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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of

electrotec

hnical standardization.

The procg¢dures used to develop this document and those intended for its further maintenance-
described|in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed-for {
different fypes of ISO documents should be noted. This document was drafted in accordance with {
editorial fules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention|is drawn to the possibility that some of the elements of this document may.be the subject
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Introduction

Performance design of tubulars for the petroleum and natural gas industries, whether it is formulated
by deterministic or probabilistic calculations, compares anticipated loads to which the tubular can
be subjected to the anticipated resistance of the tubular to each load. Either or both of the load and
resistance can be modified by a design factor.

Both deterministic and probabilistic approaches to performance properties are addressed in this
document. The deterministic approach uses specific geometric and material property values to calculate

a

ingle pprfnrmanp property value. The prnh:\hi]icfir‘ method treats the same variables
(=]

s random

an
co

Bo
of
in
to
us

1 thus arrives at a statistical distribution of a performance property. A performance disti
mbination with a defined lower percentile determines the final design formula.

[th the well design process itself and the definition of anticipated loads are currentlyyoutside
standardization for the petroleum and natural gas industries. Neither of thesésaspects is
Fhis document. Rather, it serves to identify useful formulae for obtaining the\resistance of
specified loads, independent of their origin. It provides limit state formulae (see annexes)

ar¢ given, and design formulae which are useful for well design based on conservative geon
mdterial parameters.

Whenever possible, decisions on specific constants to use in adesign formula are left to the

of

©lI

he reader.

ibution in

the scope
hddressed
a tubular
which are

eful for determining the resistance of an individual sample whose geometric and material properties

hetric and

discretion
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Petroleum and natural gas industries — Formulae and
calculations for the properties of casing, tubing, drill pipe
and line pipe used as casing or tubing

1 _Scope

Thlis document illustrates the formulae and templates necessary to calculate the various pipe [Lroperties
giyen in International Standards, including

—

—| pipe performance properties, such as axial strength, internal pressure resistance and collapse
resistance,

—| minimum physical properties,

—| product assembly force (torque),

—| product test pressures,

—| critical product dimensions related to testing criteria,
—| critical dimensions of testing equipment, and

—| critical dimensions of test samples.

For formulae related to performance properties; extensive background information is also provided
regarding their development and use.

Formulae presented here are intended for\trSe with pipe manufactured in accordance with IS() 11960 or
APl 5CT, ISO 11961 or API 5D, and ISO3183 or API 5L, as applicable. These formulae and templates can
belextended to other pipe with duecaution. Pipe cold-worked during production is included in|the scope
of this document (e.g. cold rotary straightened pipe). Pipe modified by cold working after production,
su¢h as expandable tubulars and‘coiled tubing, is beyond the scope of this document.

Application of performance property formulae in this document to line pipe and other pipe is festricted
to ftheir use as casing/tubing in a well or laboratory test, and requires due caution to match the heat-
trdat process, straightening process, yield strength, etc., with the closest appropriate casipg/tubing
product. Similar ealition is exercised when using the performance formulae for drill pipe.

Thiis document-and the formulae contained herein relate the input pipe manufacturing pargmeters in
ISQ 11960.01)API 5CT, ISO 11961 or API 5D, and 1SO 3183 or API 5L to expected pipe performance. The
depign fermulae in this document are not to be understood as a manufacturing warranty. Manyfacturers
ar¢ typically licensed to produce tubular products in accordance with manufacturing spe¢ifications
whicl/control the dimensions and physical properties of their product. Design formulae, on|the other
hand, are a reference point for users to characterize tubular performance and begin their own well
design or research of pipe input properties.

This document is not a design code. It only provides formulae and templates for calculating the
properties of tubulars intended for use in downhole applications. This document does not provide
any guidance about loads that can be encountered by tubulars or about safety margins needed for
acceptable design. Users are responsible for defining appropriate design loads and selecting adequate
safety factors to develop safe and efficient designs. The design loads and safety factors will likely be
selected based on historical practice, local regulatory requirements, and specific well conditions.

All formulae and listed values for performance properties in this document assume a benign
environment and material properties conforming to ISO 11960 or API 5CT, ISO 11961 or API 5D and

© ISO 2018 - All rights reserved 1
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ISO 3183 or API 5L. Other environments can require additional analyses, such as that outlined in

AnnexD.

Pipe performance properties under dynamic loads and pipe connection sealing resistance are excluded
from the scope of this document.

Througho

ut this document tensile stresses are positive.

2 Normative references

There are

3 Terms and definitions

For the pu
ISO and IH
— ISOO0
— IECE

31
Cauchy st
true stre

force appliied to the surface of a body divided by the current ared of that surface

3.2

coefficieIt of variance

dimensio
deviation

3.3

design fo
formula w
useful in ¢

Note 1 to
state form
formula co|

34
determin
approach

Note 1 to
determinis

no normative references in this document.

rposes of this document, the following terms and definitions apply.
C maintain terminological databases for use in standardization at the following addresses
hline browsing platform: available at https://www.iso.or

ectropedia: available at http://www.electropedia.org/

ress
bS

less measure of the dispersion of a random variable, calculated by dividing the stands
by the mean

rmula
hich, based on production medsurements or specifications, provides a performance prope
lesign calculations

entry: A design formula can be defined by applying reasonable extremes to the variables in a li
1la to arrive at a conservative value of expected performance. When statistically derived, the des
Fresponds to a defined/lower percentile of the resistance probability distribution curve.

istic
which assumes all variables controlling a performance property are known with certainty

entfy¥ Pipe performance properties generally depend on one or more controlling parameters,

rd

.ty

mit
gn

nce

tie-formula uses specific geometric and material property values to calculate a single performa

property
3.5

Toe Fordestgm formutations, tS vatue 15 the eXpected T

ductile rupture
failure of a tube due to internal pressure and/or axial force in the plastic deformation range

3.6
e

Euler's constant

2,718 281

828
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3.7

effective axial force

material axial force (pipe wall axial stress times cross-sectional area) adjusted for the effect of internal
and external pressure

Note 1 to entry: When a tubular is bent laterally into a circular arc, the pressures apply a lateral uniform
distributed load (UDL) of (pj 4i — po Ao)/R. For small deflections, the curvature is defined as 1/R = d2y/dx2, thus,
this term can be grouped with the tension term F d2y/dx? in the governing differential formula. For bending and
buckling, the tubular therefore acts as if it were loaded by the effective axial force Fefs = F5 — pi Ai + po Aol1411. It
should be seen as a convenient grouping of terms, which determines the structural response: it does not exist as
a physical axial force.

3.

engineering strain
dimensionless measure of the stretch of a deforming line element, defined as the change in length of the
ling element divided by its original length

3.
engineering stress
forjce applied to the surface of a body divided by the original area of thatsurface

3.10
frgcture pressure
intlernal pressure at which a tube fails due to propagation of aitdimperfection

3.11
inspection threshold
mgximum size of a crack-like imperfection which is defined to be acceptable by the inspection system

3.12
J-iptegral
mdasure of the intensity of the stress-strain field near the tip of a crack

3.13
label 1
dirhensionless designation for the size or specified outside diameter that may be used when ordering pipe

3.14

label 2
difnensionless designation for the mass per unit length or wall thickness that may be used when
ordlering pipe

3.15

limit state formula
folmula which, when used with the measured geometry and material properties of a sample| produces
an|estimate of the failure value of that sample

Nofelyto entry: A limit state formula describes the performance of an individual sample as closely 4s possible,

41 " 1L 4l I | 4 1o ol ] 1 1 sl
witimoutt Csdl U IUI UIT tUITT AIILTS LU WIITICIT LT bdlll})lc wddS UDUIIL.

3.16

logarithmic strain

dimensionless measure of the stretch of a deforming line element, defined as the natural logarithm of
the ratio of the current length of the line element to its original length

Note 1 to entry: Alternatively, the logarithmic strain can be estimated as the natural logarithm of one plus the
engineering strain.

3.17
mass
label used to represent wall thickness of tube cross section for a given pipe size

© ISO 2018 - All rights reserved 3
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3.18

pipe body yield
stress state necessary to initiate yield at any location in the pipe body

3.19
principal

stress

stress on a principal plane for which the shear stress is zero

Note 1 to entry: For any general state of stress at any point, there exist three mutually perpendicular planes at
that point on which shearing stresses are zero. The remaining normal stress components on these three planes

are princi

al stresses. The largest of these three stresses is called the maximum principal stress.

3.20

probabili
approach
of perforn

3.21

synthesig
probabilif]
by using d

Note 1 to
distributio
percentile

3.22

template
procedurg
performa

3.23
TPI
threads p

Noteltoe

3.24
true stre

stic method
which uses distributions of geometric and material property values to calculate a distribut
nance property values

method
v approach which addresses the uncertainty and likely values of pipe-performance propert
istributions of geometric and material property values

entry: These distributions are combined with a limit state formula to determine the statisti

n of a performance property. The performance distribution in’¢ombination with a defined loy
determines the final design formula.

|l guide consisting of formulae, test methods<ahd measurements for establishing des
ce properties

br inch

ntry: 1 thread per inch = 0,039 4 threads per millimetre; 1 thread per millimetre = 25,4 threads per in

5s-strain curve

plot of Catichy stress (ordinate)wersus logarithmic strain (abscissa)

on

ies

cal
ver

gn

3.25

yield

permanert, inelastic. deformation

3.26

yield strgss bias

ratio of adtual yield stress to specified minimum yield stress

4 Symbols

A hand-tight standoff, turns

Ac empirical constant in historical API collapse formula

Acrit area of the weaker connection component at the critical cross section

Agbtj critical dimension on guided bend test jig, denoted as dimension 4 in ISO 3183 or API 5L
Aj area to pipe inside diameter; A; = d?/4

4 © ISO 2018 - All rights reserved
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ches),

is smaller

for a
pass the

Ajc area of the coupling cross section; Ajc = m/4 (W2 - d12)

Aip area of the pipe cross section under the last perfect thread

Ao area to pipe outside diameter; A, = mD2/4

Ap area of the pipe cross section; Ap = Ao - 4j

Ap ave average area of the pipe cross section; Ap ave = /4 [Daye? — (Dave - 2 tcave)?]

AS cross-soctiaonal aroa nftho toncilo toct cnacimen in cauare millimotres (cauare in

© © © T © (S A

based on specified outside diameter or nominal specimen width and specified S#gll thick-
ness, rounded to the nearest 10 mm?2 (0.01 in2), or 490 mm? (0.75 in2) whichever

a for a limit state formula, the maximum actual depth of a crack-like imperfection;
design formula, the maximum depth of a crack-like imperfection thatcould likely
manufacturer’s inspection system

an imperfection depth associated with a specified inspection threshold, i.e. the maxjmum
depth of a crack-like imperfection that could reasonably be missed by the pipe ingpection
system. For example, for a 5 % imperfection threshold inspection ina 12,7 mm ((|.500 in)
wall thickness pipe, an = 0,635 mm (0.025 in)

as/p average value of t/D ratios used in the regression

Bc empirical constant in historical API collapse formula

Br maximum bearing face diameter, special.bevel, in accordance with ISO 11960 or API 5CT

b Weibull shape parameter

Cc empirical constant in historicalbAPI collapse formula

CiR random variable that représents model uncertainty

c tube curvature, the inverse of the radius of curvature to the centreline of the pip¢

D specified pipe otitside diameter

Dat average outside diameter after cutting

Dafe average’pipe outside diameter

Dy} average outside diameter before cutting

Drdax maximum pipe outside diameter

Dfif minimum pipe outside diameter

Dy major diameter, in accordance with API 5B

d pipe inside diameter,d = D - 2t

diu inside diameter of pin upset, in accordance with ISO 11960 or API 5CT

dou inside diameter at end of upset pipe

dwall inside diameter based on kywaji t; dwall =D — 2kwal t

dl diameter at the root of the coupling thread at the end of the pipe in the power-tight position

© ISO 2018 - All rights reserved
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E Young’s modulus

E. pitch diameter, at centre of coupling

Eec pitch diameter, at end of coupling

Es pitch diameter, at plane of seal

Eo pitch diameter, at end of pipe

Eq

E7 pitch diameter, in accordance with API 5B

ec eccentricity

em mass gain due to end finishing

Fy material axial force

Feff effective axial force; Feff = Fa - pi Ai + po Ao

F. empirical constant in historical API collapse formula
Fyapi material axial force at yield, historical API formula

f degrees of freedom = Ny - 1

f()?) joint probability density function of the variables in x
frn root truncation of the pipe thread of APLlifie pipe threads, as follows:

0,030 mm (0.001 2 in) for 27 TPJ;
0,046 mm (0.001 8 in) for 18 TPI;
0,061 mm (0.002 4 in) for 14 TP
0,074 mm (0.002 9 in) for 11-1¢/2"TPI;
0,104 mm (0.004 1 in) for 8 TPI

fu tensile strength of a representative tensile specimen

fuc tensile strength of\arepresentative tensile specimen from the coupling
fumn specified minifaum tensile strength

fumne specifiedminimum tensile strength of the coupling

Sfumnp specified minimum tensile strength of the pipe body

fup tensile strength of a representative tensile specimen from the pipe body
fy yield strength of a representative tensile specimen

fyax equivalent yield strength in the presence of axial stress

fye equivalent yield stress in the presence of axial stress

Symn specified minimum yield strength

Sfymnc specified minimum yield strength of the coupling

Sfymnp specified minimum yield strength of the pipe body

6 © ISO 2018 - All rights reserved
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Symx specified maximum yield strength

fyp yield strength of a representative tensile specimen from the pipe body
G empirical constant in historical API collapse formula

Go influence coefficient for fracture limit state FAD curve

G1 influence coefficient for fracture limit state FAD curve

GZ influence-coefficient for fracture limit state EAD curve

G3 influence coefficient for fracture limit state FAD curve

Gy influence coefficient for fracture limit state FAD curve

g length of imperfect threads, in accordance with API 5B

g );) limit state function

thread height of a round-thread equivalent Vee thread, asfollows:
0,815 mm (0.032 1 in) for 27 TP],

1,222 mm (0.048 1 in) for 18 TP],

1,755 mm (0.069 1 in) for 14 TPI,

1,913 mm (0.075 3 in) for 11-1/2 TP],

2,199 6 mm (0.086 60 in) for 10 TPI,

2,749 6 mm (0.108 25 in) for 8 TPI

Htjes decrement factor for design collapse strength, as given in Table F.9

Htyt a decrement factor for ultimate eqlapse strength, as defined in Formula (F.4)

hp buttress thread height: 1,575 for SI units, 0.062 for USC units

hn stress-strain curve shape factor

hs round thread height

I moment of inertia of the pipe cross section; I = /64 (D4 - d4)

Iavk average mement of inertia of the pipe cross section; I = /64 [Daye?* — (Dave — 2 tc dve)?]

Ig length'from the face of the buttress thread coupling to the base of the triangle in the
hand-tight position: 10,16 mm (0.400 in) for Label 1: 4-1/2; 12,70 mm (0.500 in) fpr sizes
between Label 1: 5 and Label 1: 13-3/8, inclusive; and 9,52 mm (0.375 in) for sizep greater
than Label 1: 13-3/8

] distance from end of pipe to centre of coupling in power-tight position, in accordance
with API 5B

Jic fracture resistance of the material

Jimat fracture resistance of the material in a particular environment

Jp polar moment of inertia of the pipe cross section; J, = /32 (D% - d*)

Jr stress intensity ratio based on the J-Integral

K stress intensity factor at the crack tip

© ISO 2018 - All rights reserved 7
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Kimat fracture toughness of a material in a particular environment

Kp ratio of internal pressure stress to yield strength, or p; D/(2 fymnp t)

Kr stress intensity ratio

ka variable intermediate term in ISO 13679 or API RP 5C5 representation of von Mises yield
criterion

ka burst strength factor, having the numerical value 1,0 for quenched and tempered (marten-

L i i Al 12C A | i J.2 .0 C 1lo.l pa | 1s pa | pa | Lol pa |
SITIU St uctiurl C) Ul 10Ul pl UUuUliLsS dilll 4, U 1UI da571UlITuU dIlu TTUT 111allZTU l.ll UuuctitsS UdasSTU Ul
available test data; and the default value set to 2,0 where the value has not been measup¢d.
The value of k, can be established for a specific pipe material based on testing

kB variable intermediate term in ISO 13679 or API RP 5C5 representation of von Mises yielc
criterion

kc variable intermediate term in ISO 13679 or API RP 5C5 representation(ef von Mises yield
criterion

ke constant used in elastic collapse formula

kdr correction factor based on pipe deformation and materialstrain hardening, having the

numerical value [(1/2)n+1 + (1/+/3)n+1)]

ke bias factor for elastic collapse

Ke des down-rating factor for design elastic collapse

Kel elongation constant, equal to 1942,57 for Skinits and 625 000 for USC units

Ke uls calibration factor for ultimate elastic collapse, 1,089

ki factor used to determine minimut 'wall thickness for transverse impact specimens:

1,00 for full-size specimens
0,75 for three-quarter size.specimens
0,50 for one-half size speCiniens

Kkisl length conversion facter, equal to 0,001 for SI units and 1/12 for USC units

km mass correctiomnfactor, 1,000 for carbon steel, 0,989 for martensitic chromium steel

kn stress conyersion factor, equal to 1,18 x 10-4 MPa-1 for SI units and 8.12 x 10-7 psi-1 for
USC units

kpi upper quadrant geometry factor in ISO 13679 or API RP 5C5 representation of von Mises

yield criterion

kpo lower quadrant geometry factor in ISO 13679 or API RP 5C5 representation of von Mises
yield criterion

kwall factor to account for the specified manufacturing tolerance of the pipe wall. For example,
for a tolerance of -12,5 %, kwai = 0,875

kwpe mass per unit length conversion factor, equal to 0,024 661 5 for SI units and 10.69 for
USC units

ky bias factor for yield collapse

ky des down-rating factor for design yield collapse

8 © ISO 2018 - All rights reserved
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ky uls calibration factor for ultimate yield collapse, 0,991 1

L length

Lc¢ minimum length of full crest threads from end of pipe, in accordance with API 5B

Lef length of pipe including end finish

Let engaged thread length, [= L4 = M] for nominal make-up, in accordance with API 5B

Le length from end of pipe to start of taper-in accordance with IS0 11960 or APL 5C

Liy length of pin upset, in accordance with ISO 11960 or API 5CT

L length of a standard piece of pipe

Ly load ratio

L1 length from the end of the pipe to the hand-tight plane, in accerdance with API 5H

L7 length of perfect threads, in accordance with API 5B

M length from the face of the coupling to the hand-tight plane for line pipe and for round
thread casing and tubing, in accordance with APL5B

My bending moment

md coupling mass

mds coupling mass of buttress thread casing

Mdrsh coupling mass removed by special bevel

mdb coupling mass with special‘bevel

Mdy length of box upset taper, in accordance with ISO 11960 or API 5CT

Mexu external upset mass

Mdiu external-internal upset mass

mitt integraljoint mass removed by threading and recessing

Mihu internal upset mass

mj length of pin upset taper, in accordance with ISO 11960 or API 5CT

mry pin mass removed by threading

Myt mass removed by threading

mu model uncertainty

N number of thread turns make-up

Ny, coupling length, in accordance with ISO 11960 or API 5CT

N number of tests

n dimensionless hardening index used to obtain a curve fit (see B.2.3.3) of the true stress-

strain curve derived from the uniaxial tensile test

© ISO 2018 - All rights reserved 9
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ov ovality
p; joint strength
p thread pitch

3,175 mm (0.125 in) for round thread casing
5,080 mm (0.200 in) for buttress thread casing

Dc collapse pressure

Dci cottapse-presstreinrthepresenceofinternatpressutre
Pdes design collapse pressure

Pdesi design collapse pressure corrected for internal pressure
Pdes e collapse pressure corrected for axial stress and internal pressure
De elastic collapse term

Dec elastic collapse pressure difference

Pe des design elastic collapse term

Pe ult ultimate elastic collapse term

PE pressure for elastic collapse

Pht hydrostatic test pressure

pi internal pressure

PiF internal pressure at fracture

DiL internal pressure at leak

DiR internal pressure at ductile.xrupture of an end-capped pipe
DiRa pir adjusted for axialfoad and external pressure

DiYAPI internal pressuréeatyield for a thin tube

PiYc internal pressyire at yield for coupling

DiYLc internalpressure at yield for a capped-end thick tube
PiYLo internal pressure at yield for an open-ended thick tube
Po external pressure

Po ult ultimate external pressure for collapse

pp pressure for plastic collapse

PPav pressure for average plastic collapse

pT pressure for transition collapse

Pult ultimate collapse pressure

Py yield collapse term

10 © ISO 2018 - All rights reserved
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Pyc yield collapse pressure difference

Py des design yield collapse term

PyM through-wall von Mises yield pressure difference

Pyp pressure for yield strength collapse

PyTresca  Irescayield pressure for collapse

Py it ultimate yield collapse term

Py jrme von Mises yield pressure for collapse

Q diameter of coupling recess, in accordance with API 5B

r radial coordinate, (d/2) < r < (D/2)

rs residual stress (compression at ID face is negative)

S distance between flattening plates

Sp standard error of estimate of the regression formula

Srn root truncation of the pipe thread of round threads, 0,36 mm (0.014 in) for 10 TPI, 0,43 mm
(0.017 in) for 8 TPI

st/ standard deviation of t/D ratios used in the regression

T applied torque

Ta taper (on diameter)

t specified pipe wall thickness

tavk actual average pipe wallthickness disregarding crack-like imperfections

tcdve actual average pipe wall thickness

tc thax maximum pipe wall thickness

tc thin minimumpipe wall thickness

tmhx actual'maximum pipe wall thickness disregarding crack-like imperfections

tmin actual minimum pipe wall thickness disregarding crack-like imperfections

tp tolerance interval corresponding to a confidence level of p that the proportion of the popu-
lation not included does not exceed

w specified coupling outside diameter, in accordance with ISO 11960 or API 5CT

up fractile corresponding to confidence level p

u1-g fractile, the deviation from the mean of a standardized normal cumulative distribution
that includes the fraction 1 - 6, of the population

wi, calculated mass of a piece of pipe of length L

wij upset and threaded mass per unit length

© ISO 2018 - All rights reserved
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Wpe plain-end mass per unit length

Wte threaded and coupled mass per unit length

wy upset mass per unit length

X vector of random variables

Zp correction factor for variation in t/D from average

a semsitivity factor

B first-order reliability index

€eng engineering strain

el minimum gauge length extension in 50,8 mm (2.0 in), in percent, rounded.te’the nearest
0,5 % below 10 % and to the nearest unit percent for 10 % and larger

€ln logarithmic strain

Eymn strain at which specified minimum yield strength is determined

U mean

Uec mean calculated eccentricity as a percent, [eccentricity = 100 (tc max — tc min)/tc avel

Uty mean calculated fy as a percent

Hov mean calculated ovality as a percent, [ovality = 100 (Dmax = Dmin)/Davel

Urs mean calculated residual stress (compression at ID face is negative)

v Poisson’s ratio

T circumference of a circle divided by its diameter, assigned a value of 3,141 6

obr probability of failure

Op the proportion of the population not included

o standard deviation

Oa component.of axial stress not due to bending

Ob component of axial stress due to bending

Oc true (Cauchy) stress

Oe equivalent stress

Oeff effective axial stress; oeff = Feff/Ap

of fibre stress corresponding to the percent of specified yield strength as given in Table 11

Oh circumferential or hoop stress

Opmx maximum principal stress

oy radial stress
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Ores residual stress

Oth threshold stress

Oye equivalent yield strength in the presence of axial tension

Oymne equivalent minimum yield strength in the presence of axial tension

Tha torsional (shear) stress

5

5.

In
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for
do
“IS
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Fo

sepparator. For data expressed in the USC system, a dot (on the line) is used as the decimal sep:

as

6

6.

1nd

a)
b)

1 References

1 General

Thie criterion fertriaxial pipe body yield is that proposed by von Mises. The elastic state

Conformance

the interests of worldwide application of this document, ISO/TC 67 has decCided, afte
hnical analysis, that some of the documents listed in the Bibliography and‘prepared by
other ISO Technical Committees are interchangeable in the context of thedrelevant require
 relevant document prepared by the American Petroleum Institute\ (API), the Americd
Testing and Materials (ASTM) or the American National Standards’Institute (ANSI). Th
Cuments are cited in the running text following the ISO reference.and preceded by or, fol
0 XXXX or API YYYY”. Application of an alternative documeént cited in this manner w
hnical results different from the use of the preceding ISO. reference. However, both r
eptable and these documents are thus considered intereharigeable in practice.

P Units of measurement

stomary (USC) system of units. For a specifig;order item, it is intended that only one syste
used, without combining data expressed ini the other system.

" data expressed in the SI, a commais used as the decimal separator and a space as the f{

pace as the thousands separator:

Triaxial yield of pipe’'body

ipient yieldsconsists of the superposition of:
radjal-and circumferential stress as determined by the Lamé formulae for a thick cylinde

uniform axial stress due to all sources except bending;

I detailed
SO/TC 67
ment with
n Society
ese latter
example,
i1l lead to
psults are

Lhis document, data are expressed in both the International System (SI) of units and the United States

m of units

housands
irator and

eading to

=
-

c)
d)

axial bending stress for a Timoshenko beam;

torsional shear stress due to a moment aligned with the axis of the pipe.

Details of the derivation of the design formula can be found in Annex A.

6.2 Assumptions and limitations

6.2.1 General

Formulae (1) to (7) are based on the assumptions given in 6.2.2 to 6.2.5.

