Toward more consistent
pipe stress analysis

Presented are some guidelines in applying stress
intensification factors to piping weight loading and small
branch connections. It is haped'this information will
alleviate the controversy and lead to standardization

L. C. Peng, Consulting Engineer, Houston

In prwms nesen BISTORY, 1833 is a monumental year.
[ss that year the stress range cencept was formally recog-
nized by the Code for Pressure Piping' as the basis for
evahuating thermal expansion stress. Although the code
has heen espanded and clarified over the years, there
are stifl unsettled arguments regarding application of the
ecathe in cortain areas. Two areas where inconsistencies still
exist are stress intensification factors for weight and
other steady loudings and stress intensification factors
for sisall braneh connections, These areas will explored
alang with suggestions for applying the code. '

* Siress intensificalion factor for weighl and other
steady loadings, The stress intensification factors glven
in the code are intended for flexibility analyses, No
specific intensification factor for weight and occasional
leadings 15 mentioned in the Chemical Plant and Petro-
leun Refinery Piping Code? Duc to this tacit position
of the code, piping designers are divided in actual prae-
tice, Some designers will apply the code stress intensifica
tion factors o all catogories of loads, while many other
designers tond Lo ignore the stress intensification factors
camplotely in steady load analysis. One component ac-
ceptable to one designer can be rejected by others due
to different opinions in the interpretation.
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. o Small branch connections. The stress intensifica-

tion factors given in the code for branch connections are
derived from full size branch conneetions, These factors,
although applicable to small branch connections, can
become excessively conservative for small connections on
big pipes. Because of the apparent overconscrvatism,
designers often ignore stress intensification facters at
srnall branch connections. However, practices are never
consistent. For instance, it is easy to sce that the stress
intensification due to a 34-inch connection can be ignored
in the analysis of a 20-inch header, but for a 3-inch con-
nection, the factors to apply will differ among designers.

Stress intensification factors
given in the code for branch
connections can be too
conservative for small
connections on farge pipes
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Fig. 1-—8tretching a bar with a small heig

These two examples are related to the application of -

stress intensification factors. Apply or not to apply very
often means several times difference in the allowable loads.
These are detennined solely by designers’ persanal pre-
ferences and inclinations. A more consistent approach
neexls 1o be developed and adopted.

STRESS INTENSIFICATION

When a structural member is siretched, stress in the
main uniform section can normally be caleulated by sim-
ple formulas, but the stress in a locally netched or stif-
fened discontinuous section is either very complicared or
impossible to caleulate. For practical design purpose,
stress at the discontinuous section is estimated by applying
a stress intensifention factor over the stress calculated
at the main uniform section. This siress intensification
can be derived theoretically or determined by test,

At a structural discontinuily, stress intensification can
be quite different for different types of loading. Iig. 1
shows a long rectangular bar with a small hole in the
middle of the section. At Section A-A outside the influence
of end Axtures and the hole, the stress is. uniformly dis-
tributed at a magnitude of §= F/{5¢}. But at Section
B-B, due to discontinuity in strain flow, the stress is un-
evenly distributed. A maximum stress, Sy, of about three
times the uniform stress occurs.at the edges of the hole.
The stress decreases very rapidly at points away [rom the
edge of the hole. Theoretically, the hole has created a
suess intensification factor of (hree, but its significance
is different for different materials,

For a brittle material such as glass, the hole will degrade
the bar to one-third its original strength because it fails
as s6on as the maximum stress reaches faflure stress. Piping
malerials, on the other hand, arc nermatly very ductile,
and a considerable amount of yielding takes place hefore
the member lails. With ductile materials the stress in-
tensification needs to be intecpreted in otwo different
categories, namely steady und eyelic. '

Steady loading. Under steady loading the highly local-
ized stress eoncentration will be redigtributed to the ad-
jacent arca once the Jocal stress reaches the yield point.
Eventually the load will spread evenly to the whole cross-
section before the bar fails, The Laportant stress is the
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redistributed stress prior to the failure. Siwe the re-
distributed stress is essentially the average siress, the stress
intensification factor for steady loading is
. Fb-43 b %
1o D s asisu — . v
CUF ey T b o (4
which is entirely due to reduction of the cross-sectional
area.

