displacement in the test specimen at the
measurethent point equal to twice the elastically
computed displacement. Strains associated with the
TES criticdl load are usually in the range of 1% to 2%.

The TES-test-measured displacement d,,, should reflect
the movenpent of the centerline of the pipe in the direction
of the appllied force, F,,,. The point on the pipe where d,, is
measured [should be within one diameter of the applied
force. (Genjerally, d,,, and F,,, are measured and applied at

| L

Free end

~—+ Run
Attached pipe length

Branch

Figure D-1-1 Standard Sustained Load Setup

different points on the same rigid, or flanged, asse
The point on the load-deflection curve (F3, d,)-satisfles the
“unsatisfactory performance” criteria descfibed in(ASME
BPVC, Section VIII, Division 2, para. 5.2:4.3(b) anpd the
collapse load criteria in ASME BPVC, Sectign III,
Mandatory Appendix I1-1430 and defines the|force
where the computed elastic displacement (d,) is|equal
to one-half the measured diSplacement (d,,).

Components are generally-not pressurized when
test is conducted, evernikthough design internal pr¢ssure
may affect the test‘results. The application ¢f the
design pressure during a TES test usually increasges the
maximum load capacity for ductile steel bends and
tees. Other tomponents may be “pressure sensitiye,” in
which case/the application of the design pressure
during the TES test will reduce the load capadity. It
should be clearly stated in the Test Report when a
tested component is pressure sensitive. The test degigner,
and owner or manufacturer, must consider the intended
use of the testresults and determine if the design prgssure,

hnbly.)

a TES

Attached pipe length
|

Attached pipe length

Fixed end

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

1111777

(a) Branch Connection Specimen
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Figure D-1-2 Bend Sustained Load Setup

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

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

T
@ |
[/
A Loaded end
Fixed end
17777777

or some other pressure, should be included in the test
loadirjg procedure described in para. D-4.3 or para. D-
4.4. The Test Report should identify all loading conditions
present during any test sequence and the rationale used to
establjsh that loading condition.

When pressureisincluded ina TES test, it should be held
constnt throughout the test while external loads are
applidd and removed. Pressure in a closed, liquid-filled
systeJn should be monitored at all times during any
load qpplication.

When pressure is included in a TES test, the safety of
persohnel or equipment in the vicinity must be consid-
ered. Section D-8 provides safeguarding guidelines for
pressyrized tests.

D-1.1

Tw¢ types of collapse mechanisms are identified, as
followfs:

(a) |where load-carrying capacity drepsrapidly as M, is
appropched, or where flow restrictign pr loss of pressure
(leak)|is imminent as M, is approached

(b)|where load-carrying capacity is constant or
increasing as M, is approached,and where flow restriction

Collapse Mechanism

D-1.3 Simplified Approach

The approach described in this Appendix is i
produce a lower bound estimate of the sustain
pacity. A designer capable of determining a moj
sustained load capacity is permitted to do so

htended to
ed load ca-
e accurate

D-2 Definitions

critical load direction;direction along the selegted line of
action that usually‘corresponds with the diregtion of the
applied force.

flow restriction; any damage to the pipe or redugtion of the
pipe cross'section that prevents the necessary cpnveyance
of the pipe contents from one location to andther.

where dis-
psurement
specimen

megsurement point: point on the test assembly
placement measurements are taken. The me
point may be at the same point on the test
where the load is applied, but if not, it $hould be
within one diameter of the point on the testl specimen
where the load is applied. Once the meajsurement
point is selected, it must remain at the samle 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 comjponent or
otherwise limits its ductility, flow behavior,|tightness,
or performance. (See Figure D-2-1.)

repeated displacement test: test conducted aftef the initial

logs of 1 i i i M i

or logs of pressure (leaky is not imminent as My is TES test and repeated 100 times to demonjstrate the

appropched , it .
component’s ability to undergo repeated displacements

D-1.2| Sustained-Load Test Safeguarding to a TES displacement magnitude. This test i§ generally
run when the component must undergo|repeated

When the collapse mechanism of the test specimen is dynamic displacements caused by seismic or [fluid tran-
charag¢terized by para. D-1.1(a), or where a pressure sensi- sient events.
tivity jnay exist, safeguarding must be provided when the

component is used in an operating environment.
Safeguarding 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
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.

39

test presstie: uoua}}y atuluayhcl te—ait presstte is main-
tained in the test specimen, although a constant pressure
greater than atmospheric may be applied to the test
specimen using an incompressible liquid such as water
during the TES loading and unloading procedure.
When a test pressure higher than atmospheric pressure
is used, it is most often the component design pressure.
Any other pressure may be used by agreement of the
owner or manufacturer. Atmospheric nitrogen at a cryo-
genic temperature is also used if the cryogenic properties
of the component are to be tested. The test pressure is
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Figure D-2-1 Load-Displacement Diagram Illustrating Typical Pressure-Sensitive, Not Pressurized, and Not-Pressure-
Sensitive Load-Deflection Behavior

applied bg
constant
sequences,

unsatisfac|
primary 1
V111, Divis

‘ﬁ—

2d Not pressure sensitive
e
1 (test conducted at design pressure)
. i
12 / /
10.47 / Test conducted with no pressure

10 / ,-/\
> 8
~
£ N\ Pressure sensitive
g (test conducted at design pressure)
S 6
= \3
2]
C
@
o
£ 4

2
0 20 40 60 80 100 120 140 160

fore the external load is applied\and is held
throughout any loading_ and unloading

tory performance: behavior due to excessive
bading as described in”ASME BPVC, Section
on 2, para. 5.2.43(b).

D-3 Nomenclature

The foll
d =
dz =

bwing syfbols are used in this Appendix:
mean-diameter of matching pipe
medsured displacement at load F,

BDisplacement, mm

donset

estimated displacement at the measurgment
point that will initiate plastic deformation
in the test specimen
L?S, /(Ed)

reversed load-displacement amplitude ysed in
para. D-4.4.4 and selected for the extended dis-
placement test by the manufacturer, owher, or
test engineer responsible for establishipg the
extended test failure criteria, typically [either
d;or 2ds depending on the need for the compo-
nent to survive unpredictable, repeatqd dis-
placement extremes

d, =

d,'=

QL
S
In nu

elasticspecimendisplacement calcutated {rom
eq. (D-2)

measured displacement at point i on the TES
load-deflection curve corresponding to the
force F;; the next point on the load-deflection
curve is (Fiq, dis1)

mean diameter of the loaded attached pipe
measured displacement at the selected point
displacement at the measurement point calcu-
lated from the elastic model of the test
assembly used to find the elastic constant G

40

ds

dy

Total Specimen disptacement catculated from
eq. (D-4)

displacement increment used to develop the
plastic portion of the load-deflection diagram
modulus of elasticity of the attached straight
pipe

elastic slope of load-displacement diagram
[see Figure D-3-1 and eq. (D-8)]
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