©lI
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6.2.2 Concentric, circular cross-sectional geometry

The formulae for radial stress, circumferential or hoop stress, bending and torsion presume the pipe

cross sect

6.23 Is

ion to consist of inner and outer surfaces that are circular and concentric.

otropic yield

The yield strength of the material of which the pipe is composed is assumed to be independent of
direction. An axial sample and a circumferential sample are assumed to possess identical elastic moduli
and yield stress in both tension and compression.

6.24 N

p residual stress

For deterjnination of the onset of yield, residual stresses due to manufacturing processes are.dssun]

to be negl

6.2.5 (i
Particulaj
instability
Similarly,
due to bu

6.3 Dat
The follow
— c:itub
— D: spe
— E:You
— Fy:ax
fymn:

—  Kwall:
a tole

— pj: int
— Ppo: ex]
— T:apy

— t:spe

gible, and are ignored.

‘oss-sectional instability (collapse) and axial instability (column buckling)

ed

The onset

O-e =fy

where

14

ly in instances where p, > pj, it is possible for the pipe cross section to collapse due|to

[ prior to yield. For external pressure greater than internal pressufe;see Clause 8 on collapse.

if oerf < 0, it is possible for the pipe to buckle as a column prior td<yield, and the bending stress

kling should be included in the yield check.

a requirements

ing input data are required to complete the calculation for triaxial yield of the pipe body:

e curvature, the inverse of the radius of curvature to the centreline of the pipe;

cified pipe outside diameter;

ng’s modulus;

ial force;

specified minimum yield steehgth;

factor to account for the specified manufacturing tolerance of the pipe wall. For example, for

Fance of -12,5 %, kw411 £ 0,875;

ernal pressure;

ternal pressufe;

lied torgue;

rified pipe wall thickness.

6.4 Design formula for triaxial yield of pipe body

of yield is defined as:

mn (M
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Oe<fymn corresponds to elastic behaviour;
Sfymn is the specified minimum yield strength;
Oe is the equivalent stress.

The equivalent stress is defined as:

Oe = [0r2 + 0nZ + (0a + Ob)2 = 0y0 — 0r(0a + Ob) — On(0a + Ob) + 3Tha?]1/2 (2)
with:

or = [(pidwall? = poD?) = (pi = Po)dwan2D?/(4r?)]/(D? - dwan?) (3)

oh = [(pidwall? = poD?) + (pi = Po)dwan?D?/(4r2)]/(D? - dwan?) 4)

0a = Fa/Ap (5)

op =+ Mpr/I =+ Ecr (6)

Tha = Tr/Jp (7)
wlhere

Ap is the area of the pipe cross section, Ay'="1/4 (D2 - d2);

c is the tube curvature, the inverse@f'the radius of curvature to the centreline of the pipe;
D is the specified pipe outside diameter;
d is the pipe inside diameter, d = D - 2¢;

dwanl  is the inside diameter based on kyajl t, dwall = D — 2kwall t;

E is Young’s modulus;

Fy is the axialforce;

I is thesmoment of inertia of the pipe cross section, I = /64 (D% - d%);

Jp is the polar moment of inertia of the pipe cross section, J, = /32 (D4 - d4);

kwalt™ is the factor to account for the specified manufacturing tolerance of the pipe wallf For ex-
ample, for a tolerance of 12,5 %, kwal1 = 0,875;

My is the bending moment;

Di is the internal pressure;

Po is the external pressure;

r is the radial coordinate, (d/2) < r < (D/2) for 0,, op and Tha, (dwan /2) < r < (D/2) for oy and op;
T is the applied torque;

t is the specified pipe wall thickness;
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Oa is the component of axial stress not due to bending;
Ob is the component of axial stress due to bending;

Oe is the equivalent stress;

oh is the circumferential or hoop stress;

oy is the radial stress;

Tha isthe torsional (c]nn')r) stress

The * sigh in Formula (6) indicates that the component of axial stress due to bending can be positjve
(tension) pr negative (compression), depending on the location of the point in the cross section:"Points
in the pip¢ cross section closer to the centre of tube curvature than the centreline of the pipe.experience
compressjve bending stress. Points in the pipe cross section farther from the centre of fube curvatiﬁre
than the gentreline of the pipe experience tensile bending stress.

The variable c has units of radian/length, which are not the norm for the petrolednrindustry. The mgre
common neasure of ¢ in the industry is °/30 m (°/100 ft). If, therefore, the(required units for c are
radians/mpetre, and c is expressed in °/30 m (°/100 ft), the right-hand side-of Formula (6) should|be
multiplied by the constant /(180 x 30) = 5,817 8 x 10-4 rad-m/°-30 m [m/(180 x 100) = 1,645 3 x 104
rad-ft/°-100 ft].

In the prefence of bending, Formula (2) should be evaluated four times, i.e. at the inner and outer radii
on both the tensile and compressive sides of the cross section. lirthe presence of torsion, Formula [2)
should be| evaluated two times, i.e. at the inner and outer radii. In the absence of both bending and
torsion, Fprmula (2) should be evaluated once, at the minimum value of the radius. In all cases, the
maximun] computed value of ge should be used in Formula*(1).

The purpgse of the design formula is to determine the stress state which results in the onset of ppe
yield when the properties of the pipe are at their worst-case, minimum allowable values. The wall
thickness|of the pipe at all times accounts for the extreme allowable thin-wall eccentricity which cones
about natpirally as part of the pipe manufacturing process.

6.5 Application of design formula for triaxial yield of pipe body to line pipe

The pipe pody yield strength offline pipe can be calculated by means of formulae presented in this
clause, minding the limitationg given in 6.2.

6.6 Example calculations

6.6.1 Initial yield)of pipe body, Lamé formula for pipe when external pressure, bending and
torsion are zero

6.6.1.1 [General

The Lamé formulae for the radial and hoop stresses of the pipe are based on the three-dimensional
formulae of equilibrium for a linear elastic cross section. As such, these formulae are triaxial formulae
and provide the most accurate calculation of pipe stresses. Two formulae are provided, open-end with
zero axial stress, and closed-end with axial stress due to internal pressure acting on the end cap.

6.6.1.2 Yield design formula, special case for capped-end conditions

Initial yield of a capped-end thick tube is a special case of Formulae (1) and (2) when external pressure,
bending and torsion are zero. The axial stress is generated solely by the action of internal pressure on
the ends of the sample (e.g. the capped-end condition.)
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A design formula for initial yield of the pipe body with capped-end conditions and using the Lamé
formulae for the radial and hoop stresses should be formulated from Formula (2), evaluated at the inner
diameter. The resulting design formula is

pivLc = fymn/{(3 D* + dwan#)/(D? - dwan2)? + d*/(D2 - d2)2 - 2d2dwan?/[(D? - d2) (D2 - dwan?)]}1/2(8)

where
D is the specified pipe outside diameter;
d is the pipe inside diameter, d = D - 2¢;

dwanl  is the inside diameter based on kyajl £, dwall = D — 2kwall t;
fymn  is the specified minimum yield strength;

kwan  isthe factor to account for the specified manufacturing tolerance ofthe pipe wall} For ex-
ample, for a tolerance of 12,5 %, ka1 = 0,875;

pivLc is the internal pressure at yield for a capped-end thick tube;
t is the specified pipe wall thickness.

Theere is no adjustment to Formula (8) for axial tension, as alhakial tension is generated by the action of
intlernal pressure on the (closed) ends of the pipe. The more general case, where axial stress is generated
by|other than the action of internal pressure on the endsof the pipe, is addressed by the trigaxial yield

criterion, Formulae (1) and (2).

6.6.1.3 Yield design formula, special case forinternal pressure only and zero axial loaf

Initial yield of an open-ended thick tube is a;special case of Formulae (1) and (2) when the uniform axial
stijess, external pressure, bending and torsion are zero.

A design formula for initial yield of the'pipe body with open-end conditions and using the Lamg formulae
for the radial and hoop stresses shotld be formulated from Formula (2) evaluated at the inner{diameter.
Thie resulting design formula is

PivLo = fymn(D? — dwan®)/(3 D* + dwan*)1/2 9
where

D isthe specified pipe outside diameter;

dwall is the inside diameter based on kyai t, dwan = D — 2kwal t;

Fymn is the specified minimum yield strength;

kwall is the factor to account for the specified manufacturing tolerance of the pipe wall. For

example, for a tolerance of 12,5 %, kwa11 = 0,875;
DiYLo is the internal pressure at yield for an open-end thick tube;
t is the specified pipe wall thickness.

The more general case, where axial stress is non-zero, is addressed by the triaxial yield criterion,

Formulae (1) and (2).
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6.6.2 Yield design formula, special case for thin wall pipe with internal pressure only and zero
axial load

6.6.2.1

General

The Barlow formula represents the thin wall approximation to the biaxial VME / Lamé failure pressure.
Barlow’s paperl[138] was published in 1836, when elasticity theory (that is, stresses in solid media) was
in its infancy, and well before the development of material failure theories (Tresca 1864[139], Von Mises

19131401

. The formula is for thick wall hoop stress, with failure taken to occur when the ID stress reaches

yield. This is not a material failure condition. Moreover, the derivation is incorrect, because it violates

the equili
represent

6.6.2.2
Initial yie
DiYAPI
where
D

fymn

kwall

PiYAPI

t

brium conditionl142]. However, the Barlow formula has been retained because it happens| to
the thin wall approximation to the biaxial VME/Lamé failure pressure, see section A.2.6!

Historical yield pressure design formula
d of a thin tube is defined by the following expression:

is the specified pipe outside diameter;
is the specified minimum yield strength;

is the factor to account for the specified manufacturing tolerance of the pipe wall. For
example, for a tolerance of -12,5 %, kya11 =0,875;

is the internal pressure at yield for a thin tube;

is the specified pipe wall thickness;

This formpula is subject to the same assumptions and limitations as the more general expressions from

which it ig
6.6.3 P

Pipe body

derived (see A.1.3.3).

pe body yield strength

yield strength is the)dxial load required to yield the pipe in the absence of internal gnd

external pressure, bending-and torsion. It is taken as the product of the cross-sectional area and the

specified

Fyapi

where

minimum yield-strength for the particular grade of pipe:

:fymnAp (11)

18

fsthearea of the pipe cross Sector, A, = /4 (D2 =d2J;
is the specified pipe outside diameter;

is the pipe inside diameter, d = D - 2t;

is the axial force at yield, historical API formula;

is the specified minimum yield strength;

is the specified pipe wall thickness.
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If bending and torsion are zero, Formula (2) reduces to

Oe = [012 + 012 + 042 — 0701, — 0104 — OK0ga]1/2
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(12)

Consider, for example, the case of a tube being lowered open-ended into a vertical well full of fluid with
mass density 1,080 kg/dm3 (9 Ib/gal). The internal and external pressure at any depth are equal, and
the bottom of the tube is exposed to an axial compression equal to the product of the fluid pressure
and the tube cross-sectional area. Ignoring connections, let the tube be of outside diameter 244,48 mm

(9.
ste
wh

(80 000 psi).

Tal
Sin

ble 1 presents the results of the calculation in both SI and USC units.

25 in), of wall thickness 13,84 mm (0.545 in) and have kwaj = 0,875. Assume the mass
el is 7,85 kg/dm3 (0.283 6 1b/in3). Compute the yield state of the uppermost cross section
en the tube is at a depth of 3 000 m (9 842.5 ft). The tube has a minimum yield stress of

ce both bending and torsion are zero in this example, there is no need«o calculate o, a
infer and outer radii of the tube, as yield will always occur at the inner\radius. The calculat

density of
f the tube
51,6 MPa

[ both the
ions have

host cross

begn included here for completeness.
As|the equivalent stress is less than the yield stress, the tube does not yield at its uppern
se¢tion.
Table 1 — Example calculations — Yield in the absence of bending and torsion
Term SI UsC
Value Units Value Units
Load
Fy 1997 797 N 449 205 b
pi 31,73 MPa 4602 psi
Do 31,73 MPa 4602 psi
c 0 °/30 m 0 °/100 ft
T 0 N-m 0 ft-1b
Geometry
D 244,48 mm 9.625 in
t 13,84 mm 0.545 in
kwall 0,875 0.875
Material
E 206 842 MPa 30000000 psi
Calculations
d 216,80 mm 8.535 in
dwall 220,26 mm 8.671 in
Ap 10 028 mm? 15.55 in2
I 66 920 762 mm# 160.8 in4
o 133841524 ~mm* 3216 int
O3 199,22 MPa 28 894 psi
Inner ra-
dius
Ob 0 MPa 0 psi
Oh -31,73 MPa -4602 psi
oy -31,73 MPa -4 602 psi
© ISO 2018 - All rights reserved
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Table 1 (continued)

Term SI UsSC
Value Units Value Units
Tha 0 MPa 0 psi
Oe, Op+ 230,95 MPa 33496 psi
Oe, Ob— 230,95 MPa 33496 psi
Outer ra-
dius
op 0 MPa 0 psi
Oh -31,73 MPa -4 602 psi
or -31,73 MPa -4 602 psi
Tha 0 MPa 0 psi
O, Op+ 230,95 MPa 33496 psi
Oe, Ob— 230,95 MPa 33496 psi

7 Ductile rupture of the pipe body

7.1 General

The formulae for ductile rupture pertain to the actual failure of the'pipe body due to internal pressufre.
While thelyield formulae of Clause 6 are intended to describe the.onset of permanent plastic deformatjon
and not lgss of pressure integrity, the rupture formulae are intended to describe the ultimate pressure
capacity df the pipe at a pressure which fails the pipe body.with loss of internal pressure integrity.

The formplae for ductile rupture depend on the miftimum physical wall thickness, the pipe oufer
diameter, [the maximum depth of imperfections which have a reasonable probability of passing through
the inspe¢tion process undetected, the fracture*toughness of the material, the work hardening of the
material gnd the ultimate tensile strength of the pipe. Yield strength has no direct impact on the ductile
rupture pfessure except through the corrélation of the work hardening parameter n.

The ductile rupture formulae can be.derived from the mechanics of pipe equilibrium combined with a
model of pipe plasticity and a model of the effect of imperfections. The selection of the basic formyla,
the applidation of the basic formula to ISO/API tubular products, and the verification of the formfpila
with actupl test data are discussed in detail in Annex B. The ductile rupture limit state and design
formulae fonsist of three interlinked concepts:

a) a forrpula for equitibrium-plasticity based rupture of a pipe with known physical wall thickngss
and djameter;

b) redudtion in“performance due to wall loss in proportion to depths of imperfections which may not
be defected by the manufacturing and inspection system;

€) a criteTton for miTmMuIM tTOUghNess at wiich ductite TUpture appiies.

These formulae are applicable to direct pressure and axial loading, but do not describe the capacity
of the pipe under fatigue loading. The subtraction to the pipe wall for the presence of imperfections
and the interrelated role of pipe toughness are based on a fracture mechanics approach relating Jic
toughness measurements of sample pipes to numerically calculated crack-tip intensities (J-Integrals) as
a function of imperfection depth. This is explained in detail in Annex B.

7.2 Assumptions and limitations

These formulae are applicable only when the pipe material in its environment has sufficient toughness
to meet a minimum criterion such that the deformation of the pipe, in its environment, through to
rupture is ductile and not brittle, even in the presence of small imperfections.
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Bending stresses (for instance, due to buckling or bending due to curvature of the well trajectory) are
not included in the formula for ductile rupture pressure. Hence, the ductile rupture formula may not
apply to pipe which is buckled (nor to pipe in a dogleg).

7.3 Datarequirements

7.3.1 General

The following input data are required to complete the calculation for ductile rupture of the pipe body.

7.3

In

an: imperfection depth associated with a specified inspection threshold, i.e. the maxin
of a crack-like imperfection that could reasonably be missed by the pipe inspectjon.sy
example, for a 5 % imperfection threshold inspection in a 12,7 mm (0.500 in) wall thick
an = 0,635 mm (0.025 in).

D: specified pipe outside diameter.
fumn: specified minimum tensile strength.

ka: burst strength factor, having the numerical value 1,0 for quenched and tempered (m

data; and the default value set to 2,0 where the value has not been measured. The value o
established for a specific pipe material based on testing.

kwan: factor to account for the specified manufacturing‘tolerance of the pipe wall. For ex
a tolerance of -12,5 %, kwai = 0,875.

n: dimensionless hardening index used to obtain-a curve fit (see B.2.3.3) of the true str
curve derived from the uniaxial tensile test.

t: specified pipe wall thickness.

.2 Determination of the hardening index

the absence of stress-strain information, the following values of n are suggested.

Table 2 — Suggested values for hardening index in ductile rupture formula

um depth
stem. For
ness pipe,

artensitic

structure) or 13Cr products and 2,0 for as-rolled and normalized-products based on avadjilable test

F k, can be

ample, for

ess-strain

©lI

Grade n

H40 0,14
]J55 0,12
K55 0,12
N80 0,10
L80 Type 1 0,10
L80 Chrome 0,10
Cc90 0,10
R95 0,09
T95 0,09
P110 0,08

Q125 0,07
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If the grade of the material is unknown but is not high-hardening, the hardening index can alternatively

be determined from the following correlation.

n=0,169 3 - kn fy (13)

where fy has units of MPa (psi) and

fy istheyield strength of a representative tensile specimen;

kn is the stress conversion factor, equal to 1,18 x 10-4 MPa-1 for SI units and 8.12 x 10-7 psi-1 for

UsC units;

n idthe dimensionless hardening index used to obtain a curve fit (see B.2.3.3) of the true'stres
strain curve derived from the uniaxial tensile test.

The effort expended to determine n should be weighed against the fact that the forimula for duct
rupture id relatively insensitive to this quantity for commonly used Oil Country Tubular Goods (OCT]
However, |f a high-hardening material such as duplex steel is used, it is important 0 determine n to av
a non-conpervative rupture strength prediction. Values of n for these materials.can be as high as 0,30

7.3.3 Deptermination of the burst strength factor, k,

7.3.3.1 [General

ile
G).
bid

The bursy strength factor k, quantifies the impact that the material toughness has on ductile rupt(;llre

when a crpck of depth ay is present. The value of k; does notneed to be determined for each pipe or
instead, it is recommended that k, be determined for a fixed tubular product line with a fixed proc
control plhn. For a material with high material toughness, k; will be 1,0 or lower, and the influence {
crack has|on the ductile rupture pressure will be no:greater than the depth of the crack. However, fg
pipe matdrial with lower material toughness, k; can'be larger, say 2,0, so that the penalty from hav
the crack |s as though the crack had twice its actual depth.

When kj lhas not been determined for the/pipe material, use a k, value of 2,0. The value of k; has bg
measured to be 1,0 for quenched and tempered (martensitic structure) pipe and for 13Cr produgd
The valug of k; can be established fer\a specific pipe material based on testing. One of two methg
presented below can be used to calculate k.

7.3.3.2 [Analytical methodfor determining k,
The following procedureshould be used.

a) Consfruct a finiteelement model of a pipe with three separate cases of crack depth: zero, 5 %, a
12,5 %. Modelthe crack as an infinitely long, longitudinal crack on the ID of the pipe. In the fin
elemdnt megdel, use the specified pipe wall thickness (do not reduce the pipe wall for manufactur

er;
bSS
he
ra

ng

en
ts.
ds

nd
ite
ng

eccenltricity) and a typical stress-strain curve for the material being analysed.

b) Use the finite element model to simulate applying internal pressure to the pipe model in order
to calculate the value of the J-integral of the pipe as a function of internal pressure (see B.7.2 for

examples).

c¢) Experimentally measure the critical Ji value of the pipe material in air. /1 is a parameter simi

lar

to Kic, but based on a different type of test. See ASTM E1152-95[15] for the precisely defined test

methodology.

d) Terminate each of the finite element J-integral curves at the critical value of /1. measured in the

test. The internal pressure corresponding to this terminal point (where the J-integral equ

als

J1c) represents the rupture pressure in the presence of the crack, for a material with toughness

reflected by Jic.
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Next, divide the rupture pressure for pipe with a crack depth 5 % by the rupture pressure for pipe
with no crack, using the finite element results combined with the /1. measurement. Next, set this

ratio equal to (1-kaa/t) where a/t is the ratio of the crack depth to the specified pipe wall
(i.e. 5 % in this case). Solve this formula for the value of k.

thickness

Repeat the above calculation using the finite element model results for the crack with 12,5 % depth.

Average the two values of k, from steps €) and f) and use the average in the rupture formula.

7.3.3.3 Experimental method for determining k,

An
to
pif
de
ru
is 1
ad
as
ele

7.3

Itt
de
un
of

for

7.4
Mi

wh

conduct full-scale pipe burst tests (see Annex C for guidance on rupture test procedur

hat it is not valid unless the imperfection is sharp, and crack-like. A mechanical or EDM n
bquate for this purpose. This means that the crack-like imperfection needs to be genera
part of the pipe manufacturing process or else through fatigue precracking. In general,
ment approach combined with the /1. measurement is easier to pursue.

.3.4 Sensitivity of k,

urns out that k; is a weakly sensitive parameter in regard tothe grade of the pipe; that s, k,

a specific grade of product and not for specific Sizes or orders of product.

I Design formula for capped-end ductile rupture

himum ductile rupture of a tube is defined by:

PiR = 2kdrfumn(kwalit — kaan)/[D-= (kwalit — kaan)]

ere

inspéction system. For example, for a 5 % imperfection threshold inspection in a
(0.500 in) wall thickness pipe, ay = 0,635 mm (0.025 in);

D is the specified pipe outside diameter;

fumn  is the specified minimum tensile strength;

alternative way to measure k, in lieu of the /i measurement and the finite element calqulation is

e) using a

e with no measurable crack-like imperfection, another pipe with a crack-like imperfectipn of 5 %
bth, and another pipe with a crack-like imperfection of 12,5 % depth. Then construet the raftios of the
bture pressures as described above and calculate k,. The limitation and difficulty with thidapproach

tch is not
ted either
the finite

primarily

bends on the manufacturing process and does not vary.much by grade within a fixed procgss. This is
derstandable since k, only represents a potential amplification of the pipe’s response to th¢ presence
he crack while being loaded to rupture. Because of'this, it is recommended that k; only be d¢termined

(14)

an is the imperfection depth associated with a specified inspection threshold, i.e. th¢ maxi-
mum depth of a crack-like imperfection that could reasonably be missed by the pipe

12,7 mm

ka is the burst strength factor, having the numerical value 1,0 for quenched and tempered
(martensitic structure) or 13Cr products and 2,0 for as-rolled and normalized products

based on available test data; and the default value set to 2,0 where the value has not been
measured. The value of k; can be established for a specific pipe material based on testing;

kdr is the correction factor based on pipe deformation and material strain hardening, having
the numerical value [(1/2)0+1 + (1/v/3)n+1)];
kwall  is the factor to account for the specified manufacturing tolerance of the pipe wall. For ex-

ample, for a tolerance of 12,5 %, kwal1 = 0,875;
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n is the dimensionless hardening index used to obtain a curve fit (see B.2.3.3) of the true
stress-strain curve derived from the uniaxial tensile test;

DiR internal pressure at ductile rupture of an end-capped pipe;
t specified pipe wall thickness.

The value selected for kqr renders pir the average of rupture pressures predicted using Tresca’s yield
condition and von Mises’ yield condition.

The facto - I addresses minimum - nine boduvsazall thickness without considering imnerfections T is
watt PP Y £ P

value may be adjusted if minimum wall is guaranteed by a particular process or purchasing agreefngnt.

Crack-likg imperfections are accounted for by an. The term kjan represents a further reduction|in
minimum| wall thickness associated with crack-like imperfections which are outside thé séensitivjity
setting of the inspection equipment and assumed coincident with the location of minimum wall
thickness| This stacking of minimum wall thickness and a crack-like imperfection depends on the
frequency] of occurrence of thin wall and the frequency of occurrence of sharp-bottomed imperfectigns
approaching the depth of the inspection threshold.

For the ddterministic calculation of rupture pressure, it is necessary to calectifate a conservative ductile
rupture gfsign pressure. In this case, the frequency of occurrence of the:imperfection is set to 100/ %
and the imperfection depth equals the inspection threshold.

For the pijobabilistic calculation of rupture pressure (see Annex B), the depth of the imperfection still
equals th¢ depth of the inspection threshold, but the calculationtakes account of the actual frequency
of occurrg¢nce of thin wall and the actual frequency of occurrence of sharp-bottomed imperfectigns
with depth comparable to the inspection threshold.

7.5 Adjustment for the effect of axial force and external pressure

7.5.1 General

ile rupture strength Formula (14)was developed for the situation of an end-capped pipe, where
nsion is determined by the internal pressure acting on the closed inner pipe surface area. This
| case of a more general sjtfiation where a pipe may reach a maximum internal pressure lopd,
that is a riipture load, under the simultaneous action of arbitrary external pressure and arbitrary axial
combined loads together'determine when the pipe is going to yield and how it will plasticdlly
ards the point of riipture. A fundamental criterion when this rupture load is attained dan
still be expressed, but thiswill now be a more involved formula governed by the formulation of the yon

Moreover| rupture/s'the prevailing failure mechanism only if the axial force is not too large. For large
axial tensfion andsmaller internal over-pressure, a maximum axial load (a precursor to necking gnd

Below,fo mulae for both N e and ne .l: nde ombined loads are de ihed agethe nlith
a criterion to identify which phenomenon occurs first. The formula is given in terms of “effective
axial force” associated with “effective axial stress” defined in A.1.3.2.4. For effective axial force,
these approximate formulae are very accurate when compared to the exact theoretical formulal38];
performance against combined loading test data is given in B.6.2.