Cyclic loading. Under cyclic loading the member fails
due to fatigue. Since the primary measure of fatigue {ail-
ure is the Jocal sirain range per eychy, redistribution of
stress due to plastic flow is not very hnportant, Therelore
the stress intensification factor for cyclic loading is

ic = Smu.r,;'s {2]

which Is the measure of the maximum local strain, 8,0
is the maximum equivalent elastic stress rather than the
actual stress.

Elbow sitress intensification faclor. In piping stress
analysis, the elbow stress intensification Tactor s particu-
larly important not enly because the elbow cdnstitutes a
major portion of the system but ulso Dbecuuse it is the
hasis for deriving the stress Intensilication factor for other
component shapes. For instance, Mark? suceessfully used
elhow analogy to correlate his fatigue test resulls on tees
and miter bends, Using the equivalent elbows as shown
in Fig. 2 and making adjustinents for actual crotch radius
and thickness, a set of stress intensification faciors was
constructed using a single flexibility characteristic para.
meter, A, A detailed discussion on elbow characteristics
is beneficial in understanding the general trepd of alf
components. - ) ’
An elbow behaves very differently frmn u suaight pipe
in resisting bending moments. When o straight pipe i3
bent, its crossesection remains circular and siress Increases
linearly- with distance from the neunwl axis. However,

“when an elbow is bent as shown in Fig 3, the cross

section deformss to an oval shape, This ovidisiion s due
to less rigidity al extreme fibers in the - tangential 11
direction, and less cnergy being needed for the clbow to
assume an oval shape than to maintain a civcular cross-
section. Top and bottom portions of the pipe wall simply
buckle w to escape from carrying their proper share
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Fig. 3—5iress daformaltion of an slbow

of the load. The bending mornent is resisted essentially
by lhe shaded effective section. The magimum stress
point is shifted from Point A to the effective extreme
Point B. As the cross-section ovals) a focal bending stress
- 13 also produced around the circumference. The maximum
circumferential stress occurs at Point G where the radius
of curvature is the smallest.

Mathematically the maximum longitudinal stress and
circumferential stress can be calculated by using the
following stress intensification factors:*

i = 0.84/ 4 }

yi = 1,80/ in-plane beading (3}

Ba =] .Gfﬂ_ﬂia’)“ }

yo = 150733/ out-plane beading (4}

The experimentally measured  diseributions of  the
fongitudinal and circumiferential stresses of a 30-inch
pipe elbow subject to n-plane bending® are shown in
Vig. 4. Maximum circumf{erential stress is normally greater
than the maximum longitudinal stress. However, the
nature of the two stresses is quite different. The longi-
tudinal stress is & membrane stress working directly against
tue moment, while the cireumferential stress is o skin
bending stress resulting from local deformation.

Code stress intensificalion faclors. The stress in-
tensification Tactors given in the code® are intended for
thermal expansion and other displacement loads. The
nature of thermal expansion load is different from that
of weight and other sustained loads. Thermal expansion
is sell-hmiting, 1t 1s a strain controlled lvading such that
anee the strain reaches a pnint large encugh to core
pensale for the cxpansion, growth stops regardless of
the actual stress developed in the system. It can not nor-
matly cause any structural damage in one single applica-
tion, but can cause {atigue failure through repeated ex-
pansion and contraction cycles. Therelore, for evaluating
thermial expansion, the stress intensification factor 1s de-
termined by the mtio of the stress causing failure over a
given nunther of oyeles in a straight pipe to the stress
causing failire at a component subject to an equal num-
bor of stress cycles, Gode stress intensification factors are
eyclic. or [atigac stress intensification factors in which
the Joeal peak stress s poverning.
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Theoretically these intensifications are equal to the
maximum stress intensification existing in any region and
direction within a component. In an elbow, for instance,
the circurnferential stress intensification factors 1.80/4%/°
and 1.50/k%® for in-plane and out-of-plane bendings,
respectively, should be used. However, intensive fatigue
tests on various compenents® have shown that by using
unity as the fatigue life of girth welded or clamped pipe,
the effective stress intensification factors of elbows in
bending fatiguc were about half the theoretical value
By dividing the theoretical factor by two, the code siress
intensification factor for elbows is as follows:

In-plane stress intensification factor

i = 090/ 8RR {5}
Qutof-plane stress intensification {actor
iy == 75 R0 {8)

The stress intensification (adtors for elber components are
derived by using elbow analogy correlated with test
results,

STRESS INTENSIFICATION FACTORS

"FOR WEIGHT AND OCCASIONAL LOADS

No stress intensification factor is explicitly stated in
the Chemical Plant and’ Petroleum Refinery Piping Code
for weight and occasional loads. Weight and wind are
sustained loadings. They are not self-imiting, and always
require a static equilibrium between the stress developed
in the component and the Joad applied, Once yield point
or collapse load is reached, the component will fail
regardless of the amount of deformation that has occurred.
Therefore, the stress to be considered in weight and other
sustained loadings should possess the [ollowing charac-
teristics:

B The stress s in a direction dicvctly against the
loading. Only the stresses acting agninst the load are
laad-carrying stresses.