For negative values of effective axial force, i.e. effective axial compression, the pipe can buckle as a
column, depending on the quality of lateral support. If buckling is adequately suppressed, the formula for
rupture under combined loads is valid also for effective axial compression. However, for higher values
of effective axial compression, it is the phenomenon of local buckling of the pipe wall (“wrinkling”) that
presents the governing failure mechanism. Therefore, there exists a value of effective axial compression
that limits the validity of the exact combined loading rupture formula.
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7.5.2 Design formula for ductile rupture under combined loads

In the presence of external pressure and axial force different from capped-end conditions, the general

formula for ductile rupture is:

PiRa = Po + min[1/2(pwm + prefT), pm] (15)
with
pM = prefM [1 = kr (Feft/Futs)?]1/2 (16)
where
Fa:T[t(D_t) (0P (17)
Fetf = Fa + po mt D - t) - pm t (D - 8/[(kwan t - ka an). (D-- kwanl t T ka an)]
/4 [D - 2 (kwall t - ka an)]? (18)
Futs =1t (D - t) fumn (19)
Puts = 2 fumn (kwall t = ka an)/[D - (kwall t = ka an)] (20)
Pref=Y2 (PrefM * PrefT) (21)
NOTE Formula (21) is used in Figure 1.
Pretm = (2/V3)141 (1/2)" puss (22)
PrefT = (1/2)" puts (23)
ki = (410 - 1)/31n (24)
anfl
an is thedmperfection depth associated with a specified inspection threshold, i.e. the maxi-
muin)depth of a crack-like imperfection that could reasonably be missed by the pipe in-
spéction system. For example, for a 5 % imperfection threshold inspectionina 12,7 mm
(0.500 in) wall thickness pipe, an = 0,635 mm (0.025 in);
D is the specified pipe outside diameter;
o istheaxialforce;
Sfumn is the specified minimum tensile strength;
Fett is the effective axial load, i.e. for perfect pipes the axial load additional to the end-cap
forces induced by internal and external pressures;
ka is the burst strength factor, having the numerical value 1,0 for quenched and tempered

(martensitic structure) or 13Cr products and 2,0 for as rolled and normalized products
based on available test data; and the default value set to 2,0 where the value has not been
measured. The value of k; can be established for a specific pipe material based on testing;
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Kwall is the factor to account for the specified manufacturing tolerance of the pipe wall. For
example, for a tolerance of -12,5 %, kwan = 0,875;

n is the dimensionless hardening index used to obtain a curve fit (see B.2.3.3) of the true
stress-strain curve derived from the uniaxial tensile test;

DiR is the internal pressure at ductile rupture of an end-capped pipe;
DiRa is pir adjusted for axial load and external pressure;

Do ts-theexterfralpressture;

t is the specified pipe wall thickness.

Formula ([L5) is illustrated in Figure 1, together with the exact formulation.
Under capped-end conditions, the effective axial load is zero and Formula (15) reduces‘to Formula (14).
The rupture formula is valid, i.e. rupture occurs before necking, when:

Feff/Fits < (V3/2)1-n (25)

7.5.3 Depsign formula for ductile necking under combined loads

In the prefence of internal and external pressure, the general formula for ductile necking is:

Fetf = Futs V[1 - kn [(pi — Po)/Prefm]?] (26)
where:
FazT[t(D_t)O-a (27)

Feef = Fa + po 1t (D - t) - py (D - t)/[(kwan t = ka an) (D - kwan t + ka apn)]

/4 [ - 2 (kwal t - ka an)]? (28)
Futs =t (D = £) fumn (29)
Puts = fumn (kwall £ = kz:ax)/[D - (kwall t - ka an)] (30)
PretM F (2/V3)1REL/2)0 puts (1)
ky = 4ft-n - Bi=n (32)
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Figure 1 — Illustration of the effect of effective axial force and external pressure on ductile
rupture

Unlder zero pressure conditionsjthe effective axial load equals the true axial load, and Formula (26) for
th¢ maximum axial load redtices to the ultimate tensile strength.

Thie necking formula is¥alid, i.e. necking occurs before rupture, when:

(pi = Po)/pref M &{1/2)1 0 (33)

7.3.4 Boundary between rupture and necking

Comparing Formulae (15) and (26) reveals that the necking criterion is reached earlier than the rupture
crilterion when:

Fett/Futs 2 (3/2) (pi — Po)/Puts (34)

and this criterion (also shown in Figure 1) describes the boundary between rupture and necking.

7.5.5 Axisymmetric wrinkling under combined loads

Figure 1 shows that in the axial compression range, i.e. for negative values of the effective axial load,
Formula (15) is conservative when compared to both the exact rupture formula and the local pipe wall
buckling limit, called wrinkling. Although it would be easy to construct a formula such as Formula (16)
with a different factor kg that would better fit the exact rupture curve in the effective axial compression
range, it is perceived such a separate formula would not have great practical impact.
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7.6 Example calculations

761 D

uctile rupture of an end-capped pipe

For an end-capped pipe under pressure load, the effective axial load is zero and Formulae (13) and
(14) are the same. Moreover, if burst tests are performed on end-capped pipes with an additional
axial load applied at the closed pipe ends, this is a situation where the effective axial load is given and
Formula (15) can be used directly to calculate the rupture pressure for any value of effective axial load.

Compute the ductile rupture pressure of a 177,8 mm (7 in) tube with wall thickness 11,51 mm (0.453 in)

made of P
index sug

Table 3 pr

762 D

If the trud
Formula
for py iteq

Compute {
made of P

TOmaterial. T he tube 1s end-capped, and no additional axial load 1s present. Use the harden
bested in Table 2 and assume an inspection threshold of 5 % of the wall thickness.

esents the results of the calculation in both SI and USC units.

Table 3 — Example calculations — Ductile rupture of an end-capped pipe

Term SI UscC
Value | Units Value | Units
Load
Feff o | N o | o
Geometry
D 177,8 mm 7 in
t 11,51 mm 0.453 in
kwall 0,875 0.875
Material
E 206 842 MPa 30000000 psi
fumn 862 MPa 125000 psi
Calculations
n 0,08 0.08
ay 0,575 mm 0.0227 in
ka 1 1
DiR 99,7 MPa 14 460 psi

uctile rupture for agiven true axial load

axial load onrthe pipe is given, the pressure differential py cannot be calculated directly fr
15), because-the effective axial load is a function of py. The solution can be found by solv
atively,«0r by rewriting Formula (15) as a quadratic formula in the unknown py.

heductile rupture pressure of a 177,8 mm (7 in) tube with wall thickness 11,51 mm (0.453

190 material. The axial compressive load is 889 600 N (200 000 Ib). Use the hardening ing

ng

hm
ng

in)
lex

suggeste

Table 4 pr

28

In lTable 2 and assume an inspection threshold ot 5 % of the wall thickness.

esents the results of the calculation in both SI and USC units.

Table 4 — Example calculations — Ductile rupture for a given true axial load

Term SI uUscC
Value Units Value Units
Load
Fy -889 600 N -200 000 b
Do 0 MPa 0 psi
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8.1

8.3

Table 4 (continued)
Term SI USC
Value | Units Value | Units
Geometry
D 177,8 mm 7 in
t 11,51 mm 0.453 in
kwall 0,875 0.875
ka 1 1
Material
E 206 843 MPa 30 000000 psi
fumn 862 MPa 125000 psi
Calculations
n 0,08 0.08
an 0,576 6 mm 0.022 7 i
Futs 5180423 N 1164 663 b
Puts 97,20 MPa 14 098 psi
PrefT 91,96 MPa 13 338 psi
PrefM 107,42 MPa 15,579 psi
kR 0,939 04 0.939 04
PM 88,92 MPa 12 896 psi
PiRa 88,92 MPa 12 896 psi

External pressure resistance

General

Assumptions and limitations

folloWwing limitation applies to the design formulae for external pressure resistance:

Data requirements

collapse design formula is intended for load cases when the external fluid pressure exceed

the'axial tension correction does not include the non-uniform axial stress component due t

s internal
of a tube
combines

nted here

b bending.

The following input data are required to complete the calculation for collapse of the pipe body:

— D: specified pipe outside diameter;

— fymn: specified minimum yield strength;

t: specified pipe wall thickness.
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8.4 Design formula for collapse of pipe body

8.4.1 General

The minimum collapse strength for pipe with no axial force or internal pressure is given by a series of
formulae, depending on the specified minimum yield strength and cross-sectional dimensions of the
tube body.

8.4.2 Yield strength collapse pressure formula

The yield |strength collapse pressure is not a true collapse pressure, but rather the external pressure,
pyp, that generates minimum yield stress, fymn, on the inside wall of a tube as calculated by Formula.(35).

pyp =2 fymn [(D/t) - 1]/[(D/t)?] (35)
where
D is the specified pipe outside diameter;

fymn | s the specified minimum yield strength;
pyp is the pressure for yield strength collapse;
T is the specified pipe wall thickness.

Formula (35) for yield strength collapse pressure is applicablée for D/t values up to the value of D/t
correspor}ding to the intersection with the plastic collapseformula (37). This intersection is calculated
by Formula (36) as follows:

(D/t)yp ={[(Ac - 2) 2+8(B + Ce/fymn)] 12+ (Ac <2)}/[2(Bc + Ce/fymn)] (36)
where

Ac is the empirical constant in historical collapse formula;

Bc is the empirical constantin historical collapse formula;

Cc is the empirical censtant in historical collapse formula;

fymn | is the specifiedahinimum yield strength.

The parareters used:to calculate collapse pressures depend on the pipe yield strength and on the axial
load, as ejplainedinlater subclauses.

The appli¢able D/t ratios for yield strength collapse are shown in Table 5.

Table 5 — Yield collapse pressure formula range

Gradea D/t rangeb
H40 16.40 and less
-50 15.24 and less

]55, K55 14.81 and less

a  Grades indicated without letter designation are not standardized
grades but are grades in use or grades being considered for use and are
shown for information purposes.

b The D/t range values were calculated from Formulae (36), (43) or
(48), (44) or (49), and (45) or (50).
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Table 5 (continued)

Gradea D/t rangeb
-60 14.44 and less
=70 13.85 and less

C75,E75 13.60 and less

L-N-80 13.38 and less
C90 13.01 and less

R95, T95, X95 12.85 and less
-100 12.70 and less
P105, G105 12.57 and less
P110 12.44 and less
-120 12.21 and less
Q125 12.11 and less
-130 12.02 and less
S135 11.92 and less
-140 11.84 andless
-150 11.67 and less
-155 1459 and less
-160 11.52 and less
-170 11.37 and less
-180 11.23 and less

a  Grades indicated without letter designation are not standardized
grades but are grades in use or;grades being considered for use and are
shown for information purposes.

b The D/t range values were calculated from Formulae (36), (43) or
(48), (44) or (49), and (45) or (50).

8.4.3 Plastic collapse pressure fermula

Thle minimum collapse pressure for the plastic range of collapse is calculated by Formula (37]:

pp = fymn [Ac/(D/t) 7B Cc (37)
where

Ac is\the empirical constant in historical collapse formula;

B is the empirical constant in historical collapse formula;

Gy is the empirical constant in historical collapse formula;

D is the specified pipe outside diameter;

fymn  is the specified minimum yield strength;

pp is the pressure for plastic collapse;

T is the specified pipe wall thickness.
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The formula for minimum plastic collapse pressure is applicable for D/t values ranging from (D/t)yp,
Formula (36) for yield strength collapse pressure, to the intersection with Formula (39) for transition
collapse pressure (D/t)pt. Values for (D/t)pt are calculated by means of Formula (38):

(D/8)pt = [fymn (Ac = F)I/[Cc + fymn (Bc - Gc)] (38)
where
Ac is the empirical constant in historical collapse formula;
Bc is the empirical constant in historical collapse formula;
Ce is the empirical constant in historical collapse formula;
Fe is the empirical constant in historical collapse formula;
fymn | is the specified minimum yield strength;
G is the empirical constant in historical collapse formula.
The factofs and applicable D/t range for the plastic collapse formula are shown in Table 6.
Table 6 — Formula factors and D/t range for plastic collapse
€
Gradea Ac Bc N D/t rangeb
H40 2.950 0.046 5 754 16.40 to 27.01
-50 2976 0.0515 1056 15.24 to 25.63
J55, K55 2.991 0.054-1 1206 14.81 to 25.01
-60 3.005 0.056 6 1356 14.44 to 24.42
=70 3.037 0.0617 1656 13.85to 23.38
C75,E75 3.054 0.064 2 1806 13.60 to 2291
L-N-80 3.071 0.066 7 1955 13.38to 22.47
Cc90 3.106 0.0718 2254 13.01 to 21.69
R95, T95, X95 3.122 0.074 3 2404 12.85to 21.33
-100 3.143 0.076 8 2553 12.70 to 21.00
P105, G105 3.162 0.079 4 2702 12.57 to 20.70
P110 3.181 0.0819 2852 12.44 to0 20.41
-120 3.219 0.0870 3151 12.21 to 19.88
Q125 3.239 0.0895 3301 12.11 to 19.63
-130 3.258 0.0920 3451 12.02 to 19.40
S135 3.278 0.094 6 3601 1192 to0 19.18
-140 3.297 0.097 1 3751 11.84 to 18.97
-150 3.336 0.1021 4053 11.67 to 18.57
-155 3.356 0.1047 4204 11.59 to 18.37
-160 3.375 0.107 2 4 356 11.52 to0 18.19
-170 3.412 0.1123 4 660 11.37 to 17.82
-180 3.449 0.117 3 4966 11.21to 17.47
a  Grades indicated without letter designation are not standardized grades but are grades
in use or grades being considered for use and are shown for information purposes.
b The D/t range values and formula factors were calculated from Formulae (36), (38)
(43) or (48), (44) or (49), (45) or (50), (46) or (51), and (47) or (52).
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The minimum collapse pressure for the plastic to elastic transition zone pr is calculated by Formula (39):

Pt = fymn [Fe/(D/t) - G] (39)
where
D is the specified pipe outside diameter;
Fe is the empirical constant in historical collapse formula;
fymn  is the specified minimum yield strength;
G¢ is the empirical constant in historical collapse formula;
DT is the pressure for transition collapse;
T is the specified pipe wall thickness.
Thee formula for pr is applicable for D/t values from (D/t)pt, Formula{38) for plastic collapse|pressure,
to [the intersection (D/t)te with Formula (41) for elastic collapse~Values for (D/t)te are calqulated by
Formula (40):
(D/0)re = [2 + Be/Ad/[3(Be/AJ] (40)
where
A; is the empirical constant in historical collapse formula;
B¢ is the empirical constant in histaorical collapse formula.
Thie factors and applicable D/t range farthe transition collapse pressure formula are shown ip Table 7.
Table 7 — Formula factors and D/t range for transition collapse
Gradea F¢ Ge D/t rangeb
H20 2.063 0.0325 27.01to 42.64
=50 2.003 0.0347 25.63 to 38.83
155, K55 1.989 0.0360 25.01t0 37.21
-60 1983 0.037 3 24.42 to 35.73
=70 1.984 0.040 3 23.38to0 33.17
C75,E75 1.990 0.0418 2291 to 32.05
L-N-80 1.998 0.043 4 22.47 to 31.02
T90 2017 U.046 6 ZT.69to 29.18
R95, T95, X95 2.029 0.048 2 21.33 to 28.36
-100 2.040 0.0499 21.00 to 27.60
P105, G105 2.053 0.0515 20.70 to 26.89
P110 2.066 0.053 2 20.41 to 26.22
-120 2.092 0.056 5 19.88 to 25.01
a  Grades indicated without letter designation are not standardized grades but
are grades in use or grades being considered for use and are shown for information
purposes.
b The D/t range values and formula factors were calculated from Formulae (36),
(38), (43) or (48), (44) or (49), (45) or (50), (46) or (51), and (47) or (52).
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Table 7 (continued)
Grade2 F. G D/t rangeb
Q125 2.106 0.058 2 19.63 to 24.46
-130 2.119 0.0599 19.40 to 23.94
S135 2.133 0.0615 19.18 to 23.44
-140 2.146 0.063 2 18.97 to 22.98
-150 2.174 0.066 6 18.57 to 22.11
-155 2.188 0.068 3 18.37 to 21.70
-160 2.202 0.0700 18.19 to 21.32
-170 2.231 0.073 4 17.82 to 20.60
-180 2.261 0.076 9 17.47 to 19.93
a  Grades indicated without letter designation are not standardized grades but
are grades in use or grades being considered for use and are shown for information
purposes.
b The D/t range values and formula factors were calculated from Formulae (36),
(38), (43) or (48), (44) or (49), (45) or (50), (46) or (51), and (47) or (52).

8.4.5 Elastic collapse pressure formula

The minithum collapse pressure for the elastic range of collapse is cdlgulated by Formula (41):

(#1)

PE = 4p.95 x 106/[(D/t) (D/t - 1)?]
where
D ifthe specified pipe outside diameter;
pE i9the pressure for elastic collapse;
T idthe specified pipe wall thickness.
The appli¢able D/t range for elastic cellapse is shown in Table 8.
Table 8 — D/t range for elastic collapse
Gradea D/t rangeb
H40 42.64 and greater
-50 38.83 and greater
]55, K55 37.21 and greater
-60 35.73 and greater
=70 33.17 and greater
C75,E75 32.05 and greater
L-N-80 31.02 and greater
C90 29.18 and greater
R95, T95, X95 28.36 and greater
-100 27.60 and greater
P105, G105 26.89 and greater
a  Grades indicated without letter designation are not standardized
grades but are grades in use or grades being considered for use and are
shown for information purposes.
b The D/t range values were calculated from Formulae (40), (43) or
(48), and (44] or (49).
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8.4.6 Collapse pressure under axial tensile stress

Thie collapse resistance of casing in the presence of an‘axial stress is calculated by modifying
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Table 8 (continued)
Gradea D/t rangeb

P110 26.22 and greater

-120 25.01 and greater

Q125 24.46 and greater

-130 23.94 and greater

S135 23.44 and greater

-140 22.98 and greater

-150 22.11 and greater

-155 21.70 and greater

-160 21.32 and greater

-170 20.60 and greater

-180 19.93 and greater
a  Grades indicated without letter designation are not standaxdized
grades but are grades in use or grades being considered for use and are
shown for information purposes.
b The D/t range values were calculated from Formulaéf40), (43) or
(48), and (44) or (49).

ess to an axial stress equivalent grade according t@’Formula (42):
fyax ={[1 = 0.75(0a/fymn)?] /2 = 0.5 a/fymn}fymn

ere

fyax is the equivalent yield strength in the presence of axial stress;
fymn is the specified minithum yield strength;
Oa is the component of axial stress not due to bending.

lapse resistance formula factors and D/t ranges for the axial stress equivalent grade
culated by means-of Formulae (36), (38), (40), (43) or (48), (44) or (49), (45) or (50), (46) o
) or (52). Usirig formula factors for the axial stress equivalent grade, collapse resistance u

ess is calculated by means of Formulae (35), (37), (41) and (39).
rmula {42Yis not valid for the yield strength of axial stress equivalent grade (fyax) less than 2

‘mula (42) is based on the Hencky-von Mises maximum strain energy of distortion theory g

2018(E)

v the yield

(42)

are then

" (51), and

nder axial

4000 psi.

fyielding.

8.4.7 Collapse pressure under axial stress and internal pressure

To calculate external pressure at collapse which is influenced by combined axial stress and internal
pressure see API Technical Report 5C3, Calculating Performance Properties of Pipe Used as Casing or
Tubing, Seventh Edition, June 2018, paragraph 8.4.6.

8.5 Formulae for empirical constants

8.5.1 General

The following formulae may be used to calculate the empirical constants in the historical collapse
formulae. There are two versions of each formula, one each for SI (8.5.2) and USC (8.5.3) units.
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8.5.2 SI units

Ac=2,876 2+ 0,154 89 x 103 fymn + 0,448 09 x 1076 fymp2 - 0,162 11 x 102 fymn3 (43)
B.=0,026 233 + 0,73402 x 104 fymp (44)
Cc=-3,2125+ 0,030 867 fymn — 0,15204 x 10-5 fymn2 + 0,778 10 x 109 fymn3 (45)
Fo =_3237 x 105 [(3 Bg/AJ)/(2 + BJAJB/ foms [(3 BJAN/(2 + BJA) - B/Ac]
[1 - (3 Bc/Ad)/(2 + Bc/AJ)?} {46)
GC = F BC/AC (47)
where
Ac is the empirical constant in historical collapse formula;
Bc is the empirical constant in historical collapse formula;
Cc is the empirical constant in historical collapse formula;
F¢ is the empirical constant in historical collapse formula;
fymn | Iisthe specified minimum yield strength;
G is the empirical constant in historical collapse formula.
8.5.3 UBC units
Ac=2{876 2 +0.106 79 x 1075 fymn + 0.213°01 x 10-10 fy,,2 - 0.531 32 x 1016 fy)43 (48)
B.=0{026 233 + 0.506 09 x 10-6 fymn 49
Cc=-165.93 + 0.030 867 fymn'='0.104 83 x 107 fymn? + 0.369 89 x 10-13 f3 (30)
Fe = 4695 x 100CA(3 Bc/AJ/(2 + Bc/AJIBKA fymn [B Bc/AJ/(2 + Bc/Ad) - Bc/flc]
[1- (4 Be/Ad)/(2 + Be/Ad)]?} (b1)
G¢ = F§ Bc/Ac ($2)
where
Ac is the empirical constant in historical collapse formula;
Bc is the empirical constant in historical collapse formula;
Ce is the empirical constant in historical collapse formula;
Fe is the empirical constant in historical collapse formula;
fymn  isthe specified minimum yield strength;
G is the empirical constant in historical collapse formula.
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8.6 Application of collapse pressure formulae to line pipe

The collapse pressure formulae presented in this clause are empirical relations derived from tests on
pipe representative of the casing and tubing inventories listed in ISO 11960 or API 5CT. Application of
these relations outside the range of yield strengths and D/t ratios contained in ISO 11960 or API 5CT
is not recommended. These formulae do not apply to cold expanded pipe because Bauschinger effects
significantly reduce collapse resistance.

Some line pipe grades listed in API 5L have a rough casing equivalent in ISO 11960 or API 5CT. However,
the API 5L inventory of line pipe contains D/t ratios that often exceed casing D/t ratios significantly.

Fo
in
of
do

8.

Fo

pr
Tu

9

9.

Joi
co
co
Fo
thg

In

" line pipe having a yield strength and D/t falling within the limits of the sizes and thickae
[SO 11960 or API 5CT, application of the formulae in this clause should yield reasonable
minimum collapse pressure. Nevertheless, as with the application of any of the'formul
fument, sound engineering judgment should prevail.

f Example calculations

- example, calculations of collapse pressure, which is influenced by combined axial stress an
bssure, see API Technical Report 5C3, Calculating Performance Prpperties of Pipe Used as
bing, Seventh Edition, June 2018, paragraph 8.7.

Joint strength

1 General

nsideration of leak resistance. For casing applications, where installation of the tubulat
nsidered permanent, the limit load can be based on either yield or fracture/pull-out of the
" tubing applications, where the tubulanstring can be repeatedly recovered from and re-ij
t wellbore, the limit load is usually based on yield of the connector.

this and other clauses, the following abbreviations may be employed:
BC, buttress thread and ceupling;
BC SC, buttress thread.with special clearance coupling;
EU, external upsétend;
EU SC, exterfal upset end with special clearance coupling;
LC, longthread and coupling (round thread);

NUnon-upset end;

bses listed
estimates
e in this

d internal
Casing or

ht strength is a measure of the structural integrity of a threaded connection, and does npt include

" string is
fonnector.
1stalled in

STC, short thread and coupling (round thread).

9.2 API casing connection tensile joint strength

9.2.1 General

The following tensile joint strength performance properties apply to casing connections manufactured
in accordance with API 5B and ISO 11960 or API 5CT.
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9.2.2 Round thread casing joint strength

9.2.2.1 General

Round thread casing joint strength is calculated as the minimum of fracture of the pipe under the last
perfect thread, of a joint failing by thread jumpout or pullout, or of fracture in the coupling. With certain
coupling dimensions, the strength of the coupling can be less than that of the pipe body. The coupling
fracture strength is calculated at the root of the coupling thread coincident with the end of the pipe in
the power-tight position.

9.2.2.2 JAssumptions and limitations

The roun
pressure.
formulae

in USC unjts and then convert the result to SI units if needed.

9.2.2.3 |Datarequirements

The follow

The folloy
strength:

38

D: spécified pipe outside diameter, inches;
fumnp| specified minimum tensile strength of the pipe body, psi;

fymnp| specified minimum yield strength of the pipe body,pst;

Let: emgaged thread length, [= L4 — M] for nominal make=*up, in accordance with API 5B, inches;

t: spefified pipe wall thickness, inches.

A: haid-tight standoff, turns;
E1: pifch diameter at the hand-tight plane, in accordance with API 5B, inches;

fumc: actual tensile strength of-a representative tensile specimen from the coupling, psi;

H: is the thread height of @ round thread equivalent Vee thread, 0.086 60 inches for 10 TPI, 0.10

5 inches for 8 TPI;

L1: lepgth from the‘end of the pipe to the hand-tight plane, in accordance with API 5B, inches;

p: is the thréad pitch, inches;

Srn: rqottruncation of the pipe thread of round threads, 0.014 inches for 10 TPI, 0.017 inches for 8 Tj

thread casing joint strength formula ignores the possible presence of internal and)exter
The effect of casing curvature on joint strength is also ignored. The coefficients ir{some of the
were originally developed in USC units. It is suggested that users perform these-calculatians

hal

fing input data are required to complete the calculation for round thiead casing joint strengjth:

ving input data are required to complefe the calculation for round thread coupling fractyre

PI;

Tq: taper (on diameter), 0.062 5 in/in;

W: specified coupling outside diameter, in accordance with ISO 11960 or API 5CT, inches.
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Round thread casing joint strength is calculated by taking the minimum of the fracture strength of the
pipe threads, the pull-out strength and the fracture strength of the coupling:

Pj=0.95 Ajpfumnp (fracture strength)

(53)

or
Pj=0.95 AjpLet[(0.74D-0-5%mnp)/(0.5Let + 0.14D) + fymnp/(Let + 0.14D)] (pull-out strength) (54)
or
Pj=0.95 Ajc fumc (coupling fracture strength) (55)
where
Ajp=1/4 [(D - 0.142 5)2 - d2] (56)
Ajc =1/ 4 (W2 - dq2) (57)
di1=E1- (L1 +pA)Tq+H - 251 (58)
where
A is the hand-tight standoff, turns;
Ajc is the area of the coupling cross-section, square inches;
Ajp is the area of the pipe cross-section under the last perfect thread, square inches
D is the specified pipe outside diameter, inches;
D is the pipe inside diameter, d = D - 2t, inches;
dy is the diameter at the root of the coupling thread at the end of the pipe in the power-tight
position;iches;
E1 is the)pitch diameter at the hand-tight plane, in accordance with API 5B, inches;
Sfumnp s the specified minimum tensile strength of the pipe body, psi;
Sfumd is the specified minimum tensile strength of the coupling, psi;
fymnp is the specified minimum yield strength of the pipe body, psi;
H is the thread height of a round thread equivalent Vee thread, 0.086 60 inches for 10 TP],
0.108 25 inches for 8 TPI;
Let is the engaged thread length, [= L4 — M] for nominal make-up, in accordance with
API 5B, inches;
L1 is the length from the end of the pipe to the hand-tight plane, in accordance with
API 5B, inches;
P is the thread pitch, inches;

© ISO 2018 - All rights reserved
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w

is the joint strength, pounds;

is the root truncation of the pipe thread of round threads, 0.014 inches for 10 TP],
0.017 inches for 8 TPI;

is the specified pipe wall thickness, inches;

is the taper (on diameter), 0.062 5 in/in;

is the specified coupling outside diameter, in accordance with ISO 11960 or API 5CT, inches.

9.23 B

9.2.3.1

Buttress

coupling fracture strength calculated at the root of the coupling thread coincidentswith the end of {

pipe in th

9.2.3.2

The buttr

— the b;t;ctress thread does not fail by pull-out. Note that this assumption is contradicted by some t

data
— the ef
— the ef

— the cd
users

9.2.3.3

The folloy
strength:

— D: spe
— E7:pi
fumnc

fumnp

ittress thread casing joint strength

General

hread casing joint strength is calculated as the minimum of the pipe stréngth and of {
e power-tight position.

Assumptions and limitations

bss thread casing joint strength formulae are based on the fellowing assumptions:

r larger D/t ratios;
fect of internal and external pressure is ignored;
fect of casing curvature is ignored;

efficients in some of the formulae were originally developed in USC units. It is suggested t]
perform these calculations in USC unjts:and then convert the result to SI units if needed.

Data requirements

ving input data are required'to complete the calculation for buttress thread casing jo

cified pipe outside. diameter, inches;
ch diameter, in-accordance with API 5B, inches;
specified minimum tensile strength of the coupling, psi;

specified' minimum tensile strength of the pipe body, psi;

Jymnp

he
he

pst

hat

int

specified minimum yield strength of the pipe body, psi;

— hg: buttress thread height: 0.062 inches;

— Ip: length from the face of the buttress thread coupling to the base of the triangle in the hand-tight
position, 0.400 inches for Label 1: 4-1/2, 0.500 inches for sizes between Label 1: 5 and Label 1: 13-
3/8, inclusive, and 0.375 inches for sizes greater than Label 1: 13-3/8;

— Ly7: length of perfect threads, in accordance with API 5B, inches;

— t: specified pipe wall thickness, inches;

— Tq: is the taper (on diameter), 0.062 5 in/in for sizes less than or equal to Label 1: 13-3/8, and

0.083

40

3 in/in for sizes greater than Label 1: 13-3/8;
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— W: specified coupling outside diameter, in accordance with ISO 11960 or API 5CT, inches.

9.2.3.4 Design formula

Buttress thread casing joint strength is calculated by taking the minimum of the pipe thread strength
and the coupling thread strength:

Pj=0.954p fumnp[1.008 - 0.039 6(1.083 - fymnp/fumnp) D] (pipe thread strength) (59)
or

Pj = 0.954jc fumnc (coupling thread strength) (60)
where

Ajc is the area of the coupling cross section, Ajc = m/4 (W2 - d12), square inches;

Ap is the area of the pipe cross section, Ay = /4 (D2 - d2), square inches;

D is the specified pipe outside diameter, inches;

D is the pipe inside diameter, d = D -2t, inches;

dy is the diameter at the root of the coupling thread at the end of the pipe in the powjer-tight

position, inches;

fumnc is the specified minimum tensile strength-of the coupling, psi;

Sumnp is the specified minimum tensile strength of the pipe body, psi;

Sfymnp  is the specified minimum yieldstrength of the pipe body, psi;

P is the joint strength, lbs;

T is the specified pipe wall thickness, inches;

W is the specified-coupling outside diameter, in accordance with ISO 11960 or API 5(T, inches;
anfl

d1=E7 - (L7 #+Ig)Ta + hg (61)
where

ErA is the pitch diameter, in accordance with API 5B, inches;

ng IS tne buttress tnredd neignt: U.Uo6Z 1ncnes;

Is is the length from the face of the buttress thread coupling to the base of the triangle in the
hand-tight position, 0.400 inches for Label 1: 4-1/2, 0.500 inches for sizes between Label 1: 5
and Label 1: 13-3/8, inclusive, and 0.375 inches for sizes greater than Label 1: 13-3/8;

Ly is the length of perfect threads, in accordance with API 5B;

Tq  isthe taper (on diameter), 0.062 5 in/in for sizes less than or equal to Label 1: 13-3/8, and
0.083 3 in/in for sizes greater than Label 1: 13-3/8.
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9.3 API tubing connection tensile joint strength

9.3.1 General

The following tensile joint strength performance properties apply to tubing connections manufactured
in accordance with API 5B and ISO 11960 or API 5CT.

9.3.2 Non-upset tubing joint strength

9-3-2-1 lltl Udl—lbt;ull
Non-upset tubing joint strength is calculated as the product of the yield strength and the area, of the
pipe cros$ section under the last perfect thread. The areas of the critical sections of regular tubing
couplingsfand special-clearance couplings are, in all instances, greater than the governingccritical arg¢as
of the pip¢ part of the joint and do not affect the strength of the joint.
9.3.2.2 [Assumptions and limitations
The non-yipset tubing joint strength formula ignores the possible presence ‘of internal and external
pressure.[The effect of tubing curvature on joint strength is also ignored. Thecoefficients in some of the
formulae were originally developed in USC units. It is suggested that usébs perform these calculatians
in USC unjts and then convert the result to SI units if needed.
9.3.2.3 |Datarequirements
The following input data are required to complete the calcul@tion for non-upset tubing joint strength:
— D: spgcified pipe outside diameter, inches;
— Dy4: mpjor diameter, in accordance with API 5B, inches;
— fymn: ppecified minimum yield strength, psg;
— hg: rolind thread height, 0.055 60 inches for 10 TPI, 0.071 25 inches for 8 TPI;
— t: spefified pipe wall thicknessunches.
9.3.2.4 [Design formula
The joint $trength in tension of non-upset tubing is defined by the following expression:

Pj = fypn {t/4 [(D4 < 2hs)? - d2]} (62)
Pull-out dtrength of non-upset tubing is used for calculating make-up torque and defined by the
following fexpression:

Pj = 0.95 AjpLet[(0.74D470-5%umnp)/(0.5Let + 0.14D4) + fymnp/(Let + 0.14D4)] (pull-out strength) (63)

where
Ajp
D
D

Dy

42

=1/4 [(D4 - 2hs)? - d?2], square inches;
is the specified pipe outside diameter, inches;
is the pipe inside diameter, d = D - 2t, inches;

is the major diameter, in accordance with API 5B, inches;
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fumnp is the specified minimum tensile strength of the pipe body, psi;
fymnp is the specified minimum yield strength of the pipe body, psi;
fymn is the specified minimum yield strength, psi;

Hs  isthe round thread height, 0.055 60 inches for 10 TPI, 0.071 25 inches for 8 TPI;

Let  isthe engaged thread length, [= L4 - M] for nominal make-up, in accordance with API 5B,

inches;

Pj is the joint strength, pounds;

T is the specified pipe wall thickness, inches.

9.3.3 Upset tubing joint strength

9.3.3.1 General

Up

of

thd

clearance couplings, and the box of integral-joint tubing are, in-dll instances, greater than the
critical areas of the pipe part of the joint and do not affect the'strength of the joint.

9.3.3.2 Assumptions and limitations

Th

set tubing joint strength is calculated as the product of the yield strength and the area of the body
the pipe. The area of the section under the last perfect thread.of APl upset tubing is gr¢ater than
e area of the body of the pipe. The areas of the critical section$.of regular tubing couplings, special-

poverning

e upset tubing joint strength formula ignores the'possible presence of internal and external pressure.

The effect of tubing curvature on joint strengthyis also ignored. The coefficients in some of th¢ formulae

W€
un|

lits and then convert the result to SI units)if needed.

9.3.3.3 Datarequirements

Thee following input data are required to complete the calculation for upset tubing joint stren

9.3
Th

D: specified pipe outside diameter, inches;
fymn: specified minimum yield strength, psi;

t: specified pipe-wall thickness, inches.

re originally developed in USC units. It is\suggested that users perform these calculatigns in USC

rth:

.3.4 Design formula

e joint’strength in tension of upset tubing is defined by the following expression:
D £ [ /4 (D2 A2\ o dc-

Pr=fomm AP —d - pounds :

(64)

Pull-out strength of upset tubing is used for calculating make-up torque and defined by the following
expression:

Pj=0.95 AjpLet[(0.74D470-5%umnp)/(0.5Let + 0.14D4) + fymnp/(Let + 0.14D4)] (pull-out strength) (65)

where
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Ajp
D
D
Dy

fumnp

=1/4 [(D4 - 2hg)? - d2]; square inches;

is the pipe inside diameter, d = D - 2t, inches;

is the specified pipe outside diameter, inches;

is the major diameter, in accordance with API 5B, inches;

is the specified minimum tensile strength of the pipe body, psi;

isthe snecified minimum-vield strenath of the nine hadv ngi-
P o ot Y &>+ toha Prpeoo0aypot

Jymnp
fymn
Hs

Let

Py
T

9.4 Lin

Formulae
on Standdg

is the specified minimum yield strength, psi;

5B, inches;
is the joint strength, pounds;

is the specified pipe wall thickness, inches.

P pipe connection joint strength

data and formulae are reproduced in Reference [17].

10 Pres

10.1 Ger

Internal
where a ld
pressure

considere

10.2 Int¢

sure performance for couplings

jeral

d the coupling.

The internal yield pressute for the coupling is calculated from

PiYc =

Fymnc (W' dl)/W

where

is the round thread height, 0.055 60 inches for 10 TPI, 0.071 25 inches for 8 TPI;

is the engaged thread length, [= L4 — M] for nominal make-up, in accordance with API

rrnal yield pressure of round thread and buttress couplings

for the joint strength of threaded line pipe were developed and presented to the API Commitfee
rdization of Tubular Goods by W. O. Clinedinst at the1976 Standardization Conference. The

ressure capacity for threaded and coupled pipe is the same as for plain-end pipe, except
wer pressure is required to.avoid yielding the coupling or leakage due to insufficient interpal
eak resistance at the E1 6r)E7 plane as calculated below. For integral joint tubing, the boy is

(66)

fymnc
d1

PiYc

w

44

is the specified minimum yield strength of the coupling, psi;

is the diameter at the root of the coupling thread at the end of the pipe in the power-tight

position, inches;

is the internal pressure at yield for coupling, psi;

is the specified coupling outside diameter, in accordance with [SO 11960 or API 5CT, inches.
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For round thread casing and tubing,

d1 = E1 - (L1 + pA)Tq + H = 25y, inches;

:2018(E)

(67)

PI 5B,

where

A is the hand-tight standoff, turns;

E1  isthe pitch diameter at the hand-tight plane, in accordance with API 5B, inches;

H is the thread height of a round thread equivalent Vee thread, 0.086 60 inches for1( TPI,
0.108 25 inches for 8 TPI;

Ly is the length from the end of the pipe to the hand-tight plane, in accordance with A
inches;

p is the thread pitch, inches;

Srn  is the root truncation of the pipe thread of round threads, 0.014 inches for 10 TPI,
0.017 inches for 8 TPI;

Tq  isthe taper (on diameter), 0.062 5 in/in.

Fof buttress thread casing,

where
E7
hg

Iy

Ly

Tq

dq = E7 - (L7 + Ig)Tq + hp, inches;

pitch diameter, in accordance with'API 5B, inches;

buttress thread height, 0.062inches;

(68)

length from the face of theybuttress thread coupling to the base of the triangle in the hand-
tight position, 0.400 inches for Label 1: 4-1/2, 0.500 inches for sizes between Label|1: 5 and

Label 1: 13-3/8, inelusive, and 0.375 inches for sizes greater than Label 1: 13-3/8;

length of perfectthreads, in accordance with API 5B, inches;

taper (on-diameter), 0.062 5 in/in for sizes less than or equal to Label 1: 13-3/8, 0.083 3 in/

in for sizes greater than Label 1: 13-3/8.

10.3 Internal pressure leak resistance of round thread or buttress couplings

Thie internal pressure leak resistance at the E1 or E7 plane is calculated from Formula (69). Foitmula (69)
is based on the seal being at the E1 plane for round threads and the E7 plane for buttress thre

hds where

thecoupting 15 the weakestand the Iterat pressure (eak TeSISTtance te Towest: Atso, formula (69)
is based on the internal leak resistant pressure being equal to the interference pressure between the
pipe and coupling threads resulting from make-up and the internal pressure itself, with stresses in the
elastic range:

piL = ETqNp(W?2 -Es2)/2EsW?

where

© ISO 2018 - All rights reserved
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E  is Young’s modulus, psi;

Es isthe pitch diameter, at plane of seal
E1 for round thread, inches;
E7 for buttress thread casing, inches;

N  is the number of thread turns make-up
A for round thread casing and tubing (API 5B)
A + 1,5 for buttress thread casing smaller than 16
A + 1 for buttress thread casing 16 and larger;

ip the thread pitch

(.125 inches for 8-round thread casing and tubing
(.100 inches for 10-round thread tubing

(.200 inches for buttress thread casing;

piL. ip the internal pressure at leak, psi;

Tq i the taper (on diameter)

i
(.062 5 in/in for round thread casing and tubing
(.062 5 in/in for buttress casing smaller than 16
(.083 3 in/in for buttress thread casing 16 and larger;

W ip the specified coupling outside diameter, in accordance with [SO 11960 or API 5CT, inches
wher¢
A if the hand-tight standoff, turns;

E1 ip the pitch diameter at the hand-tight plane,dn‘accordance with API 5B, inches;
E7 ip the pitch diameter, in accordance with‘API 5B, inches.

The interflace pressure between the pin andbex as a result of make-up is:

p1 = EfaNp(W2 - E2)(Es? - d2)/[2E3(W2 - d2)], psi; (1)
where
E i§Young’s modulus,psi;

Es

e
175}

the pitch diadmeter, at plane of seal
E} for round‘thread, inches;
E} for buttress thread casing, inches;

4 thepipe inside diameter, d = D - 2t, inches;

—

N is the number of thread turns make-up
A for round thread casing and tubing (API 5B)
A + 1,5 for buttress thread casing smaller than 16
A + 1 for buttress thread casing 16 and larger;

p isthe thread pitch
0.125 inches for 8-round thread casing and tubing
0.100 inches for 10-round thread tubing
0.200 inches for buttress thread casing;
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Tq is the taper (on diameter)
0.062 5 in/in for round thread casing and tubing
0.062 5 in/in for buttress casing smaller than 16
0.083 3 in/in for buttress thread casing 16 and larger;

2018(E)

W is the specified coupling outside diameter, in accordance with ISO 11960 or API 5CT, inches;

where

A  is the hand-tight standoff, turns;

E1 is the pitch diameter at the hand-tight plane, in accordance with API 5B, inches;
E7 is the pitch diameter, in accordance with API 5B, inches;
D s the specified pipe outside diameter, inches;

t isthe specified pipe wall thickness, inches.

Supsequent to make-up, internal pressure, pj, causes a change in the interface pressure by an amount py:
p2 = pid2(W?2 - Eg2)JEs2(W?2 - d2), psi; (71D
where
Es is the pitch diameter, at plane of seal
E1 for round thread, inches;
E7 for buttress thread casing, inches;
d isthe pipe inside diameter, d = D - 2t;\inches;
pi isthe internal pressure, psi;
W is the specified coupling outside diameter, in accordance with ISO 11960 or API 5CT,|inches;
where
E1 is the pitch diaméter at the hand-tight plane, in accordance with API 5B, inches;
E7 isthe pitch diameter, in accordance with API 5B, inches;
D  is the specified pipe outside diameter, inches;
t isthespecified pipe wall thickness, inches.
Sirjce the~external box diameter is always greater than the contact diameter, which in turn|is always
greatersthan the internal pipe diameter, p» will always be less than pj. Therefore, when| the total
interface-pressurepr+pregualstheinternal-pressureprthe-connectHonhasreachedtheleaktesistance
limit, pjL. In other words, if p; were greater than p1 + pp, leakage would occur:
p1+ p2 = pi = piL, psi (72)

Substituting the appropriate values for p; and p; into Formula (72) and simplifying produces
Formula (69).
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11 Calculated masses

11.1 General

NOTE The dimensional symbols and corresponding numerical values used in the formulae for calculation of
masses in Clause 11 are given in API 5B and ISO 11960 or API 5CT (see also ISO 3183).

The density of martensitic chromium steel (L80 Type 13Cr) is different than carbon steel. A mass
correction factor of 0,989 may be used.

11.2 Nominal linear masses

Nominal ljnear mass is used in connection with pipe having end finish such as threads and couplinigs,
upset and| threaded ends, upset ends, etc., primarily for the purpose of identification in ofdering. It is
also used|generally in the design of casing and tubing strings as the basis for determining’joint safety
factors inftension.

Nominal Jinear mass is approximately equal to the calculated theoretical mass _per foot of a 6,10| m
th of threaded and coupled tubing and 9,14 m (30 ft) for threaded and\coupled casing, baged
ensions of the joint in use for the class of product when the patticular diameter and wall

implemenjted with no definite procedure. Rounding increments of 0,01 (0.01), 0,05 (0.05), 0,10 (0.10) gnd
0,50 (0.50]) should be used for adding isolated nominal linear masses not listed in ISO 11960 or API 5(CT,
Tables C.1J/E.1 or C.2/E.2, selecting the increment most compatible with adjacent nominal masses.

11.3 Calgulated plain-end mass

Plain-end[mass per unit length for ISO*11960 or API 5CT (see also ISO 3183) is calculated by:

Wpe = fkm kwpe (D-6)t (13)
where
D is the specified pipe outside diameter, in millimetres or inches;

km |is the’mass correction factor, 1,000 for carbon steel, 0,989 for martensitic chromium steel

kwpe Lis-the-mass
USC units;
t is the specified pipe wall thickness, in millimetres or inches;

Wpe Is the plain-end mass per unit length, in kilograms per metre or pounds per foot.
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.4 Calculated finished-end mass

International Standards use the calculated mass gain (or loss) due to end finishing, ey, to calculate the
theoretical mass of a length of pipe; values of e, given in International Standards are calculated from

Formula (74). For plain-end pipe, ey, = 0:

em = L] (W - Wpe)

where

Th

wh

11.5 Calculated threadedand coupled mass

1115.1 General

Thie calculated threaded and coupled mass per unit length is based on a length measured
fer face of the.coupling to the end of the pipe, as shown in Figure 2. The mill end of the doupling is

ou

asy

in

em 1isthe mass gain due to end finishing, in kilograms or pounds;

mass (wy) based on length Lj, in kilograms per metre or pounds per foat;
Wpe is the plain-end mass per unit length, in kilograms per metre or pouands per foot.
e finished-end mass of a joint is calculated using Formula (75):

WL = wpeLef + km €m

ere
em isthe mass gain due to end finishing, in kilograms or pounds;
km is the mass correction factor: 1,000 for carbon steel, 0,989 for martensitic chromium
Ler s the length of pipe including end finish, in metres or feet;
W1, is the calculated mass of a piece_of pipe of length L, in kilograms or pounds;

Wpe is the plain-end mass per unit length, in kilograms per metre or pounds per foot.

umed to beirnistalled to the power-tight axial position. For calculating casing linear masses
SO 11960.0r API 5CT, Tables C.1/E.1 use only the buttress connection.

where

kis1  is the length conversion factor, equal to 0,001 for SI units and 1/12 for USC units;

(74)

Lj isthelength of a standard piece of pipe, 6,10 m (20 ft) for tubing and 9,14 m (30:1t) for casing;

w  is the calculated threaded and coupled mass (w¢c), upset and threaded mass (wjj), or|upset

(75)

steel;

from the

not listed

wie=1{[Lj - kist (N1 + 2])/2] wpe + mass of coupling - mass removed in threading two pipe ends}/L;j(76)

] is the distance from end of pipe to centre of coupling in power-tight position, in accordance

with API 5B, in millimetres or inches;

L is the length of a standard piece of pipe, 6,10 m (20 ft) for tubing and 9,14 m (30 ft) for casing;

© ISO 2018 - All rights reserved
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Ny, is the coupling length, in accordance with ISO 11960 or API 5CT, in millimetres or inches;
Wte  is the threaded and coupled mass per unit length;

Wpe s the plain-end mass per unit length, in kilograms per metre or pounds per foot.

J N./2

R LRRII IR IR R 777

A A AT TR

Lj'klsl(NL/Z"'/)

IS IS IV 777770,

Key
Lj length|of standard piece of pipe, in metres or feet

Ni, couplipg length, in accordance with ISO 11960 or API 5CT, in millimetres or inches

J  distange from end of pipe to centre of coupling in power-tight position, jiixdccordance with API 5B
kis1 length|conversion factor, equal to 0,001 for SI units and 1/12 for USCanits

Figure 2 — Threaded and coupled pipe

11.5.2 Djrect calculation of e, threaded and coupled pipe

em = Kist (NL/2 +]) wpe + mass of coupling “tnass removed in threading two pipe ends (17)

where

em |is the mass gain due to endyfinishing, in kilograms or pounds;
kis1 |is the length conversion factor, equal to 0,001 for SI units and 1/12 for USC units;

Ji is the distance ffem end of pipe to centre of coupling in power-tight position, in accordancge
with API 5B,.in millimetres or inches;

N, |is the coupling length, in accordance with ISO 11960 or API 5CT, in millimetres or inches;

Wpe |is the’plain-end mass per unit length, in kilograms per metre or pounds per foot;

and

mass of coupling is determined according to the appropriate part of 11.8 below;

mass removed in threading is determined according to the appropriate part of 11.9 below.
11.6 Calculated upset and threaded mass for integral joint tubing

11.6.1 General

The calculated upset and threaded mass is based on a standard length as shown in Figure 3.
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%

Key

L;j fengthrof stamdard prece of pipe; fmrmetres or feet

Figure 3 — Upset pipe

Wij = Wpe + (mass of upsets — mass removed in threading two ends)/L;

where

Lj length of a standard piece of pipe, meters or feet;

wij upset and threaded mass per unit length, kilograms/per meter or pounds per foot;

Wpe plain-end mass per unit length, kilograms per méter or pounds per foot.

1116.2 Direct calculation of e, upset and threaded pipe

em = mass of upsets — mass removed threading two pipe ends

where

mass of upsets is determined according to the appropriate part of 11.10 below;

mass removed in threadirg is determined according to the appropriate part of 11.9 below

11.7 Calculated upset mass

1117.1 General
Cajculated\ipset mass of upset drill pipe for weld-on tool joints is necessary for determinat
the massgain due to end finishing by upsetting.

=

Thie €alculated upset mass, wy, is based on a 6,10 m (20 ft) length measured end to end, inc

upsets as shown in Figure 4.

© ISO 2018 - All rights reserved

(78)

(79)

ion of ey,

uding the

51


https://standardsiso.com/api/?name=b20f1517b4f0d202e06f99df8562221f

ISO/TR 10400:2018(E)

Key
Lj length of standard piece of pipe, in metres or feet

Figure 4 — Upset pipe — Both ends

Wy = Wpe + (mass of upsets)/L; (80)

Lj iqthelength of a standard piece of pipe, in metres or feet;
Wpe if the plain-end mass per unit length, kilograms per metre or pounds-per foot;

W, idthe upset mass per unit length, kilograms per metre or pounds per foot.
11.7.2 Djrect calculation of ey, upset pipe

em = mass of upsets (81)

where malss of upsets is determined according to the @ppropriate part of 11.10 below.
11.8 Calgulated coupling mass

11.8.1 General

Coupling masses are calculated as shown in 11.8.2 for line pipe and round thread casing and tubipg,
and in 11.B.3 for buttress thread casing.

11.8.2 Calculated coupling-mass for line pipe and round thread casing and tubing

11.8.2.1 |General

Coupling fnasses forline pipe are calculated on the basis of the dimensions shown in the 1942 edition] of
API 5L, which areridentical with those shown in the 1971 edition (see also ISO 3183).

Coupling mdsses for round thread casing are calculated on the basis of the dimensions shown in the
1942 standards except for Label 1: 18-5/8 short and Label 1: 20 long round thread casing, which are
based on hand-tight dimensions identical with the 1971 standard values.

Coupling masses shown for Label 1: 18 5/8 long round threads and for Label 1: 16 round threads
are based on the old sharp thread form and dimensions. The hand-tight standoff values in the 1971
standards were made one thread turn larger than those in the 1942 standards. Recalculation on the
basis of the 1971 hand-tight dimensions would result in slightly different coupling masses.