B The stress is the average stress wcross the wall thick-
ness, The average stress is actunlly the remaining stress

available for external cquilibrium after the internal mu-
tual cancellation.

Theory and experiment indicate
the same code stress
intensification factors intended
for flexibility analysis should

be used in weight, occasional and
other sustained load analyses
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Fig. 4—Variation of stress around the circumferance of an
eftéow with a 30-ich 0D, 0.5315-inch wall and .a 45-inch bend
radius,

From these two orileria and referring o Fig. 4, it can -
be concluded that in an clbow the stress intensification
for weight and other sustained loads should be approxi--
mately equal 1o the longitudinal stress intensification. The
higher intensification in the circumferential direction is %
not important here, because it is not in the loading dircc~
tion and has very small average stress.

Since the stress-raising factor in a girth weld wili not
significanitly affect the load-carrying capacity, the theore-
tical A stress intensilication [actors shown in Bguations
3 and 5 can be used directly voen in reference to girth
welded pipe. By comparing Equations 3, 4, 5 apd 6 it
15 clear that the code stress intensification [actars ean also
be used for weight and other sustuined loadings without
losing much accuracy,

These are purely mathenatical deductions which need
to be substantiated by experiments. The stress intensilicas
tlon measure of a component subject o a sustained load-
ing is Hs collapsing strength. Bolt and Greenstreet® have
made substantial tests in deternining the collapse loads
for elbows. Schroeder,” on the other hand, has done the
sae for branch connections. Some of their test resulls
are summarized in Fable 1. The cddbow collapse moments
shown in the table are mken at the centor elbow
arc rather than st the Joading end of elbow edge as in
Literature cited &, The code stress intensification lactors
for the tested specid tees are ealculated by assuming a
square reinforcing pad having a diagonal dimension the
spme as the throat dimeusian of the crowch radios,

From TVable 1, sgain i 0y appuarent thar the stress
intensthication {aclors ws represented by Mp/M. are very
close 1o the code stress nlensibeadon luctors mtended for
cyclie loadings, The somewhat Luger factor experienced
by the stwnless steef elhaw appears to be eaused by the
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STRESS INTENSIFICATION FACTORS
FOR SMALL BRANCH CONNECTIONS
The code stress Intensificadon [actors for wes and
branch cennections were derived from Tull-sized hranch
connections. In applications where the hraneh sive s much
smatler than the run size, application of these Tielors can
be grossly oo sonservative, Although Code Cise No. 53,
which was subsequently incorporated i the code. pro-
vided some relicf to the branch itself, il did nothing to
relieve the moment load wransferred through the run
pipe. Therefore, when it comes to_the ran monwend, the
current practiee 15 to vomplewly igrore the very small
branches whieh are delined rather arbitrorily by indivi-
dual designers.
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Basically, the present code re aires that o uniformn: siress
mtensification factor be used Jor meoments weting both
through the branch and through the run. For i reduced
outlet the section modulus used W detensining branch
x&%taess can use so-called elleetive branch wadl
v &omstead of Lthe actual T effective brnawh
F tnickness, 77, 15 the lesser of yuis thickness, 77 and (he
s product of out-of-plane stress intensification and branch
X thickness 7. In other words, the stress miensihoation
¢ based en branch section modulus cin be redusced by u
f’it‘{m of Ty/T Tor moments acung through bravseh, There
s still no relaxation given to the moments carvied straight
through the run pipe.

montents 7
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Empirically, the stress intensilicaion factor for an nut-
‘ol-plane bending mement applicd o the beanch pipe
can be expressed as