Non-upset tubing coupling masses are based on 1942 coupling dimensions, except for the Label 1: 1.050,
Label 1: 1.315, and Label 1: 1.660 sizes, which were based on coupling dimensions added in 1962. The
1971 dimensions are identical with those from which the present coupling masses were calculated.
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External upset tubing coupling masses are based on 1942 coupling dimensions except for the
Label 1: 1.050 and Label 1: 1.315 sizes, which were based on coupling dimensions added in 1954. For
regular diameter couplings, the dimensions used in calculating masses are identical to those in the
1971 standards. The special clearance coupling masses are based on the diameters introduced in the
1958 standards, which are identical to those in the 1971 standards. In calculating the masses of the
special clearance couplings, an allowance is made for the mass removed by the special bevel. However,
the masses were calculated several years before special clearance couplings were introduced into the
standards in 1958 on the basis of a 12° degree bevel rather than the 20° bevel introduced in the 1962
standard. The masses were not recalculated for the change in bevel dimensions adopted for the special
bevel in 1962. The special bevel is also available on regular diameter couplings, but separate listings of
mgdsses for these couplings are shown 1n the standards.

Mdsses for line pipe couplings and round thread casing and tubing couplings are ¢alculated from
Formulae (83) to (91), with reference to Figures 5 and 6.

1118.2.2 Couplings without special bevel mass allowance

N2
M
A
A
A

§ I II

N\ — LQU
NN g 1] s e B

Key
NL| coupling length, in accordance with ISO{11960 or API 5CT, in millimetres or inches

M | length from the face of the couplingto.the hand-tight plane for line pipe and for round thread casing pnd tubing,
in accordance with API 5B

W specified coupling outside diameter, in accordance with ISO 11960 or API 5CT
Q | diameter of coupling recess;in accordance with API 5B
E1| pitch diameter at the hand-tight plane, in accordance with API 5B

E.| pitch diameter, at e€ntre of coupling

I, I, 11l represent Volumes I, 11, I1] respectively [see Formulae (84), (85) and (87)]

Figure 5 — Pipe coupling

Me = 0.567 2 ky (Vol. 111 (82)
Ec=E1- (NL/2-M)Tq (83)
Vol.1=0.785 4MQ>2 (84)
Vol. 11 = 0.261 8 (NL/2 - M)(E12 + E1E¢ + E2) (85)
Vol. (I + I1 + I1I) = 0.785 4Ny, W2/2 (86)
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Vol. 11T = Vol. (I + I + II) - Vol. I - Vol. I, (87)

where
km is the mass correction factor: 1,000 for carbon steel, 0,989 for martensitic chromium steel;
mc is the coupling mass;

Tq is the taper, 0,062 5.

Calculatigns for coupling masses are expressed in pounds. The final calculated mass is rounded tg,tjvo
decimals fvith no intermediate rounding in the calculations.

11.8.2.3 [Coupling mass removed by special bevel

/

v\

N
=

&
N

Key
W speciffed coupling outside diameter, in accordance with ISO 11960 orAPI 5CT

Brf maximpum bearing face diameter, in accordance with dimension bin 1SO 11960 or API 5CT
6 angle ¢f bevel

IV represents Volume IV [see Formula (89)]

Figure 6 — Coupling with special bevel

Formula (f88), which is used to calculate the.mass allowance for the special bevel on special clearance
couplings| for external upset tubing, is approximate. The exact formula for Vol. IV is shown|as

Formula (B9).
Vol. I = 0.785 4 (W - Bf) (W2C B72)/2 tan 0 (88)

Vol. 1 = (W - Bf) [0.7851472 - 0.261 8 (Bf2 + By W + W2)] /tan 6 (89)

The coupling mass rémoved by special bevel, m¢yp, is calculated as:

Mersp F 0.5672 km (Vol. V) (90)

00 F, 1 £ 1 _0Q0Q € + 143 L 3 £ 1
OO0 TOT Cart DOTT STCCT; U, 70 10T 1irat cerrsrorctrr oot STCCT.

e £ £, i 1
Where km IS TTICTIrasS COTT CCTIoTT 1attoOT.

11.8.2.4 Coupling mass with special bevel

The mass of a coupling with special bevel is calculated by subtracting the coupling mass removed by the
special bevel, Formula (90) above, from the mass of the coupling without a special bevel, Formula (82).
Calculations for coupling masses are in pounds. The final calculated mass is rounded to two decimals
with no intermediate rounding in the calculations.

Mcsh = M¢ — Mcrsb (91)

where

54 © IS0 2018 - All rights reserved


https://standardsiso.com/api/?name=b20f1517b4f0d202e06f99df8562221f

ISO/TR 10400:2018(E)

mc is the coupling mass;
Mersp 1S the coupling mass removed by special bevel;

mesh  is the coupling mass with special bevel.

11.8.3 Calculated coupling mass for buttress thread casing

Coupling masses for buttress thread casing are calculated by Formulae (92) to (97), with reference to

Figure 7.
Ny/2
A
A
A
3 . |
8l s
IS
Key

NL| coupling length, in accordance with ISO 11960 or API 5CT, in millimetres or inches
W | specified coupling outside diameter, inndccordance with ISO 11960 or API 5CT
E.| pitch diameter, at centre of coupling

E¢d pitch diameter, at end of coupling
I, [l represent Volumes I and II reSpectively [see Formulae (94) and (96)]

Figune 7 — Mass calculations for buttress thread couplings
Ec=E7- (L7 T4
Eec = Ex#/(g + X) Tq

where

E7 s the pitch diameter, in accordance with API 5B;

g isthelength of imperfect threads, in accordance with API 5B;

(92)

(93)

is the distance from end of pipe to centre of coupling in power-tight position, in accordance

with API 5B;
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L7 is the length of perfect threads, in accordance with API 5B;

X =0,300 for sizes less than Label 1: 16
= 0,200 for sizes Label 1: 16 and larger;

Tq isthe taper: 0,062 5 for sizes less than Label 1: 16; 0,083 3 for sizes Label 1: 16 and larger.

Vol.1=0,261 8 (NL/2)(Eec? + EecEc + Ec2) (94)
Vol. (I +11) = 0,785 4 (N1 /2)W?2 (95)
Vol. IIf= Vol. (I + 1) - Vol. 1 (96)

The coupljng mass of buttress thread casing, mp, is calculated as

meg =10,567 2 km (Vol. 1) 97)

where kylis the mass correction factor: 1,000 for carbon steel, 0,989 for maxgtensitic chromium steel

Calculatidns for coupling masses are in pounds. The final calculated mass‘is rounded to two decimpls
with no intermediate rounding in the calculations.

11.9 Calfulated mass removed during threading

11.9.1 General

The mass|removed in threading pipe or pin ends is calculated in accordance with 11.9.2.

11.9.2 Calculated mass removed during threading pipe or pin ends

The masg removed by threading pipe or-piit ends is calculated from Formulae (98) to (103) wijith
referencefto Figures 8 and 9.
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Ly
g L,
/
: 2%
I 11 '
N
N ky
AN

Key
L4 | pin thread length, in accordance with API 5B, in millimetres or inches

D4| upset outside diameter of upset pipe and pipe outside diameter of non-upset pipe and buttress thijead casing,
in accordance with API 5B

g | length of imperfect threads, in accordance with API 5B

L7| length of perfect threads, in accordance with API 5B

E7| pitch diameter, in accordance with API 5B

Eo| pitch diameter, at end of pipe

I, I, 11l represent Volumes [, 11, I1] respectively [see Formulae (99), £100), (102)]

Figure 8 — Round threads‘and line pipe threads

Ly

oD,
0F,
0E,

Key
L4 | pinthread length, in accordance with API 5B, in millimetres or inches

D 4 faidd nH . £ i H < H taidd nH 4 £ 4 3 d 1ot A.L,\d 3
4 apPSTTOUtSTUCUTaTIICtCT  OT a p St T pTrp Tt ana prptOatSTUC UTa e tCT OT TTOT a p ST T pTp T aira DUt ©SSUIT a CaSlng,

in accordance with API 5B
g length of imperfect threads, in accordance with API 5B
L7 length of perfect threads, in accordance with API 5B
E7 pitch diameter, in accordance with API 5B
Eo pitch diameter, at end of pipe
I, IL, 11l represent Volumes I, 11, I1I respectively [see Formulae (99), (100), (102)]

Figure 9 — Buttress threads
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Eo=E7-L7Tq (98)

where

Tqa =0,062 5 for all round threads and for buttress threads in size less than Label 1: 16
= 0,083 3 for buttress threads in sizes Label 1: 16 and larger.

For Figures 8 and 9:

Vol.1=0,261 8g (D42 + DyE7 + E72) (99)
Vol. 11§ 0,261 8 (L4 — g) (E72 + E7E( + E2) (100)
Vol. (I|+ 11 + IIT) = 0,785 4L4D42 (101)
Vol. I1] = Vol. (I + IT + III) - Vol. I - Vol. II (102)

The mass|removed by threading, my, is calculated as

mye = 0,283 6 kyy, (Vol. I11) (103)

where kplis the mass correction factor: 1,000 for carbon steel, 0,989 for martensitic chromium steel

11.9.3 Calculated mass removed during threading integral joint tubing box ends

The mass|removed by threading and recessing the bexends of integral joint tubing is calculated from
Formulae|(104) to (110), with reference to Figure 10.

L

I | ¥

aQ
DE;
o,

|
|
|
|
|
|
|
|
|
|
|
|
i
|
|
|
|
|
|
|
(0 -1)

Key

M length from the face of the coupling to the hand-tight plane for line pipe and for round thread casing and tubing,
in accordance with API 5B

L: minimum length of full crest threads from end of pipe, in accordance with API 5B
Q diameter of coupling recess, in accordance with API 5B

E1 pitch diameter at the hand-tight plane, in accordance with API 5B

E. pitch diameter, at centre of coupling

D  specified pipe outside diameter, in accordance with ISO 11960 or API 5CT

t  specified pipe wall thickness, in accordance with ISO 11960 or API 5CT

[, IL, 111, IV represent Volumes I, II, II1 [V respectively [see Formulae (106) to (109)]

Figure 10 — Integral joint tubing
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Le=Li+]+A (104)
Ec=E1-Lc Ty (105)

where J is the end of pipe to thread run-out in box power-tight.

Vol. (I + III) = 0,785 4M(Q2 (106)
Vol. (I1 +1V) = 0.261 8L (E12 + E1Ec + E12) (107)
Vol. (I + 1V) = 0,785 4 (M + L) (D - £)2 (108)
Vol. (I +11) = Vol. (I + I1I) + Vol. (II + IV) = Vol. (III + IV) (109)

Thee integral joint mass removed by threading and recessing, mjrt, is calculated as:

Mirt = 0,283 6 ki [Vol. (I +11)] (110)

where ky, is the mass correction factor: 1,000 for carbon steel, 0,989 for martensitic chromium steel.
11.10 Calculated mass of upsets

11110.1General

Thie mass added when upsetting pipe or pin ends:is calculated in accordance with 11.10.2 to 11.10.4.

11110.2 Calculated mass of external upséts

Thie mass added by an external upset is calculated by Formulae (111) to (115), with reference to
Figure 11.

99

Key

D4 major diameter; in accordance with API 5B

D  specified pipe outside diameter

Ley length from end of pipe to start of taper, in accordance with ISO 11960 or API 5CT
mey length of box upset taper, in accordance with ISO 11960 or API 5CT

I, IL, 111, IV represent Volumes I, 11, III [V respectively [see Formulae (111) to (114)]

Figure 11 — External upset
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Vol. (I +1I) = 0,785 4LeyD42 (111)
Vol. (IIT + 1V) = 0,261 8megy (D42 + D4D + D2) (112)
Vol. (Il + IV) = 0,785 4 (Ley + Mmey)D? (113)
Vol. (I + III) = Vol. (I + I1) + Vol. (Il + IV) - Vol. (Il + IV) (114)

The exterhal upset mass, meyy, is calculated as:

Mexu 3 0,283 6 ki [Vol. (I + I11)] (115)

where kn lis the mass correction factor: 1,000 for carbon steel, 0,989 for martensitic chromium steel

NOTE Calculations for the mass of an external upset are expressed in pounds and carried to four decimalls.

11.10.3Calculated mass of internal upsets

The masg added by an internal upset is calculated by Formulae (116)%o (120), with reference|to
Figure 12

- iy | iy -
A
A
A
‘ I I
h@ = N
XN
Sls
Key
d pipeipside diameter
doy inside|diameter at.endof upset pipe
Liy length|of pin upS§et,'in accordance with ISO 11960 or API 5CT
diy inside|diameter of pin upset, in accordance with ISO 11960 or API 5CT
mjy lengthlof-pin upset taper, in accordance with ISO 11960 or API 5CT
[ II, 11 represemnt Voturmres 1151t 1c>chLivc1_y [DCC Formutaettt6itott 19\1]
Figure 12 — Internal upset
VO]. I = 0,261 8L1u(dou2 + doudiu + dluz) (116)
Vol. II = 0,261 8mjy(d? + ddjy + diy?) (117)
Vol. (I + 11 + II1) = 0,785 4d?2(Ljy + mjy) (118)
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Vol. IIT = Vol. (I + 11 + IIT) - Vol. 1 - Vol. I

e internal upset mass, mjpy, is calculated as:

Minu = 0,283 6 kpy (Vol. 111)

:2018(E)

(119)

(120)

where ky, is the mass correction factor: 1,000 for carbon steel, 0,989 for martensitic chromium steel.

NOTE Calculations for the mass of an internal upset are expressed in pounds and carried to four decimals.
11110.4Calculated mass of external-internal upsets
The mass added by an external-internal upset is calculated as the sum of the mass of arvexternal upset
calculated from Formula (115), and the mass of an internal upset calculated from Formula (120).
Thie external-internal upset mass, mejy, is calculated as:
Mejy = Minu + Mexu (121)
where
Mexyu 1S the external upset mass;
Miny is the internal upset mass.
NOTE Calculations for the mass of an external-intergal upset are expressed in pounds and carified to four
deg¢imals.
12 Elongation
Thie minimum elongation over 50,8 mm\(2 in) is calculated from:
gel = kel A2 /fumn0? (122)
where
As is the cross=sectional area of the tensile test specimen, in square millimetres (squajre
inches), based on specified outside diameter or nominal specimen width and specified wall
thickness, rounded to the nearest 10 mm2 (0.01 in2), or 490 mm?2 (0.75 in2), whichégver is
smaller;
& <«is'the minimum gauge length extension in 50,8 mm (2.0 in), expressed in percent rpunded to
the nearest 0,5 % below 10 % and to the nearest unit percent for 10 % and larger;
cthao cinn adaaaea toncila crrangth 10 MDA (o).

ict 1fiod 1 3
JUIMT 1ot e S p e eTrC O ot cCrSTIiC-Str I g e vt o (PSTy,

kel is the elongation constant, equal to 1 942,57 for SI units and 625 000 for USC units.

The formula for elongation was adopted at the June 1967 API Standardization Conference as reported in

AP

I Circular PS-1340.
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13 Flattening tests

13.1 Flattening tests for casing and tubing

The distance between plates for flattening tests for welded casing and tubing is calculated from the
formulae shown in Table 9.

Table 9 — Casing and tubing flattening tests — Distance between plates

(3)
1) (2) Maximum distance
Grade D/t ratio between plates
in
H40 16 and over 0,5D
less than 16 D(0,830 - 0,020 6 D/t)
]55 and K55 16 and over 0,65D
393to016 D(0,980 - 0,020 6 Dft)
less than 3,93 D(1,104 - 0,051.8.D/t)
N80a 9to 28 D(1,074 - 0,01%4 D/t)
L80 9to 28 D(1,074 ~ 05019 4 D/t)
R95a 9to 28 D(1,080% 0,017 8 D/t)
Q125b All D(1,092 - 0,014 0 D/t)
a  [f the flattening test of R95 or N80 fails at 12 ‘er.6 o’clock, the flattening
should continue until the remaining portion of the’specimen fails at the 3 or 9
o’clock position. Premature failure at the 12 o6, 0’clock position should not be
considered basis for rejection.
b SeeISO 11960 or API 5CT. Flatteningshéuld be a minimum of 0,85D.

In Table 9
— D isthe specified pipe outside diameter;in millimetres or inches, and
— t isthe specified pipe wall thickness, in millimetres or inches.

The flatteping test formula for Grade-H40 was adopted at the May 1939 API Standardization Conferenice.
The formylae for Grades ]J55, K55, N80 and R95 were adopted at the June 1972 API Standardizatfon
Conferende as reported in ARJ€ircular PS-1440. The formula for Grade L80 was adopted at the Jyne
1974 API ptandardization@enference as reported in API Circular PS-1487. The formula for Grade Q125
was adopfed at the June®1984 API Standardization Conference as reported in API Circular PS-1736.

13.2 Flatteningtests for line pipe

The maximur distance between plates for flattening tests for line pipe is calculated from the formulae
shown in Fable 10.

Table 10 — Line pipe flattening tests — Distance between plates

(3)
1) Maximum distance
Grade between plates
in
Less than X-52 3,07t/(0,07+3t/D)
X-52 and higher 3,05t/(0,05+3t/D)

In Table 10,

— D s the specified pipe outside diameter, in millimetres or inches, and
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— t isthe specified pipe wall thickness, in millimetres or inches.

Flattening tests for line pipe are addressed in API 5L. The flattening test formulae for line pipe were
developed by the API Task Group on Welding and Weld Testing and adopted at the June 1970 API
Standardization Conference as reported in API Circular PS-1398.

14 Hydrostatic test pressures

14.1 Hydrostatic test pressures for plain-end pipe and integral joint tubing

Thie hydrostatic test pressures for plain-end pipe and integral-joint tubing are calculated ac¢ording to
the following formula, except for grade A25 line pipe, grades A and B line pipe in sizes(less than Label
1: P-3/8, and threaded and coupled line pipe in sizes Label 1: 6-5/8 and less, which.wére d¢termined
arlitrarily.
Thie hydrostatic test pressure, pnt, expressed in kilopascals or pounds per square’inch, is calcplated as:

Pht = 20¢t/D (123)
where

D s the specified pipe outside diameter, in millimetres/oriinches;
t isthe specified pipe wall thickness, in millimetrées.or inches;

of 1isthe fibre stress corresponding to the percént of specified yield strength as given in Table 11,
in kPa or psi.

Table 11 — Facters for test pressure formulae

1) (2) Flbre_sFress as a percen tof Maximum test pressur¢a
specified minimum yield .
Grade Label 1 kPa (psi)
strength
(3) “)
Standard test | Alternative Star(lsd)ar d Altel('g)ative
pressures | testpressures
AandB  |2:3)8-3-1/2 60 75 (127520400) (127526‘00)
Aand B Over 3-1/2 60 75 (129830000) (129830000)
4-1/2 and 20 680 20 680

XQptles under 60 75 (3 000) (3 000)

X Grades 5-9/16 75 b (23006080(; b

X Grades 6_2{2/?;(1 75 b (23006080% b

X Grades | 10-3/4-18 85 b (23006080‘; b
a  Higher test pressures are permissible by agreement between purchaser and manufacturer.
b No alternative test pressure.
c Plain-end pipe is tested to 20 680 kPa (3 000 psi) maximum unless a higher pressure is agreed upon by
the purchaser and manufacturer.
d  No maximum test pressure, except that plain-end pipe is tested to 20 680 kPa (3 000 psi) unless a higher
pressure is agreed upon by the purchaser and manufacturer.
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Table 11 (continued)

1) (2) Fs:g:::isfggsg?zi;%i;c;iztlgf Maximum test pressure2
Grade Label 1 kPa (psi)
strength
(3) ()
Standard test | Alternative Star(lsd)ar d Alterggltive
pressures test pressures
X Grades 20 and larger 90 b (23006080(; b
H40, ]55 and 9-5/8 and 80 80 20 680 68950
K55 under (3000 (10 000)
HA40, ]55 and 10-3/4 60 80 20 680 68950
K55 and larger (3000) (10 000)
L80and N8O |  All sizes 80 b o %%%C) b
€90 All sizes 80 b (61% %%%C) b
R95 All sizes 80 b (61% %%%3 b
T95 All sizes 80 b (61% %SO%C) b
P110 All sizes 80 80 (61% %%%C) d
Q125 All sizes 80 80 (61% %%%C) d
a  Higher test pressures are permissible by agreement between purchaser and manufacturer.
b No alternative test pressure.
c Plain-end pipe is tested to 20 680 kPa (3 000spsi) maximum unless a higher pressure is agreed upon by
the purchaser and manufacturer.
d  No maximum test pressure, except thatplain-end pipe is tested to 20 680 kPa (3 000 psi) unless a higher
presjsure is agreed upon by the purchaser, and manufacturer.
Alternative test pressures should be-used when specified on the purchase agreement and when agrded
by the pujchaser and manufacturer;per ISO 11960 or API 5CT.

14.2 HyIrostatic test preSsure for threaded and coupled pipe

The hydrgstatic test pressure for threaded and coupled pipe is the same as for plain-end pipe, except
where a lpwer pressure is required to avoid leakage due to insufficient internal yield pressure of the
coupling dr insuffigient internal pressure leak resistance at the E1 or E7 plane as calculated in Clause [10.

The test gressure should be based on the lowest of the test pressure determined for plain-end pip¢g in
14.1, or 80 ‘% of the internal coupling yield pressure result from Formula (66) in 10.2, or the interhal
pressure leak resistance result from Formula (69) in 10.3. The basis for this formula was adopted at the
1968 API Standardization Conference as shown in API Circular PS-1360.

15 Make-up torque for round thread casing and tubing

The values of optimum make-up torque listed in ISO 10405 or API RP 5C1 (in foot-pounds) were taken
as 1 % of the calculated joint pull-out strength for round thread casing, non-upset tubing, and upset
tubing as determined from Formulae (54), (63) and (65) respectively.

In the study of make-up torque, the API Task Group on API RP 5C1 observed that the API round thread
joint pull-out strength formula contains several of the variables believed to affect make-up torque.
The task group investigated the possibility of using a modification of the joint strength formula for
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establishing torque values. They found that the torque values obtained by dividing the calculated pull-
out value by 100 to be generally comparable to those values obtained by field make-up tests where the
API modified thread compound was used.

This method for calculating make-up torque was adopted at the June 1970 API Standardization
Conference as reported in API Circular PS-1398. Subsequently, optimum and maximum torques were
dropped for large diameter (sizes Label 1: 16 to Label 1: 20) casing. Minimum torque was changed to
1 % of pull-out strength. This was adopted at the June 1980 API Standardization Conference as reported
in API Circular PS-1637.

Ac

ion-was taken hy the API Committee on Standardization of Tubular Goods at the Fehr

lary 1991

mg
md

16

16

Di
Fol

Th

eting to eliminate minimum and maximum torque values (formerly 75 % and 125 % of the
ke-up torque, respectively) and emphasize position on make-up.

Guided bend tests for submerged arc-welded line pipe

.1 General

mensions for the jig for guided bend tests for submerged arc-welded’/line pipe are calcul
‘mula (124) with reference to Figure 13.

e critical dimension on guided bend test jig, Aghtj, denoted ds dimension A in ISO 3183 or

calculated as:

wh

wh
Ry

Agbt] = [1,15 (D - Zt)]/[gengD/t_ deng - 1] - t

ere
D is the specified pipe outside diameter, in millimetres or inches;
t is the specified pipe wall thicknéss, in millimetres or inches;

€eng is the engineering strain;

ere the value of eeng dependsion grade and additional dimensions (in units of inches) are (
= Agbtj/2, B = Agbtj + 2t +-0.125 in, Rg = B/2; see Table 12.

optimum

ated from

API 5L, is

(124)

lefined by
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Key
B= Agptj +

Dimensions in inches (millimetres)

2t

2(508)

174 (6,4)

3/8 (9,5)

1/
(12

2
7)

3t

>7/8

t

a
b

specif

Nmnmm

1/8(3,2)
N

181

3/4 (19)

7t + [1/16max.,

(7+ + [1.6max., 222,2)

<

2t

7

2t

5t + 2
(5¢ + 50,8)

20¢

241

A

2t+0

c Shoul

66

As reqjuired.
Tapp;Fmounting hole.

Y

5 defined in Formula (124)
.0125in

ed pipe wall thickness (t =1 in)

ers hardened and greased hardenedTollers may be substituted.

Figure 13 — Guided bend test jig

Table 12 — Values of strain for guided bend test

Grade Strain
Eeng

A 0,167 5
B 0,137 5
X42 01375
X46 0,1325
X52 0,127 5
X56 0,1200
X60 0,1125
X65 0,1100
X70 0,102 5
X80 0,0900
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Values for geng are based on Formula (125) shown in Item 4a of API Circular PS-1340 reporting the
actions of the 1967 Standardization Conference except for Grade X70, which were adopted at the June
1972 Standardization Conference and shown in API Circular PS-1440. The values calculated by means
of Formula (125) are rounded to the nearest multiple of 0,002 5 with the exception of the values for
Grades X52 and X56, which are rounded to the next higher multiple of 0,002 5.

Thie engineering strain, €eng, 1S calculated as:

geng = 3 000 (0.64’)02/fumnp09

where fumnp is the specified minimum tensile strength of the pipe body, exptessed in p

sqpare inch.

16(2.2 Values of Agpy;

Thee values of dimension Agptj in Annex E of ISO 3183:2007 or Appendix G of API 5L:2004 are

frdm Formula (124) and rounded as shown in Table 13.

Table 13 — Standard values for dimension'4gptj in guided bend test

Unit Dimension A

25,4 | 30,5 | 35,6 | 40,6 | 48,3 |.G59 | 66,0 | 78,7 | 94,0 | 111,8|132,1
mm 157,5|188,0 | 223,5|266,7 | 320,0+383,5|459,7 | 551,2 | 660,4 | 792,5
) 1.0 1.2 1.4 1.6 1.9 2.2 2.6 3.1 3.7 4.4 5.2
n 6.2 7.4 8.8 | 10,5, (12.6 | 15.1 | 18.1 | 21.7 | 26.0 | 31.2

Derivation of the guided bend test formtiila is covered in Reference [21].

17.1 Critical thickness

Thie Charpy V-Notch {CVN) absorbed energy requirements for API couplings are based on th
thickness at the ¢ritical thickness. The critical thickness for API couplings is defined as the

17 Determination of minimum impact specimen size for API couplings anc

(125)

unds per

ralculated

| pipe

b coupling
thickness

at the root of the-thread at the middle of the coupling, based on the specified coupling diajneter and
the specified\thread dimensions. The critical thickness for all API couplings is provided in Tqble 14 for

vafious pipe;’the critical thickness is the specified wall thickness.

Table 14 — Critical thickness of various API couplings

Pipe OD NU EU EU SC BC SC BC LC STC
mm mm mm mm mm mm mm mm
(in) (in) (in) (in) (in) (in) (in) (in)

26,67 4,29 5,36

(1.050) (0.169) (0.211)

33,40 5,36 6,55

(1.315) (0.211) (0.258)

42,16 6,07 6,10

(1.660) (0.239) (0.240)
NOTE The coupling blank thickness is greater than indicated above, due to the thread height and
manufacturing allowance to avoid black crested threads.
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Table 14 (continued)

Pipe OD NU EU EU SC BC SC BC LC STC
mm mm mm mm mm mm mm mm
(in) (in) (in) (in) (in) (in) (in) (in)

48,26 4,98 6,38
(1.900) (0.196) (0.251)

60,32 7,72 7,62 5,69
(2.375) (0.304) (0.300) (0.224)
73,02 9,65 9,09 6,45
(2.875) (0.380) (0.358) (0.254)
88,90 11,46 11,53 7,47
(3.500) (0.451) (0.454) (0.294)

101,60 11,53 11,63

(4.000) (0.454) (0.458)

114,30 11,05 12,52 6,58 11,35 12,04 11,74

(4.500) (0.435) (0.493) (0.259) (0.447) (0.474) (0.462)

127,00 6,76 12,17 12,98 12,47

(5.000) (0.266) (0.479) (0.541) (0.491)

139,70 6,81 12,28 13,06 12,57

(5.500) (0.268) (0.481) (0.514) (0.495)
168,28 6,96 1191 12,90 12,32

(6.625) (0.274) (0:469) (0.508) (0.485)
177,80 7,11 13,46 14,43 13,72

(7.000) (0.280) (0.530) (0.568) (0.540)
193,68 8,71 13,61 12,01 13,87

(7.625) (0s343) (0.536) (0.473) (0.546)
219,08 8,94 15,29 16,43 15,54

(8.625) (0.352) (0.602) (0.647) (0.612)
244,48 8,94 15,29 16,69 15,60

(9.625) (0.352) (0.602) (0.657) (0.614)
273,05 8,94 15,29 15,70
(10.750) (0.352) (0.602) (0.618)
298,45 15,29 15,70
(11.750) (0.602) (0.618)
339,73 15,29 15,70

(13.375) (0.602) (0.618)

406,40 16,94 16,05

(16.000) (0.667) (0.632)

473,10 21,69 20,80
(18.625) (0.854) (0.819)
508500 16,94 17,09 16,10
20000) (0.667) (0.673) (0.634)
NOTE The coupling blank thickness is greater than indicated above, due to the thread height and

manufacturing allowance to avoid black crested threads.

17.2 Calculated coupling blank thickness

The appropriate thread height is added to the critical thickness provided in Table 14, and the result
is divided by 0,875 to determine the calculated thickness of the coupling blank. The coupling blank
thicknesses calculated in this manner are provided in Table 15.

68
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Table 15 — Calculated couplings blank thickness for API couplings

Pipe OD NU EU EU SC BC SC BC LC STC
mm mm mm mm mm mm mm mm
(in) (in) (in) (in) (in) (in) (in) (in)

26,67 6,53 7,72
(1.050) (0.257) (0.304)
33,40 7,72 9,09
(1.315) (0.304) (0.358)
42,16 8,56 8,59
(1.660) (0.337) (0.338)
48,26 7,32 8,92
(1.900) (0.288) (0.351)

60,32 10,44 10,77 8,56
(2.375) (0.411) (0.424) (0.337)
73,02 12,65 12,47 9,45
(2.875) (0.498) (0.491) (0.372)
88,90 14,68 15,24 10,59

(3.500) (0.578) (0.600) (0.417)
101,60 15,24 15,37
(4.000) (0.600) (0.605)
114,30 14,68 16,38 9,32 14,78 15,82 15,47
(4.500) (0.578) (0.645) (0.3679 (0.582) (0.623) (0.609)
127,00 9,52 15,70 16,89 16,31
(5.000) £0.375) (0.618) (0.665) (0.642)
139,70 9,58 15,77 16,99 16,43
(5.500) (0.377) (0.621) (0.669) (0.647)
168,28 9,75 15,42 16,81 16,15
(6.625) (0.384) (0.607) (0.662) (0.636)
177,80 9,93 17,20 18,54 17,73
(7.000) (0.391) (0.677) (0.730) (0.698)
193,68 11,91 17,35 18,69 1791
(7.625) (0.469) (0.683) (0.736) (0.705)
219,08 12,01 19,28 20,85 19,84
(8.625) (0.473) (0.759) (0.821) (0.781)
244,48 12,01 19,28 21,13 19,89
(9.625) (0.473) (0.759) (0.832) (0.783)
273,05 12,01 19,28 20,02

(10.7250) (0.473) (0.759) (0.788)

298,45 19,28 20,02
(11.750) (0.759) (0.788)
339,73 19,28 20,02

(13.375) (0.759) (0.788)

406,40 21,16 20,40

(16.000) (0.833) (0.803)

473,10 26,59 25,86
(18.625) (1.047) (1.018)
508,00 21,16 21,59 20,47
(20.000) (0.833) (0.850) (0.806)
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Table 16 — Transverse impact specimen size required for API couplings

) 2) 3) ) | (5) | (6)
Coupling Calculated wall thickness required to machine
outside transverse Charpy impact specimens?
Label 1 Connection diameter mm
mm (in)
(in) Full size 3/4 size 1/2 size
U 107,95 18,54 16,05 13,54
1 (4.250) (0.730) (0.632) (0.533)
§ . 114,30 18,06 15,57 13,06
(4.500) (0.711) (0.613) (0.514)
U 120,65 17,65 15,14 12)65
, (4.750) (0.695) (0.596) (0.498)
. 127,00 17,27 14,78 12,27
(5.000) (0.680) (0.582) (0.483)
U 132,08 17,02 14,50 12,01
(5.200) (0.670) (0.574) (0.473)
141,30 16,59 1410 11,58
A1/ EU (5.563) (0.653) (0°555) (0.456)
133,35 16,94 14,45 11,96
STC/LC/BC (5.250) (0.667) (0.569) (0.471)
147,32 16,33 13,84 11,35
> STC/LC/BC (5.800) (0.643) (0.545) (0.447)
160,02 15,90 13,39 10,90
>1/2 STC/LC/BC (6.300) (0626) (0.527) (0.429)
187,71 15,14 12,62 10,13
6-5/8 STC/LC/BC (7.390) (0.596) (0.497) (0.399)
200,03 14,86 12,37 9,88
7 STC/LC/BC (7.875) (0.585) (0.487) (0.389)
215,90 14,58 12,07 9,58
7-5/8 STC/LC/BC 8.500) (0.574) (0.475) (0.377)
244,48 14,15 11,66 9,14
8-5/8 STC/LC/BC (9.625) (0.557) (0.459) (0.360)
269,88 13,84 11,35 8,84
9-5/8 STC/LC/BG (10.625) (0.545) (0.447) (0.348)
298,45 13,56 11,07 8,56
10-3y4 SxyBL (11.750) (0.534) (0.436) (0.337)
323,85 13,36 10,87 8,36
11-3y4 STC/BC (12.750) (0.526) (0.428) (0.329)
365,13 13,11 10,59 8,10
13-3/8 STC/BC (14.375) (0.516) (0.417) (0.319)
16 STC/BC (17.000) (0.503) (0.405) (0.306)
508,00 12,50 10,01 7,52
18-5/8 STC/BC (20.000) (0.492) (0.394) (0.296)
533,40 12,45 9,93 7,44
20 STC/LC/BC (21.000) (0.490) (0.391) (0.293)
NOTE Orientation and specimen size is calculated on coupling material/stock wall and not coupling critical thickness.
a  Wall thicknesses provide a 0,51 mm (0.020 in) OD and 0,51 mm (0.020 in) ID machining allowance.
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17.3 Calculated wall thickness for transverse specimens

The calculated wall thickness necessary for full size, three-quarter size, and one-half size transverse
impact test specimens for API couplings, including a 0.020-inch OD and a 0.020-inch ID machining
allowance, is determined according to Formula (126) and provided in Table 16.

Minimum wall thickness (inches) = (W/2) - [(W/2)2 - 1.172 2]0-5 + 0.040 in + k; (0.393 7)

where

(126)

17
Th

ki isthe factor used to determine minimum wall thickness for transverse impact spegiy
1,00 for full-size specimens
0,75 for three-quarter size specimens
0,50 for one-half size specimens;

W is the specified coupling outside diameter, in accordance with ISO 11960 or API 5CT,

.4 Calculated wall thickness for longitudinal specimens

is

wh

17

Th
thi
tes
ha
for
Tal
de

imfact test specimens for API couplings, including a 0.020-in OD apdta 0.020-in ID machining 4

e calculated wall thickness necessary for full-size, three-quarter:size, and one-half size loi

etermined according to Formula (127) and provided in Table 17.
Minimum wall thickness (inches) = (W/2) - [(W/2)2 -.0:387 5]0-5 + 0.040 in + k; (0.393 7)

ere

ki isthe factor used to determine minimuim wall thickness for transverse impact specir
1,00 for full-size specimens
0,75 for three-quarter size specinfens
0,50 for one-half size specimens;

W is the specified coupling outside diameter, in accordance with ISO 11960 or API 5CT,

.5 Minimum specimen $ize for API couplings

e calculated wall thickness of the coupling blank (see 17.2) is compared to the calcu
ckness required for’an impact test specimen (see Table 15 and Table 16). The minimum s
t specimen that-Should be selected from Table 15 or Table 16 is the largest impact test

the connettion of interest. See Table 18 for the minimum acceptable size transverse spec
ble 19 for the minimum acceptable size longitudinal specimens. Table 18 and Table 19 a1
fermine.the impact specimen orientation and size as required in ISO 11960 or API 5CT.

nens

nches.

ngitudinal
llowance,

(127)

nens

nches.

ated wall
ze impact
specimen

ving a calculated wall thickness that is less than the calculated wall thickness of the coupling blank

mens and
e used to
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Table 17 — Longitudinal impact specimen size required for API couplings

(1 (2) (3) (4) | (5) | (6)
. Calculated wall thickness required to machine
Coupling longitudinal
. (_)ut51de Charpy impact specimensa
Label 1 Connection diameter mm
mm (in)
(in) . : -
Full size 3/4 size 1/2 size
AL 33,35 11,79 9,27 6,78
1040 i (1.313) (0.464) (0.365) (0.267)
' EU 42,16 11,61 9,12 6,63
(1.660) (0.457) (0.359) (0261)
42,16 11,61 9,12 6,63
1315 NU (1.660) (0.457) (0.359) {0.261)
NU 52,17 11,51 8,99 6,50
Ledo (2.054) (0.453) (0.354) (0.256)
' EU 55,88 11,46 8,97 6,48
(2.200) (0.451) (04353) (0.255)
NU 55,88 11,46 8,97 6,48
Lodo (2.200) (0.451) (0.353) (0.255)
' EU 63,50 11,40 8,92 6,40
(2.500) (0.449) (0.351) (0.252)
NU 73,02 11,35 8,86 6,35
2318 (2.875) (0.447) (0.349) (0.250)
EU 77,80 11,33 8,84 6,35
(3.063) (0.446) (0.348) (0.250)
NU 88,90 11,30 8,78 6,30
2718 (3.500) (0.445) (0.346) (0.248)
EU 93,17 11,28 8,78 6,27
(3.668) (0.444) (0.346) (0.247)
NU 107,95 11,25 8,74 6,25
31k (4.250) (0.443) (0.344) (0.246)
EU 114,30 11,23 8,74 6,22
(4.500) (0.442) (0.344) (0.245)
NU 120,65 11,23 8,71 6,22
A (4.750) (0.442) (0.343) (0.245)
B0 127,00 11,20 8,71 6,22
(5.000) (0.441) (0.343) (0.245)
NU 132,08 11,20 8,71 6,20
(5.200) (0.441) (0.343) (0.244)
141,30 11,20 8,69 6,20
12 EU (5.563) (0.441) (0.342) (0.244)
133,00 12,93 10,41 792
STC/LC/BC (5.250) (0.509) (0.410) (0.312)
NOTE Orientation and specimen size is calculated on coupling material/stock wall and not coupling critical thickness.
a  Wall thicknesses provide a 0,51 mm (0.020 in) OD and 0,51 mm (0.020 in) ID machining allowance.
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Table 18 — Minimum size transverse Charpy impact test specimens for various API couplings

m @ | ® | @ | & | ©® | M | @
Minimum permissible size transverse Charpy impact test specimensa2
Label 1 Special
NU EU EU clearancec BC LC STC
BC
3-1/2 1/2 1/2 1/2 — — — —
4 3/4 3/4 — — — — —
=172 37% 37% — b 37% 37% 3/4
5 — — — 1/2 3/4 Full 3/4
5-1/2 — — — 1/2 3/4 Full Full
6-5/8 — — — Full Full Full Full
7 — — — 3/4 Full Full Full
7-5/8 — — — Full Full Full Full
8-5/8 — — — Full Full Full Full
9-5/8 — — — Full Full Full Full
10-3/4 — — — Full Full — Full
11-3/4 — — — — Full — Full
13-3/8 — — — — Full — Full
16 — — — o~ Full — Full
18-5/8 — — — — Full — Full
20 — — — — Full Full Full
NQTE Transverse specimens are not possible for coupliiigs for pipe sizes smaller than 3.50 in. Orientation anfd specimen
sige is calculated on coupling material/stock wall and;nét coupling critical thickness.
a | The size of the specimen is relative to a full-size,specimen that is 10 mm x 10 mm.
b | Should use longitudinal specimen.
¢ | The Charpy impact specimen size asstimes that special clearance couplings are machined from standard cojuplings.
17.6 Impact specimen sizefor pipe
Prpcedures specified inA7.3’and 17.4 are used to determine the wall thickness necessary for ilnpact test
specimens for pipe except that the OD term is the specified pipe OD. Tables specifying the ¢talculated
wdll thickness necessary to machine full-size, three-quarter-size, and one-half size transyerse and
lorjgitudinal impacttest specimens are provided in Clause 7 and SR16 of ISO 11960 or API 5CT.
17.7 Largep size specimens
In pomie ‘€ases it can be possible to machine larger impact test specimens if

1 1. 1.1 1 . b LI | 1 1 1 1 h C Y
a) LIIC COUPIIITE DIAIIK 1S ULICKET UIdIT LIIdU CalCulatCed Il 1/. 4,

b) the full 0.020-in-0OD and 0.020-in-ID machining allowances are not utilized, or

c) the impact test specimens are partially rounded due to the OD curvature of the original tubular

product (see ISO 11960 or API 5CT).
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Table 19 — Minimum size longitudinal Charpy impact test specimens for API couplings for
all pipe less than Label 1: 3 1/2 outside diameter and for larger sizes where transverse test
specimens one-half size or larger are not possible

&) @ | & | @ | & | © | @ | @8
Minimum permissible size longitudinal Charpy impact test specimens?
Label 1 Special
NU EU EU clearancec BC LC STC
BC

1.050 b 1/2 — — — — —

1.315 1/2 3/4 — — — — —

1.660 1/2 1/2 — — — — >

1.900 1/2 3/4 — — — — —

2-3/8 3/4 3/4 3/4 — — — —

2-7/8 Full Full Full — — — —

3-1/2 N/A N/A N/A — — — —

4 N/A N/A — — — — —

4-1/2 N/A N/A — 3/4 — — —
NOTE N/A|= Transverse impact test specimens areused for all tubing connections for pipe Label 1: 3-1/2 OD and larger and
for all casinjg Label 1: 5 OD and larger. Orientation and specimen size is calculated 61’ coupling material/stock wall and ot
coupling crfitical thickness.
a  The siZe of the specimen is relative to a full-size specimen that is 10 mm+(0.39 in) x 10 mm (0.39 in).
b Pipe ng¢t thick enough to test based on calculations. However, if the coupling material is slightly thicker than calculatgd,
it will be pgssible to machine a half-size longitudinal test specimen.
¢ The Charpy impact specimen size assumes that special clearance couplings are machined from standard couplings.

17.8 Reference information

For a disdussion of fracture mechanics and the formulae used in ISO 11960 or API 5CT to determine
the absorped energy requirements, see Reference [20] The transverse requirement is based on this
reference] The longitudinal requirement is based on the transverse requirements, and a longitudinal-
to-transvérse ratio of 1,33 for Gradesy55 and K55 and 2,0 for higher strength grades. See Reference [19]
for the coyrelation of K; to CVN for-high strength steel.

The requirement for pipe in,SR16 of ISO 11960 or API 5CT is based on the minimum specified yield
strength father than the maximum specified yield strength used for couplings. This choice is m3de
since the $tress level of thepipe is typically expected to be less than the stress level of the couplings.
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A Triaxiatyteidofplpebody ]

.1.1 General

Thi
ing

A.

Yid

linpit and the yield stress coincide. Further, yield of the material marks the boundary betwe

an
st

AP 5CT, are more appropriately diSciissed in conjunction with the design formula.

Thie limit state for pipe body yield addresses the stress state at which yield is about to occur. T
e body is still entirely eldstic, with one or more locations just reaching yield. Therefore, thie stresses

pij
de
be

A.]

Giy
ho

.1.2 Formulae for elastic pipe stresses

1.2.1 General

1.2.2 Lamé formulae

ISO/TR 10400:2018(E)

Annex A
(informative)

Discussion of formulae for triaxial yield of pipe body

e criterion for triaxial pipe body yield is that proposed by von Mises. The elastic state
ipient yield consists of the superposition of:

radial and circumferential stress as determined by the Lamé formulae for a thick cylinde
uniform axial stress due to all sources except bending;
axial bending stress for a Timoshenko beam;

torsional shear stress due to a moment aligned with the axis of the pipe.

1d, as defined in this subclause, assumes.a’material for which the elastic limit, the pr

1 inelastic behaviour. This boundary, has no relation to standardized definitions of minir
ength. Standard definitions, such @s the minimum yield strength as specified in 1SO

fining the yield limit state in the pipe body can be defined with formulae based on ling
haviour.

ren a tube-exposed to internal and external pressure, the radial stress, oy, and the circumfe
bp) normal stress, oy, in the tube are given by:

or =[(pid? - poD?) - (pi - po)d2D?/(4r2)]/(D? - d2)

eading to

=
-~

portional
en elastic
num yield
11960 or

hatis, the

ar elastic

rential (or

(A1)

on = [(pid? - poD?2) + (pi - po)d?D?2/(4r2)] /(D2 - d2)

where

©lI

D  isthe specified pipe outside diameter;
d isthe pipe inside diameter, d = D - 2¢;

pi istheinternal pressure;

SO 2018 - All rights reserved
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Po

r

t

is the external pressure;
is the radial coordinate, (d/2) <r < (D/2);

is the specified pipe wall thickness.

The elastic radial and hoop stresses do not depend on the axial load.

A.1.2.3 Uniform axial stress

The gravitatiomatforce field, atongwitir other environmental tfoads (e g hydrostatic pressure
shoulders| changes in temperature and pressure, landing practice) give rise to an axial force, Fy ]l
resulting paxial stress, 0,, i.e. the component of axial stress not due to bending, assumed uniformacr
any cross|section, is:

where

In some c3ses, F, is known and the axial stress is determined from Formula (A.3). In other instances, {
axial stregs is known, and F; is determined fromhe axial stress. For example, if the pipe is cement
in a well, then stretching and contracting in the axial direction are not allowed. The axial stress, a
hence the|axial force, is then partially a function of changes in pressure and temperature. That is, {
axial stregs and axial force are secondaryfrather than primary variables. The relation in Formula (Al
still appli¢s.

A1.2.4

The axial ptress component dugsolely to bending is given by:

Ap
D

t

Fa

Op =

where

76

o

2 T

0a = Fy/Ap (Al

is the area of the pipe cross section, Ay = /4 (D2 - d2);
if the specified pipe outside diameter;

ip the pipe inside diameter, d = D - 2t;

if the specified pipe wall thickness;

if the axial force.

Bending stress

I+

Myr/I = * Ecr (A

—

4 the'tube curvature, the inverse of the radius of curvature to the centreline of the pipe;

on
he
hSS

3)

he
ed
nd
he

3)

4)

is the specified pipe outside diameter;

is the pipe inside diameter, d = D - 2¢;

is Young’s modulus;

is the moment of inertia of the pipe cross section; I = /64 (D* - d*4);
is the bending moment;

is the radial coordinate, (d/2) <r < (D/2);

is the specified pipe wall thickness.
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The * sign indicates that the component of axial stress due to bending can be positive (tension)
or negative (compression), depending on the location of the point in the cross section. Points in the
pipe cross section closer to the centre of tube curvature than the centreline of the pipe experience
compressive bending stress. Points in the pipe cross section farther from the centre of tube curvature
than the centreline of the pipe experience tensile bending stress.

The variable ¢ has units radian/length, which are not the norm for the petroleum industry. The more
common measure of ¢ in the industry is °/30 m. If, therefore, the required units for c are radians per
metre, and c is expressed in °/30 m, the right hand side of Formula (A.4) should be multiplied by the
constant /(180 x 30) = 5,817 8 x 10-4.

A.

Thie torsional shear stress, Th,, acting in the circumferential direction on the pipe cress'Sectid

wlhere

Giyen the internal and exteynal pressures, axial force, and bending and torsional mon

eq

wh

Th

1.2.5 Torsional stress

.1.3 Triaxial yield limit state formula

.1.3.1 General

Tha = Tr/]p

D s the specified pipe outside diameter;

d isthe pipe inside diameter; d = D - 2t;

Jp is the polar moment of inertia of the pipe cross section; J, = m/32 (D4 - d%);
r  isthe radial coordinate, (d/2) <r < (D/2);

T isthe applied torque;

t isthe specified pipe wall thickness.

1ivalent stress, o, is defined as:

Oe = [0v2 + 0n2 + (Ga¥ 0b)?2 = 0r0n — 0r(0a + Ob) — On(0a + Ob) + 3Tha2]1/2

ere

or isthe radial stress, and oy, the circumferential or hoop stress, given by Formulae (A.
[A.2) respectively;

nis:

(A.5)

hents, the

(A.6)

1) and

(A 2.

op is the component of axial stress due to bending, given by Formula (A.4);
Tha is the torsional (shear) stress, given by Formula (A.5).
e onset of yield is defined as:

O-ezfy

where

©lI
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oe<fy corresponds to elastic behaviour, and
Oe is the equivalent stress;
fy is the yield strength of a representative tensile specimen.

In the absence of bending and torsion, the highest value of equivalent stress always occurs at the inner
radius of the pipe body. In the presence of bending (o}, # 0), Formula (A.7) should be checked four times,
i.e. once at the inner diameter and once at the outer diameter, for each of the possible positive and
negative values of op,.

A.1.3.2 Bpecial cases of the yield criterion

A.1.3.2.1| Pipe exposed to axial stress alone

In the absgnce of internal and external pressure, bending and torsion, Formula (A.6) reduces to:

Gez = (732 (AS)
where
0, i4the component of axial stress not due to bending;

—

oe i9the equivalent stress.

Yield of the pipe occurs when the axial stress equals * fy, where fj is the yield strength of a representatjve
tensile spgcimen.

A.1.3.2.2 | Pipe exposed to internal and external pressure and axial stress

In the absgnce of bending and torsion, Formula.(A:6) reduces to:

Oe = [dr2 + 012 + 042 - 0y01, — 010, — ohaz| /2 (A9)
where

oe i9the equivalent stress;

0a i4the component o6fiaxial stress not due to bending;

on i9the circumferential or hoop stress;

oy i9the radial stress.

Substitutitng Formulae (A.1) and (A.2) into Formula (A.9), and using the yield criterion in Formula (A}7),
at the innérradius-ofthepipebodys

fy? = [(pid? = poD?)/(D2 - d2)]2 + 3(p; = po)2D*/(D? ~d?)2 + 642 = 2[(pid? - poD?)/(D? - d?)]oa  (A.10)

or

fy? = [0a = (pid? - poD?)/(D2 - d2)]2 + 3 [(pi - po) D2/(D? - d2)]? (A11)

where
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D s the specified pipe outside diameter;

d isthe pipe inside diameter; d = D - 2t;

fy s theyield strength of a representative tensile specimen;
pi isthe internal pressure;

Po isthe external pressure;

L isthe snecified ninewall thickness:
1 34 il ) o b 4

04 is the component of axial stress not due to bending;

which is the formula of an ellipse rotated at 45° about the origin, with semi-major toSemi-mirjor axes in
th¢ ratio a/b = V3 (Figure A.1).