“QL

ThHi%
“fe’ﬁe’ a2«

= ATV iy

{9
fxeept for the (r/ed 7 wem, Bguation 9 s an exact
expression of cede requireiments. The teris Ay
i the code stress imtensification [actor wilh A = (1,345
for o welding lee and so Torth, and {507 s the eflec-
tive thickness factor stipulved o Code Case Noo 53,
Sinee the {Te/T} Facter has been m(fmicd by the code
definition of efective branch wall 1thickness, can be
removed from the equation. By rearranging the equation,
wi have
2.523.0(?1;{:?} {]O:
where i, 15 the eode stress intensilicntion Iactor. Withou
the efftetive thicknes. factor, Equation also be
used for moments actineg through the strsight nuns. This
equation ean serve us a gradual ansition from foli-sized
euilets to small conneclions.
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CONCLUSIONS
Currently there is no explicit statenent i the Chewleat
Plant and Petroleum Piping Code requiring the apyplicu-
tion of a stress intensification factor in weiglit and nther
i3

sustained jond analyses. Applicalion of these [nctors

therefore determined by tie design speelirtion propared



TABLE 1—ollapse moments on etbows and tees

Collapse moments (in.-kip) Code stress
Yield Fest plece | Straight pipe intensif.

Test piece Materia stress {ksi) | Moment direction M . 0. STk i

Bin. Scho 4G LR etbow.. . ... ... ASTM A-1068 500 In-plase apen 235 a6 24 227
in, Sch. 40 LRelbow.......... .. .| ASTM A-1068 505 In-plane close 268 564 ENi | 237
G-, Sch. 40 1Relbow........ . ......| ASTMA-103B 50.0 Gut-plane 234 i6d 241 1.89
r?~irs. Sch.BOLRelbow..............,. ASTH A-106B 3.8 In-plane open 433 627 L4 1.64
6-in, Sch. 80 LReibow. ... ... .. ASTM A-1068 RIS In-plane close K 621 115 1.64
6-ip Beh B0 LRebbow . . L. ASTM A-106B 318 Cut-plane 403 627 151 1.37
f-in. Sch, 83 SRelbow,.. ..., ... .. ASTM A-106B e [n-plane open 184 A4 243 2.95
6n, Sch, 40 SRelbow....... ... ASTM A-106B 396 (n-plane close 175 w7 255 295
G-in. Sch. 40 SR elbow. ... ... | e r5TM A-106B 396" Out-plane i96 447 228 243
Gein. Sch ABiRelbow... . .. .. ... .. ASTM A-317 311 In-phane close 17 475 368 2
34%a 0D O ttee. L AISEIGANC 254 In-plane 2 42,5 157 172
34940, 0D Q0400 tee. . ALS) 10200 314 Out-plane 8 54 1.53 19

by the owner or its agent. However, there are widely
divided opinions regarding the magnitude of the factors
to be used. From the discussions presented in this article,
it appears lhat both theory and experiment have indicated
the same code stress intensification factors intended for
fiexibility analysis should also be used in weight, oc-
casional and other sustained load analyses’

For branch connections, the code strass intensification
factors were basically obtained from tests on fullsized
outlet connections. In small-sized outlet connections, the
code has provided some relief for moments acting through
branches but no relief is given for moments acting throngh
the straight runs. Although common practice is to ignore
stress intensifications at very suall branches, a guideline
is necded for making the decision. With the unresolved
situation that exists, a designer’s rather arbitrary decision
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can artifically make a component several times weaker
or stronger. This inconsistency can be greatly mitigated by
multiplying the cede stress Intensification factor with a
gradual size reduetion factor {ry/r}¥% This factor has
been adopted in the Power Piping Code" for certain
hranch connections.

NOMENCLATURE

Bz 81 wer /S, longitudinal stress intensification {actor
¥ = SomueS, circumferentind stress intengification factor
&iwee = Maximum longitudinal stress, psi
Srmas = Maximum circumlerential stress, psi
 S=M/Z, wguivalent bu‘dmg stress developed in & straight
pipe of identical cross- -secton, psi
M = Bending moment, in.-lb.
Z = Section modulus of the pipe section, in)
b= TR/, the Aexibility ¢haracteristic
R = Bend radius, in,
T'= Wall thickeess of the pipe, in,
r = Mean radius of the pipe cross-seclion, in.
f, = Stress intensification factor for branch connection
= Mean radius of branch pipe, in,
Ta = Thickness of branch pipe, in.
A = Ermpirical correlation constant,
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