Y

<A
=)
<

Key
X | (0a+ pi)/fy
Y | 172 [(D/9)2KD7t - D]I(pi - po) /fy]

FigureA:1 — von Mises yield criterion for a tube loaded by internal and external pressures and
axial stress

A.1.3.2.3 Alternative representation of yield surface

A consequence of the expression of the yield criterion in terms of internal and external pressures and
axial stress is that the pressure and axial stress terms cannot be explicitly separated. One solution,
employed in ISO 13679 and API RP 5C5, is to divide the expression of yield into two special cases
representing only external pressure or only internal pressure in combination with axial load. Further,
the geometric factor appearing on the abscissa in Figure A.1 is incorporated in the yield surface by
simplifying the abscissa to p; (upper two quadrants) and p, (lower two quadrants). The resulting

pictorial representation (see Figure A.2) of yield is similar to that of Figure A.1, with the exception that
the yield criterion is not smooth at p; = p, = 0.
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Key
X  axiall
Y pressy

Figure A

ad, kN
re, MPa

.2 — von Mises yield criterion for a tubeloaded by internal and external pressure ar

axial stress, ISO 13679 orAPI RP 5C5 representation

The formula for the upper two quadrants [(py= 0) is:

d

pi = (B * [kg2 - 4kakc]1/2)/(2ka) (A12)
where

ks = (1 - kpi) 0a (A.14)

kc = 032 —fy2 (A.15)

kpi = (D2 + d2) /(D2 - d2) (A.16)
The formula for the lower two quadrants (pj = 0) is:

Po = (~kg = [kB2 - 4kakc]1/2)/(2ka) (A.17)
where

ka = kpo? (A.18)

kB = kpo Ga (A.lg)
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kc = 032 —fyz
kpo = 2D2/(D2 - d2)

In both instances,

D is the specified pipe outside diameter;

d isthe pipe inside diameter; d = D - 2t;

ISO/TR 10400:2018(E)

(A.20)

(A.21)

fy istheyield strength of a representative tensile specimen;
pi isthe internal pressure;

Po is the external pressure;

t isthe specified pipe wall thickness;

04 is the component of axial stress not due to bending.

A.1.3.2.4 Effective stress representation of yield surface

It |s sometimes convenient to express pipe formulae in terms of the effective stress, ogeff

defined as:

Oeff = Fetf/Ap = (Fa — pi Ai + po Ao) /Ap
wlhere

Aj isthe area to pipe inside diameter§ A; = d2/4;
A, is the area to pipe outside diameter; A, = TD2/4;
F, isthe material axial force;

Fefr is the effective axjalMorce;

pi isthe internalkpressure;

Po s the external pressure.

In this case, the-equivalent of Formula (A.11) is:

fy? 5.0eit? + 3(pi = po)2D*/(D? - d?)?

icthaxriald ctenangtlh of o oot banoal

bhibaograrnhicool oo

which is

(A.22)

(A.23)

k ¥a acnacixann o b 3 ]
Wwitret CIy o I I IO O T T S T O T T P ot TCet T v C e S TIC S pe ST C L ToT vy rc it s rapracar o pro

is a circle (see Figure A.3).
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Key
X oeft/fy
Y V3[Dj

Figure

A.1.3.3

A1.3.3.1

Formulae

/(D2 = d2)][(pi - po)/fy]

A.3 — von Mises yield criterion expressed in terms of internal and external pressuré¢
and effective Stress

Assumptions and limitations

General

(A.6) and (A.7) are based'on the assumptions givenin A.1.3.3.1.1 to A.1.3.3.1.4.

A.1.3.3.111 Concentric, circular cross-sectional geometry

The form
Cross sect

A.1.3.3.1.
The yield

lae for radial¢Stress, circumferential or hoop stress, bending and torsion presume the p
ion to consist’oef inner and outer surfaces that are circular and concentric.

P Isotrepic yield

pe

of

strength of the material of which the pipe is composed is assumed to be independent

direction.

A - 1 1 1 - rad - 1 1 h | -l - 1 1 -
AlldX1dl SdIIPIC dllU d CITCUIITICT CIILIALl SAIIIPIC dI'© d5S5SUIIICU L0 POUSSCESS TUCTILICAT T1dS5LIU TTTO

and yield stresses in both tension and compression.

A.1.3.3.1.3 No residual stress

uli

For determination of the onset of yield, residual stresses due to manufacturing processes are assumed
to be negligible, and are ignored.

A.1.3.3.1.4 Cross-sectional instability (collapse) and axial instability (column buckling)

Particularly in instances where p, > pj, it is possible for the pipe cross section to collapse due to
instability prior to yield. For external pressure greater than internal pressure, see Clause 8 on collapse.
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Similarly, if oefr < 0, it is possible for the pipe to buckle as a column prior to yield, and the bending stress
due to buckling should be included in the yield check.

A.1.3.3.2 Elongation under load at which the yield strength is determined

The values for the elongation under load at which the yield strength is determined in ISO 11960 or
API5CT, ISO 11961 or API 5D and ISO 3183 or API 5L for pipe with specified minimum yield strengths of
655 MPa (95 000 psi) or less have been arbitrarily established at 0,5 %.

The Values for the elongatlon under load at Wthh the yleld strength 1s determlned in ISO 11960 or

A strengths
greater than 655 MPa (95 000 p51) are determmed w1th Formula (A 24), where €ymn is\thg strain at
which specified minimum yield strength is determined.

eymn = (fymn/E) + 0,002 (A.24)

where

fymn is the specified minimum yield strength;
E  is Young’s modulus, taken to be 193 x 103 MPa (28 x 106 psi).

The calculated values of eymp are rounded to the nearest 0,005,

A.1.4 Triaxial yield design formula

In [all of the general and simplified forms of Formul@ (A.7), a design formula is formulated with the
folJowing substitutions:

a) | replace t with kyaj t in Formulae (A.1) and\(A.2) for the radial and circumferential or hoop stresses,
respectively, but not in Formulae (A.3)to (A.5) for the axial and torsional stresses;

b) [ replace fy with fymn.

The purpose of the design formulas to determine the stress state which results in the onget of pipe
yidld when the properties ofsthe pipe are at their worst-case, minimum allowable values] The wall
thickness of the pipe at all times accounts for the extreme allowable thin-wall eccentricity which comes
abput naturally as part of the pipe manufacturing process.

A.R Initial yield'of pipe body, Lamé formula for pipe when external pressyre,
bending and torsion are zero

A.2.1 General

e.amé formulae for the radlal and hoop stresses of the plpe are based on the three d1 mensional
Ftae 33 FH formulae
and prov1de the most accurate Calculatlon of pipe stresses Two formulae are prov1ded open end with
zero axial stress, and closed-end with axial stress due to internal pressure acting on the end cap.

A.2.2 Yield limit state formula, special case for capped-end conditions

Initial yield of a capped-end thick tube is a special case of Formulae (A.6) and (A.7) when external
pressure, bending and torsion are zero. The axial stress is generated solely by the action of internal
pressure on the ends of the sample (e.g. the capped-end condition). In this case, the effective stress is
zero [see Formula (A.22)].
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The internal pressure at yield for a capped-end thick tube, piyLc, is calculated as:

pivLc = fy (D2 - d2)/(V3 D2)

where

D is the specified pipe outside diameter;

d isthe pipe inside diameter; d = D - 2t;

—

fy
t

9

—n

9

This formpula is subject to the same assumptions and limitations as the more general exptessions fr

which it is

(A.25)

the yield strength of a representative tensile specimen;

the specified pipe wall thickness.

derived (see A.1.3.3).

There is

action of internal pressure on the (closed) ends of the pipe. The more general case, where axial str
is generatled by other than the action of internal pressure on the ends of the pipe, is addressed by {
triaxial yield criterion, Formulae (A.6) and (A.7).

o adjustment to Formula (A.25) for axial tension, as all axial tension{is-generated by f{

eld design formula, special case for capped-end conditions

formula for initial yield of the pipe body with capped-end conditions and using the La
for the radial and hoop stresses should be formulated from Formula (A.9) with the follow
pns:

fe t with kya)1 £ in Formulae (A.1) and (A.2) for the radial and circumferential or hoop stress
ctively, but not in Formula (A.3) for the axialstress;

e fy with fymn.
ing design formula for pjy1c, internal pressure at yield for a capped-end thick tube, is:
, 11/2

(30* +dyar* ) HP? - dyya® |2+ /(D? ~d? ) -

2dzdwallz /|:(D2 _dz )(D2 _dwallz )j|

is the specified pipe outside diameter;

is thepipe inside diameter; d = D - 2¢;

= fymn A2

he
bSS
he

mé
ng

6)

is®the inside diameter based on kyal t; dwall = D —2kwall £;

A.2.3 Yi
A design
formulae
substituti
a) repla
respe
b) repla
The resulf
PiyLc
where
D
d
dwall
fymn
kwall
t

is the specified minimum yield strength;

is the factor to account for the specified manufacturing tolerance of the pipe wall. For exam-

ple, for a tolerance of -12,5 %; kwa11 = 0,875;

is the specified pipe wall thickness.

Note that the use of different wall thicknesses in the radial/circumferential and axial stresses precludes
deriving this design formula directly from Formula (A.25).
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A.2.4 Yield limit state formula, special case for internal pressure only with zero axial load

Initial yield of an open-ended thick tube is a special case of Formulae (A.6) and (A.7) when the uniform
axial stress, external pressure, bending and torsion are zero. In this case, the internal pressure at yield
for an open-ended thick tube, pjyLo, is:

pivLo = fy (D% - d2)/(3 D* + d4)1/2 (A.27)

where

D s the specified pipe outside diameter;

d isthe pipe inside diameter; d = D - 2t;

fy istheyield strength of a representative tensile specimen;
t isthe specified pipe wall thickness.

Thiis formula is subject to the same assumptions and limitations as the.more general expresdions from
which it is derived (see A.1.3.3).

Thie more general case where axial stress is non-zero is addressed by the triaxial yield|criterion,
Formulae (A.6) and (A.7).

A.2.5 Yield design formula, special case for internal pressure only with zero axial load

A fesign formula for initial yield of the pipe body>with open-end conditions and using [the Lamé
foymulae for the radial and hoop stresses should bé.formulated from Formula (A.9) with the|following
substitutions:

a) | replace t with kya)) tin Formulae (A.1) and (A.2) for the radial and circumferential or hoop stresses,
respectively;

b) [ replace fy with fymn.

2

Thie resulting design formula fox internal pressure at yield for an open-end thick tube, piyLo, i

PivLo = fymn(D? - dwan?) /3 D* + dywan*)1/2 (A.28)
where

D is the-specified pipe outside diameter;

d is the pipe inside diameter; d = D - 2¢;

dwall  is the inside diameter based on kwai t; dwall = D — 2kwall t;

fymn  is the specified minimum yield strength;

kwall  is the factor to account for the specified manufacturing tolerance of the pipe wall. For ex-
ample, for a tolerance of 12,5 %; kwan = 0,875;

t is the specified pipe wall thickness.

Since axial stress is absent in this expression, the design formula can be derived directly from
Formula (A.27).
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A.2.6 Yi
only and

eld limit state formula, special case for thin wall pipe with internal pressure
zero axial load

The Barlow formula represents the thin wall approximation to the biaxial VME / Lamé failure pressure.
Barlow’s paper([138] was published in 1836, when elasticity theory (that is, stresses in solid media) was
in its infancy, and well before the development of material failure theories (Tresca 1864[139], Von Mises
1913[140]). The formula is for thick wall hoop stress, with failure taken to occur when the ID stress
reaches yield. This is not a material failure condition. Moreover, the derivation is incorrect, because
it violates the equilibrium condition[142]. However, the Barlow formula has been retained because it
happens to represent the thin wall approximation to the biaxial VME / Lamé failure pressure.

Expandin

PiYLo 7

where

fy

X

[

S

—

S
Making th

PiYLo 3

where
D

fy
t

which (by
more geng

[

9

[

9

[

S

A.2.7 Yi
and zerao

Initial yie
yield for 4

PiYAPI

where

b Formula (A.27) in x = t/D gives:

the yield strength of a representative tensile specimen;
specified pipe wall thickness / specified pipe outside diameter; x = t/D.
e thin wall assumption (that is, terms in x2 and above can be-néglected) results in:

2 fyx = 2 fyt/D (A]

the specified pipe outside diameter;
the yield strength of a representative tensile specimen;
the specified pipe wall thickness

coincidence) is Barlow’s formula.lt is subject to the same assumptions and limitations as {
bral expressions from which it.is derived (see A.1.3.3).

eld design formula, Special case for thin wall pipe with internal pressure only
axial load

d of a thin tube.isdefined by the following expression, where piyapi is the internal pressure
thin tube:

— 2fymnkwalll t/D (A.

F 2 fyx (1-5x2/2 - x3 +63x4/8 + 11x5/2 + ... (A2

9)

0)

he

at

1)

D

fymn

kwall

t

is the specified pipe outside diameter;

is the specified minimum yield strength;

is the factor to account for the specified manufacturing tolerance of the pipe wall. For ex-

ample, for a tolerance of -12,5 %; kwal = 0,875;

is the specified pipe wall thickness.

This formula is subject to the same assumptions and limitations as the more general expressions from
which it is derived (see A.1.3.3).
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A.2.8 Comparison of thick and thin wall formulae for internal pressure only and zero
axial load

Figure A.4 compares Formulae (A.28) and (A.31) for the range of diameter thickness ratios typical of oil
field tubulars. Two significant conclusions are:

a) for stated yield stress and cross-sectional dimensions, the thin wall formula (Barlow) predicts a
higher internal pressure resistance than the thick wall formula;

b) the difference between the limit pressures predicted by the two formulae is less than 8 % for the

range of diameter:thickness ratigs fypir*n] of oil field tubulars (n/f > A’Q)

0 5 10 15 20 25 30 35 40 X

0 =

//

-1 e

/

-8
Y
Key
X | D/t

Y | difference in p/fy, (thick'wall/thin wall-1) x 100 %

Figure A.4 — Comparison of thick and thin wall predictions of yield pressure for infernal
pressure only and zero axial load, kwai = 0,875
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Annex B
(informative)

Discussion of formulae for ductile rupture

B.1 Intfoduction

Internal fressure resistance formulae differentiate between yield (Annex A) and rupture of the pipe
body, and|for rupture, between ductile and brittle material response. Table B.1 outlines the:tréatment
of internal pressure resistance in the subclauses to follow.

Table B.1 — Formulae for rating a pipe body for internal pressure resistance

Limit state Definition Fentinent
annex

Failure of a tube in the plastic deformation range,
Ductile |which is characteristic of pipe with adequate and

. : : R Annex B
rupture |lasting toughness for the environment in which it

is used.
Fracture |Failure of a tube due to propagation of a:crack. Annex D

B.2 Duftile rupture of pipe body

B.2.1 General

The formylae for ductile rupture pertain to thelactual failure of the pipe body due to internal pressufre.
While thelyield formulae of Annex A are intended to describe the onset of permanent plastic deformatjon
and not lgss of pressure integrity, the rupture formulae are intended to describe the ultimate pressyre
capacity df the pipe at a pressure which.fdils the pipe body with loss of internal pressure integrity.

These forpnulae are applicable only when the pipe material in its environment has sufficient toughngss
to meet af minimum criterionssueh that the deformation of the pipe in its environment, through|to
rupture, i ductile and not brittle, even in the presence of small imperfections.

The formyilae for ductilé pupture depend on the minimum physical wall thickness and the pipe outer
diameter, [the maximuni depth of imperfections which have a reasonable probability of passing throygh
the inspe¢tion process undetected, the fracture toughness of the material, the work hardening of the
material gnd thesultimate tensile strength of the pipe. Yield strength has no direct impact on the ductile
rupture pfessure, except through the correlation of the work-hardening parameter n.

aalalosaia s

The ductiteruptureformiae—eanbe-derivedfromthe mechantesof pipeequiibrivm—ecombined—swith
a model of pipe plasticity and a model of the effect of imperfections. These derivations are outside the
scope of this document (see References [39] and [46]).

The ductile rupture limit state and design formulae consist of three interlinked concepts:

a) a formula for equilibrium-plasticity-based rupture of a pipe with known physical wall thickness
and diameter;

b) subtraction of a penalty for wall loss in proportion to depths of imperfections which may not be
detected by the manufacturing and inspection system;

c) acriterion for minimum toughness at which ductile rupture applies.

88 © ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=b20f1517b4f0d202e06f99df8562221f

ISO/TR 10400:2018(E)

These formulae are applicable to direct pressure and axial loading, but do not describe the capacity
of the pipe under fatigue loading. The subtraction to the pipe wall for the presence of imperfections
and the interrelated role of pipe toughness are based on a fracture mechanics approach relating Jic
toughness measurements of sample pipes to numerically calculated crack-tip intensities (J-Integrals) as
a function of imperfection depth. This is explained in detail later in this annex.

Further information can be found in References [38] and [49].

B.2.2 Capped-end ductile rupture limit state formula

B.j.z.l General

Ductile rupture of a capped-end tube under internal pressure alone is given by the following expression,
in hich pjr is the internal pressure at rupture:

Pir = 2kdrtdrfu/(D ~ tar) (B.1)
where

tdr = tmin — Kaa (B.2)
anfl

a is, for a limit state formula, the actual maximum.depth of a crack-like imperfectionj for a

design formula, the maximum depth of a crack-like imperfection that could likely plass the
manufacturer’s inspection system;

D is the specified pipe outside diameter;
fu is the tensile strength of a representative tensile specimen;

ka is the burst strength factor,chaving the numerical value 1,0 for quenched and temp¢red
(martensitic structure) or,13Cr products and 2,0 for as-rolled and normalized products
based on available test'data; and the default value set to 2,0 where the value has nqt been
measured. The valife-of k; can be established for a specific pipe material based on flesting;

kar  is the correctionfactor based on pipe deformation and material strain hardening, having
the numeriealvalue [(1/2)n+1 + (1/v/3)n+1];

n is the dimensionless hardening index used to obtain a curve fit (see B.2.3.3) of the frue
stress-strain curve derived from the uniaxial tensile test;

tmin _is.the actual minimum pipe wall thickness disregarding crack-like imperfections.

Thie value selected for kqr renders pir the average of rupture pressures predicted using Trefca’s yield
copdifion and von Mises’ yield condition for the case of an end-capped pipe. It accounts for the material
hardening and the pipe deformation up to rupture.

B.2.2.2 Origin of the limit state formula

The limit state Formula (B.1) is based on the mechanics of equilibrium for capped-end pipe subjected
to internal pressure, combined with hardening plasticity. This limit state formula was selected from
a review of six candidate formulae. The limit state formulae were compared with full-scale pipe
rupture data for a wide assortment of pipe grades and pipe diameter-to-wall (D/t) ratios. The candidate
formulae and the data used to evaluate the formulae are listed in B.3. For each combination of model
and source set of data, the results of the comparisons are expressed in terms of the mean and the
standard deviation (coefficient of variation) of the ratio of actual and predicted test pressures. The
limit state Formula (B.1) provided the best accuracy across the different data sets. When all the data
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are combined, Formula (B.1) has a mean of 1,004 and a coefficient of variation of 4,7 % for the ratio of
actual to predicted rupture pressure.

So far as can be determined, the test data used to calibrate the rupture formula did not have naturally
occurring, sharp-bottomed imperfections present. This is understandable considering the frequency
of occurrence of sharp-bottomed imperfections for pipe which have been inspected. Likewise,
the fundamental mechanics formula for the limit state starts without a penalty for imperfections.
However, the formula for the limit state was then generalized to account for external pressure and
axial compression or tension different from capped-end conditions, and furthermore to account for
the presence of sharp-bottomed imperfections which can just pass undetected through the inspection
system. Thebastsforthretmperfectiomrpematty tsexptaimed T B-%

The limit|state Formula (B.1) includes the penalty for the maximum actual imperfection in_the ‘pipe.
Furthermpre, pipe can be and occasionally actually is manufactured with imperfections_coincid¢nt
with minimum wall geometry. If the limit state formula is used to make a deterministicealculatjon
of the rupture pressure, the limit state formula should assume that a sharp-bottomed-imperfectior is
present 100 % of the time, and that the depth of the imperfection is equal to the inspéeetion threshold.

However, fif Formula (B.1) is used to make a probabilistic calculation of the rupture pressure, then the
calculatioph can account for the frequency at which the sharp imperfection occurs and the distributjon
of wall tHickness. Analysis in B.7 makes the case that the low frequency-imperfection with depth
equal to the inspection threshold has more impact on the rupture pressure than the high frequency
imperfectfion of more shallow depth. Because of this, the probabilistictupture calculation is dominated
by the large imperfection (with depth equal to the inspection threshold) that rarely occurs.

Hence, th¢ limit state Formula (B.1) for rupture should alwaygs ihclude the correction for imperfectijon
depth, and the probabilistic limit state formula should account for the frequency at which the sharp-
bottomed|imperfection is likely to occur. For the deterministic calculation of the rupture pressure, the
limit statq analysis should assume that the imperfection\frequency is 100 %, and that the imperfectjon
depth wil| equal the inspection threshold. For the probabilistic calculation of the rupture pressure, the
imperfectfion frequency should be based on inspection data for pipe which already has been subjected
to the inspection system.

B.2.3 Assumptions and limitations

B.2.3.1 (General

Formula (B.1) is based on the gssumptions explained in B.2.3.2 and B.2.3.3.

B.2.3.2 Material with adequate toughness

In order fpr Formula.[B:1) to be valid, the pipe material should have minimum toughness equal to|or
exceeding that embodied in ISO 11960 or API 5CT and its supplement SR16.

Although |the,fundamental derivation leading to Formula (B.1) does not depend on the shape of the
stress-strpin-curve, the final form of the formula assumes the true stress-strain curve can be adequatgly
fitted for tat ger-stratrs of; say, betweenr 2% and-thestratmrat-maximumrtoad }J_y theretattorrfortrue

(Cauchy) stress, oc:

Oc = Cglnn (B.3)
where

C=(2,718/n)nfy (B.4)
and
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n isthe dimensionless hardening index used to obtain a curve fit (see B.2.3.3) of the true stress-

strain curve derived from the uniaxial tensile test;

&n is the logarithmic strain.

A specimen from material with true stress-strain relation of the form given in Formula (B.3) would

re:
n f]
to
thd
thg

wh

gln = ln(l + Eeng)

ere geng s the engineering strain.

ich a maximum load in a uniaxial tensile test at a logarithmic strain of n. The best method, i$ to derive
Fom fitting the actual true stress-strain curve with Formula (B.3) in the relevant straih.rainge of 2%
the strain at maximum load. Although less accurate, one could alternatively approximate pp equal to
b actual logarithmic strain at the maximum load point of the tensile test. If the engineering strain at
e maximum load is given, the logarithmic strain, gy, is:

(B.5)

Thee relatively flat nature of the stress-strain curve in the plasticiregion of most OCTG grades makes

de
of

Ift
be
we

Table B.2 — Suggested values for hardeningindex in ductile rupture formula

fermination of n through this last method often rather difficult.As a third alternative, in the absence
btress-strain information, the following values of n are suggested.

Grade n

H40 0,14
J55 0,12
K55 0,12
N80 0,10
180 Type 1 0,10
L.80 Chrome 0,10
C90 0,10
R95 0,09
T95 0,09
P110 0,08

Q125 0,07

co

he gradeof the material is unknown but is not high hardening, the hardening index can alternatively
deternmiined from the correlation given in Figure B.1. The effort expended to determine n|should be
ighied'against the fact that the formula for ductile rupture is relatively insensitive to this qyantity for
mmonly used OCTG. However, if a high-hardening material such as duplex steel is used, it is important

to determine n to avoid a non-conservative rupture strength prediction. Values of n for these materials
can be as high as 0,30.

The parameter n has relatively small effect on the value of pir, but should not be ignored. Atn=0,12 a
14 % change in n is necessary to produce a 1 % change in predicted rupture pressure. Two materials
may have the same tensile strength, but if one material has n = 0,12 it will have a 4 % lower rupture
strength than a material with n = 0,06. When selecting a value of n for OCTG grades in the absence of
experimental data, estimating n using specified minimum yield strength, fymp, is conservative.
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NOTE Least squares fit of data results in n = 0,169-3:= 0,000 812 x measured yield strength; coefficient of
variance =/0,10.

Figure B.1 — Correlations for hardeningindex from typical experimental data for steel grad
listed in Table B.2

114
7]

B.2.4 Agjustment for the effect of axial force and external pressure

B.2.4.1 (eneral

The ductile rupture stiength Formula (B.1) was developed for the situation of an end-capped pipe,
where thq axial tenisjon is determined by the internal pressure acting on the closed inner pipe surfigce
area. Thig is a_special case of a more general situation where a pipe can reach a maximum interhal
pressure Joad; that is a rupture load, under the simultaneous action of arbitrary external pressure and
arbitrary p&ial force. The combined loads together determine when the pipe is going to yield and how it
will plastically € pOINt Of rupture. IS rupture load is
attained can still be expressed, but this will now be a more involved formula governed by the formula of
the von Mises or Tresca yield surface in terms of axial stress, radial stress and hoop stress.

Moreover, rupture is only the prevailing failure mechanism if the axial force is not too large. For large
axial force and smaller internal over-pressure, a maximum axial load (a precursor to necking and axial
splitting of the pipe) is reached before the maximum pressure phenomenon occurs.

Below, formulae for both rupture and necking under combined loads are described, together with a
criterion to identify which phenomenon occurs first. The formula is given in terms of “effective axial
tension” associated with “effective axial stress” defined in A.1.3.2.4. For effective axial tension, these
approximate formulae are very accurate when compared to the exact theoretical Formula (24);
performance against combined loading test data is given in B.6.2.
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For negative values of effective axial force, i.e. effective axial compression, the pipe may buckle as a
column, depending on the quality of lateral support. If buckling is adequately suppressed, the formula for
rupture under combined loads is valid also for effective axial compression. However, for higher values
of effective axial compression, it is the phenomenon of local buckling of the pipe wall (“wrinkling”) that
presents the governing failure mechanism. Therefore, there exists a value of effective axial compression
that limits the validity of the exact combined loading rupture formula.

B.2.4.2 Ductile rupture under combined loads

In the presence of external pressure and axial force different from capped-end conditions, the general

fofmula for ductile rupture is:
PiRa = Po + min[1/2(pm + prefT), PM] (B.6)
with
pM = PrefM [1 = kR (Feff/Futs)2]1/2 (B.7)
where
Fo=mt(D-t) o, (B.8)
Fetf=Fa+pomt (D —t) - pmt (D - t)/[tar (D - tar)] w/4 (=2 tar)? (B.9)
Futs=mt(D-1t) fu (B.10)
Puts = 2 tdr fu/(D - tar) (B.11)
Pref =1/2 (prefMm + pPrefT), used in Figure B.2 (B.12)
Prefm = (2/V3)141 (1/2)" pugs (B.13)
PrefT = (1/2)" puts (B.14)
kr = (410 - 1)/32n (B.15)
tdr = tmin $kaa (B.16)
ang

a IS, for a Hmit State formula, the actual maximum depth of a crack-11Ke Impertection; for a
design formula, the maximum depth of a crack-like imperfection that could likely pass the
manufacturer’s inspection system;

D  isthe specified pipe outside diameter;
F, isthe axial force;

Ferr is the effective axial load, i.e. for a perfect pipe the axial load additional to the end-cap forces
induced by internal and external pressures;

fu isthe tensile strength of a representative tensile specimen;
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ka is the burst strength factor, having the numerical value 1,0 for quenched and tempered (mar-
tensitic structure) or 13Cr products and 2,0 for as rolled and normalized products based on
available test data; and the default value set to 2,0 where the value has not been measured.
The value of k, can be established for a specific pipe material based on testing;

n  isthe dimensionless hardening index used to obtain a curve fit (see B.2.3.3) of the true stress-

strain curve derived from the uniaxial tensile test;

pir is the internal pressure at ductile rupture of an end-capped pipe;

PiRa i
Po 1
t i

tmin i

Formula (

0,8

0,6

0,4

0,2

5 the external pressure;

5 the average pipe wall thickness;

Y

EThe piR adjusted for axiat foad and external pressure;

B.6) is illustrated in Figure B.2, together with the exact formula.

5 the minimum pipe wall thickness disregarding crack-like imperfections.
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g [Formula (B-18]]

wrinkling

Figure B.2 — Illustration of the effect of effective axial force and external pressure on

ductile rupture

Under capped-end conditions, the effective axial load is zero and Formula (B.6) reduces to Formula (B.1).

The rupture formula is valid, i.e. rupture occurs before necking, when:

Feff/Futs < (\/3/2)1—n

94

(B.17)
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B.2.4.3 Ductile necking under combined loads

In the presence of internal and external pressure the general formula for ductile necking is:

Fetf = Futs [1 = kN [(pi = Po)/Pref M]2]1/2

where

Fo=mt(D-t) o,

2018(E)

(B.18)

(B.19)

Fef=Fa+pomt(D-1t)-pmt(D-8)/[tar (D - tar)] /4 (D - 2 tar)?
Fus=mt(D-t) fu

Puts = 2 tdr fu/(D - tar)

PretM = (2/V3)1+1.(1/2)0 purs

ky = 4(1-n) - 3(1-n)

(B.20)

(B.21)

(B.22)

(B.23)

(B.24)

Unlder zero pressure conditions, the effective axial load equals the true axial load, and Formjula (B.18)

for

the maximum axial load reverts to the ultimate tengile-strength.

Thie necking formula is valid, i.e. necking occurs befer@ rupture, when:

B.2

Co
ru

an

B.}

Figure B.2
Fol
bu

(Pi = Po)/prefm < (1/2)1-0

.4.4 Boundary between rupture.and necking

mparing Formulae (B.6) and (B.18) reveals that the necking criterion is reached earlie
bture criterion when:

Fett/Futs 2 (3/2) (pi - po)/Phts

1 this criterion (alsgshown in Figure B.2) describes the boundary between rupture and ne

.4.5 Axisymmetric wrinkling under combined loads

ure B.2.shows that, in the axial compression range, i.e. for negative values of the effective
'mula(B.6) is conservative when compared to both the exact rupture formula and the loca

(B.25)

than the

(B.26)

cking.

hxial load,

pipe wall
B.7) with

adi

Ckling' limit, called wrinkling. Although it would be easy to construct a formula such as

range, it is perceived such a separate formula would not have great practical impact.

B.2.5 Ductile rupture and necking design formulae

pression

Minimum ductile rupture and necking of a tube is defined by replacing tqr with kwal t — ka an and f,
with fymn in the limit state Formulae (B.1), (B.9) to (B.11), and (B.20) to (B.22):

PiR = derfumn(kwallt = kaan)/[D - (kwalt - kaan)]

where

©lI
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an

D

fumn
ka

kwall

PiR
t

The factoy kyal) addresses minimum pipe body wall thickness without conisidering imperfections. T
be adjusted if minimum wall is guaranteed by a particular process or purchasing agreems

value may

Crack-like
minimum
setting of
thickness
frequency

approaching the depth of the inspection threshold.

For the de
rupture d

and the imperfection depth equals the inspection threshold.

For the prpbabilistic calculation of rupture pressure, the depth of the imperfection still equals the depth
of the inspection threshold, but the-galculation takes account of the actual frequency of occurre}ce
Il and the actual frequericy of occurrence of sharp-bottomed imperfections with depth
comparable to the inspection threshold.

of thin

B.3 Sel

B3.1 G

Six closed

is the imperfection depth associated with a specified inspection threshold, i.e. the maximum

depth of a crack-like imperfection that could reasonably be missed by the pipe inspection
system. For example, for a 5 % imperfection threshold inspection ina 12,7 mm (0.500 in)
wall thickness pipe, an = 0,635 mm (0.025 in);

is the specified pipe outside diameter;
is the specified minimum tensile strength;

is the burst strength factor, having the numerical value 1,0 for quenched and tempered

(Martensiticstructure) or 13Crproaducts and 2,0 for as-rotted and mormatized products
based on available test data; and the default value set to 2,0 where the value has not been
measured. The value of k, can be established for a specific pipe material based on testing;

is the factor to account for the specified manufacturing tolerance of the pipe wall;For exa
ple, for a tolerance of -12,5 %, kyan = 0,875;

is the internal pressure at ductile rupture of an end-capped pipe;

is the specified pipe wall thickness.

wall thickness associated with crack-like imperfections which are outside the sensitiv
the inspection equipment and assumed coincident’ with the location of minimum w
This stacking of minimum wall thickness and &’ crack-like imperfection depends on f{
of occurrence of thin wall and the frequency of occurrence of sharp-bottomed imperfectic

terministic calculation of rupture pressure, it is necessary to calculate a conservative duct
sign pressure. In this case, the freqiency of occurrence of the imperfection is set to 100

imperfections are accounted for by an. The term k,dy represents a further reduction| i

n_

his
nt.

ity
all
he

ns

ile
%

ection of a ductile rupture model

bneral

-formy analytical models were evaluated as candidates for the ductile rupture model. In {

he

absence o

f asharp-bottomed imperfection, the closed form candidates were:

— ad-ho

PiR = 2fut/D

— ad-ho

pir = fu(D? - d2)/(V3D2)

¢ Barlow formula

c von Mises formula

— Klever-Stewart formula (see References [39] and[46])

DiR = derfutmin/(D - tmin)

96

(B.28)

(B.29)

(B.30)
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— ad-hoc Paslay formula (see Reference [43])

PiR = Zfutmin/(D - tmin) (B.31)

— ad-hoc Moore formula

Pir = fu(D? - d2)/(D? + d?) (B.32)

— Nadai formula

pir = 2fuln[D/(D - 20)]/V3 (B.33)

wlhere, in the above formulae,

D is the specified pipe outside diameter;
d is the pipe inside diameter; d = D - 2¢;
Ju is the tensile strength of a representative tensile specimen;

kar  is the correction factor based on pipe deformation and taterial strain hardening, having
the numerical value [(1/2)n+1 + (1/v/3)n+1];

n is the dimensionless hardening index used to ehtain a curve fit (see B.2.3.3) of the frue
stress-strain curve derived from the uniaxial\tensile test;

pirR  is the internal pressure at ductile rupture of end-capped pipe;
t is the specified pipe wall thickness;
tmin is the actual minimum pipe wall-thickness, disregarding crack-like imperfections.

For the Klever-Stewart model, the value selected for kg renders pir the average of rupture pressures
predicted using Tresca’s yield condition and von Mises’ yield condition for end-capped pipes. If accounts
for] the material hardening and the pipe deformation up to rupture.

Of|the many alternative puptture models existing in the published literature, the above list provides
sufficient diversity to ensure an accurate final selection. The names corresponding to tlie models
indicate either the deteloper of the model or the advocate for considering the model. The terrh “ad-hoc”
is yised for the firstéwo models because they are generalizations of the Barlow and Mises yield|formulae,
where yield stréngth has been replaced by tensile strength. There is no fundamental mgchanistic
judtification exr derivation for the ad-hoc models; only an appeal to their generalization fron} the yield
forlmulae. lsikewise, the fourth and fifth candidates are ad-hoc models. Alternatively, the Klever-Stewart
anfl Naddiformulae can be derived from fundamental physical principles, specifically differeIic levels of

approximation of the formulae of equilibrium. Through their fundamental derivations, the Nadai and
Klg¢vep-Stewart formulae depend on the pipe tensile strength. The Paslay formula can be shoyn to be a
special case of the Klever-Stewart model.

In the forms shown here, these formulae address internal pressure without external pressure. All
formulae are for capped-end pipe, and therefore include axial tension acting on end caps of the pipe
model, e.g. tension equal to the internal pressure times the bore area of the pipe.

The candidate models were compared with capped-end burst test data from full sized casing and tubing.
On the basis of that accuracy, a single rupture formula was recommended. The recommended model
was then generalized to account for external pressure and axial load other than that from pressure on
end caps; and to account for the influence of a sharp-bottomed imperfection (ductile rupture).
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B.3.2 Values of n used to evaluate the Klever-Stewart model

The Klever-Stewart model requires a stress-strain parameter, n, obtained by fitting the true stress-
strain curve in the range of 2 % to the uniform strain (the strain at maximum load in a tensile test).
Alternatively, n may be approximated as the true (logarithmic) strain at which a tensile stress-strain
coupon experiences maximum load (maximum engineering stress). Whenever available, actually
measured values for n were used in evaluating the model against rupture test data. Otherwise, the
value of n used in the model is based on a regression fit of both round and strip stress-strain coupons.
See Table B.3.

Table B.3 — Values of n used to evaluate the Klever-Stewart model

Grade Yield stljength n
psi

H40 40000 0,137
J55 55000 0,125
K55 55000 0,125
N80 80000 0,104
L80 80000 0,104
€90 90 000 0,096
R95 95000 0,092
T95 95000 0,092
P110 110 000 0,080
Q125 125000 0,068

B.4 Pipe rupture data sets used to validaté’the rupture models

One hundred six data points from full-scale pipe rupture tests under capped-end conditions were
donated ffom three industry sources in seven'different data sets as listed below. Five of the data sgts
contain pjpe failures with measured wall-thickness, while two of the data sets contain pipe failures
with speciified wall thickness. In general, the evaluations of model accuracy were not sensitive to the
manner ip which wall thickness was.reported. All tests reported the specified pipe outside diamefer
and the mleasured tensile strength.(The list below indicates the source company and data set.

Capped-end rupture data sets with measured pipe wall thickness:
— Shell Btest1;

— Hydril Measured Wall;

— Grant{Prideco;

— Shell Buper Duplex;

— Shell Not-Worn.

Capped-end rupture data sets with specified pipe wall thickness:
— Shell Pipeline;

— Hydril Nominal.

All tubes are believed to have been tested in ductile condition and without the presence of sharp,
crack-like imperfections. The absence of sharp imperfections is understandable, as the pipes were well
inspected, and the frequency of occurrence of small (below inspection threshold) sharp-bottomed
imperfections is very low.
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B.5 Comparison between the different rupture models and pipe rupture data
under capped-end conditions

Table B.4 compares the rupture models with the donated pipe rupture data. For each data point used in
the comparison, the ratio of the actual rupture test pressure to the prediction of the model evaluated at
the thinnest reported section of pipe wall thickness is reported. All calculations use the specified pipe
diameters, since only the specified diameters were reported. All calculations use the measured tensile
strengths of the samples. For each set of comparisons, the mean and the standard deviation are also
reported.

Table B.4 — Comparison of rupture predictions for candidate models
(1) (2) (3) 4) (5) (6)
Ad-hoc Ad-hoc Klever .
Data source Barlow Mises Stewart Paslay Yoore Nadai
Actual/ Actual/ Actual/ Actual/ Actual/ Actual/
predicted | predicted | predicted | predicCted | predicted | predicted
Shell- Mean 1,071 1,021 0,991 0973 0,984 1,172
fipeline | .5 413 Stdev 0,059 0,085 0,036 0,035 0,038 0,117
Nominal
Wall COV, % 5,5 8,4 3,6 3,6 3,9 10,0
Hydril Mean 1,092 1,023 0,997 1,010 1,017 0,978
D4qta Nomi-| 11 data Stdev 0,052 0,052 0,060 0,061 0,058 0,079
ftal Wall Cov, % 4.8 5,0 6,0 6,0 57 8,0
Shell Mean 1,125 1,052 1,014 1,042 1,050 1,043
Btestl 18 data Stdev 0,051 0,080 0,029 0,030 0,032 0,102
Measured
Wall COV, % 4,5 7,6 2,9 2,9 3,0 9,8
Hydril Mean 1,150 1,052 1,046 1,086 1,090 1,086
D3jta Meas- 5 data Stdev 0,013 0,012 0,013 0,013 0,013 0,067
ured Wall Cov, % 11 11 1,2 1,2 1,2 6,2
Not-Worn Mean, 1,075 0,979 1,021 1,003
Plipe Data 2 data Stdew 0,025 0,010 0,007 0,006
Set oV, % 2,3 1,0 0,7 0,6
Shiper Du- Mean 0,990 0,982 0,940 1,044
plexData | 4 data Stdev 0,008 Model 0,009 0,008 Model 0,049
Set eliminated eliminated
COV, % 0,8 0,9 0,9 4,7
Grant Mean 1,026 1,062
Prideco \\)3g jata Stdev 0,041 0,043
Measured
Wwall COV, % 4,0 4,0
Average mean 1.09 1.03 1.01 1.03 1.02 1,09
Average COV, % 4,4 7,0 3,6 3,6 3,7 8,8

Table B.4 also reports the average of all the means and the average of all the coefficients of variance
(COVs). In some cases, the comparison between formula and test data was stopped when progress was
obtained with a more accurate and fundamental model.

Table B.5 shows the average of the means from the above comparisons (weighted according to the
amount of data in each population) and the corresponding standard deviation between means. This
was calculated to provide a measure of the scatter in the predictive ability of each formula to represent
the mean rupture pressure of the population.
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rupture.

B.6 Comparison between the recommended rupture model and'pipe rupture

data ungler capped-end conditions

B.6.1 G

Table B.6
all the cap
of actual 4]

Table B.5 — Illustration of formula performance over population

1) (2) 3) (“) (5) (6)
Ad-hoc Ad-hoc Klever .
Parameter Barlow Mises Stewart Paslay Moore Nadai
Actual/ Actual/ Actual/ Actual/ Actual/ Actual/
predicted | predicted | predicted | predicted | predicted | predicted
Mean of 1,08 1,04 1,00 1,02 1,04 1,05
means
Stdevof
0,050 0,015 0,025 0,047 0,059 0,065
means
COVol 1 4 6 1,5 % 2,3% 4,6 % 3,8% 59 %
means

bneral

Table B.6 — Statistical evaluation of Klever:Stewart rupture model for all data

the results in Tables B.4 and B.5, the Klever-Stewart formula was selected to _predict ductile

compares the measured and predicted rupture pressure from the Klever-Stewart model when
ped-end test data from the sets listed in B.4 are comhined into a single data set. The mean raftio
p predicted is 1,004, the standard deviation is 0,047;and the coefficient of variation is 4,7 %).

Meas-
Meas- Meas- Meas- ured Meas- Calcu-
ured ured mini- ured Actual
Test ured . lated
. ultimate outer mum . | rupture burst/ | Datp
num- yield il n value di 1 D/t ratio rupture di
ber |sjrength tensile iam- wa pres- pressure predict- | set
si strength eter thick- sure i ed burst
P psi in ness psi P
in
1 | p7150 | 120350 | ¢8;18a | 10.709 | 0.535 | 20.00 | 12050 | 12217 | 0986 ;l‘fgl‘;
2 | p7150 | 121945 | 0.21a | 10709 | 0.539 | 19.85 | 12108 | 12246 | 0.989 ;1‘1‘51‘:;
3 | 9750 4409765 | 0.20a | 10.709 | 0.539 | 19.85 | 10919 | 11091 | 0984 51‘1‘5’1‘)1
4 | p7150 | 122670 | 0.18a | 10709 | 0.539 | 19.85 | 12166 | 12549 | 0969 ;E&i;
not
5 121800 | 142 100 0.05a 13.465 0.524 25.71 11 687 12 021 0.972 worn
set
not
6 134850 | 155150 | 0.062 9.922 0.606 16.36 20735 | 20996 0.988 | worn
set
7 | 67600 | 107000 | 011 | 7064 | 0352 | 2007 | 11270 | 11268 | 1000 | Sl
8 100900 | 109400 | 0.09 | 3530 | 0254 | 1390 | 17300 | 17319 | 0999 | Shel
a  These n-values denote the measure for the pipe tested to rupture. All other n-values are based on regression fit of
OCTG stress-strain data. n OCTG = 0.169 3-0.000 812 x Yield (ksi) with Yield being actual measured yield, ksi.
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Meas-
Meas- Meas- Meas- ured Meas- Calcu-
ured ured mini- ured Actual
Test ured . lated
. ultimate outer mum . | rupture burst/ | Data
num- yield il nvalue di M D/t ratio rupture di
ber |strength| ‘¢PSU'® lam- | wa pres- | essure | Predict-| - set
i strength eter thick- sure i ed burst
p psi in ness psi p
in

o sag aool agaooo | oo o anc o coc ia oo e oan | oo oo 4o shell
7 101 FUU 177 4UU U.U0D /7.0UJD V.O790 10.97 LJ 41U o9 /70 1.U0U btest]_
10 |120700 | 131000| 0.07 | 7068 | 0524 | 1349 | 22090 | 21631 |~T021 b‘“’t};‘;ltll
11 | 88600 105000 | 010 | 7076 | 0408 | 1734 | 13370 | 13088| Lo25| | Shel
12 | 122600133200 | 007 | 7076 | 0407 | 1739 | 17190 {216779 | L1024| | el
13 | 92900 | 104000| 009 | 9724 | 0388 | 2506 | 8860'| 8790 | 1.008 bst}é‘;ltll
14 | 88000 | 102000 | 010 | 9929 | 0531 | 1870 (H11830 | 11692 | 1.012 bst}é‘;ltll
15 | 87500 | 106200 | 010 | 3.502 | 0.567 | €18 | 42740 | 41611 | 1027| | Shel
16 [100300 | 121200 | 009 | 2.649 | 0154 “}717.20 | 16440 | 15270 | 1.077 bst};‘s*ltll
17 | 112600 | 130000 | 008 | 7070 | 0.473 | 1495 | 19740 | 19143 | 1.031 bstggltll
18 | 131400 | 144200 | 006 | 7805 0577 | 13.53 | 24900 | 23865 | 1.043 bst};‘sltll
19 | 131400 | 144200 | 0.06 [C7089 | 0.585 | 1212 | 25900 | 26889 | 0963 bst};';ltll
20 | 84900 | 102000 | 040+ | 11.134 | 0560 | 19.88 | 11140 | 10942 | 1.018 bst};ill
21 | 97600 | 116000(,70.09 | 2776 | 0333 | 834 | 33540 | 32232 | 1.041 bst};‘ill
22 | 72300 | 84700 | 011 | 2382 | 0124 | 1921 | 9140 | 8920 | 1.025 bst};ill
23 | 1270001147000 | 0.07 | 3.524 | 0.282 | 12.50 | 25980 | 26451 | 0982 bsttil1
24 |445000 | 149000 | 005 | 3514 | 0287 | 1224 | 26800 | 27661 | 0969 bsttil1
hydril
25 | 128700 | 140000 | 006 | 9.625 | 0538 | 1789 | 17770 | 17161 | 1.035| | VT
hydril
26 | 128700 (140000 | 006 | 9.625 | 0531 | 1813 | 17720 | 16925 | 1047 | VT
hydril
27 | 119000 | 143000 | 007 | 16000 | 0857 | 1867 | 17700 | 16675 | 1061 | "
28 | 119000 | 143000 | 0.07 | 16.000 | 0.870 | 1839 | 17700 | 16942 | 1.045 I\}/}nglll
29 | 119000 | 143000 | 0.07 | 16.000 | 0.870 | 1839 | 18160 | 16942 | 1.072 1\}/1532111

a

These n-values denote the measure for the pipe tested to rupture. All other n-values are based on regression fit of
OCTG stress-strain data. n OCTG = 0.169 3-0.000 812 x Yield (ksi) with Yield being actual measured yield, ksi.
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Table B.6 (continued)

Meas-
Meas- Meas- Meas- ured Meas- Calcu-
ured ured mini- ured Actual
Test ured . lated
. ultimate outer mum . | rupture burst/ | Data
num- yield il nvalue di 1 D/t ratio rupture di
ber Strength tensile 1am- wa pres- pressure pre ict- set
si strength eter thick- sure i ed burst
p psi in ness psi p
in
20 ~ 0 4.3 4 1430 VaWatll ~ or Vatll it - | 4.3 .04 2. 000 a4 o E Ay FaY grart
30 LU O/U 10T 10U U.U/ /7.UJ0 V.01l 10.01 LD UOU Ll OT70 1.U07 .
prideco
31 | 120670 | 134130 | 0.07 7063 | 0533 | 13.25 | 22600 | 22576 | 1.001~f.8rant
prideco
32 | 120670 | 134130 | 0.07 7054 | 0528 | 13.36 | 21870 | 22378 | 0877 | 8rat
prideco
33 | 120670 | 134130 | 0.07 7049 | 0527 | 13.38 | 21960 | 22349 | 0983 | 8rant
prideco
34 | 120670 | 134130 | 0.07 7060 | 0543 | 13.00 | 21030 | 43046 | 0913 | 8rant
prideco
35 20670 | 134130 | 0.07 7048 | 0524 | 1345 | 220805} 22215 | 0994 | 8rant
prideco
36 | 129800 | 142700 | 0.06 7695 | 0490 | 1570 |[<20'190 | 20104 | 1.004 | 8"t
prideco
37 | 129800 | 142700 | 0.06 7691 | 0491 | 15.66~| 20060 | 20159 | 0995 | 8rait
prideco
38 | 129800 | 142700 | 0.06 7700 | 0496 [\ 1552 | 20195 | 20353 | 0992 | 8raft
prideco
39 | 129800 142700 | 0.06 7694 | 0468 | 1644 | 19900 | 19145 | 1.039 | 8t
prideco
40 | 129800 | 142700 | 0.06 7694 0476 | 1616 | 20055 | 19494 | 1.029 | 8t
prideco
41 |129800| 142700 | 0.06 7698 | 0502 | 1533 | 20230 | 20622 | 0981 | 8t
prideco
42 124000/ 132700 | 0.07 7663 | 0472 | 16.24 | 19208 | 17991 | 1.068 | 8raft
prideco
43 | 124000 | 132 700_~0.07 7679 | 0474 | 1620 | 19338 | 18032 | 1.072 | 8"t
prideco
44 | 128700 | 144800 | 0.06 9746 | 0.539 | 18.08 | 17985 | 17551 | 1.025 | 8rapt
prideco
45 | 1287005144800 | 0.06 9729 | 0533 | 18.25 | 17975 | 17376 | 1.034 | 8raft
prideco
46 | 178900 | 144800 | 0.06 9730 | 0535 | 1819 | 18025 | 17443 | 1.033 | 5% to
grant
47 | 128700 | 144800 | 0.06 9.724 | 0.536 | 18.14 | 18080 | 17489 | 1.034 :
prideco
48 | 128700 | 144800 | 0.06 9722 | 0525 | 1852 | 17835 | 17113 | 1.042 | 8rant
prideco
49 | 128700 | 144800 | 0.06 9.738 | 0.542 1797 | 18005 | 17669 | 1.019 p%f;é‘cto
50 | 105900 | 125350 | 0.08 9.660 | 0.542 17.82 | 16500 | 15252 | 1.082 | 8rant
prideco
a  These n-values denote the measure for the pipe tested to rupture. All other n-values are based on regression fit of
OCTG stress-strain data. n OCTG = 0.169 3-0.000 812 x Yield (ksi) with Yield being actual measured yield, ksi.
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Meas-
Meas- Meas- Meas- ured Meas- Calcu-
ured ured mini- ured Actual
Test ured . lated
. ultimate outer mum . | rupture burst/ | Data
num- yield il nvalue di M D/t ratio rupture di
ber strength tensile 1am- w_a pres- pressure pre ict- set
si strength eter thick- sure i ed burst
p psi in ness psi p
in
S+—+33-900- 4481006 5953 —6-626——16-05——26-855——19-969——+o44 | S Nt
prideco
52 | 133900 | 144810 | 0.06 9931 | 0620 | 16.02 | 20631 | 20016 |~Lo31| | 8rant
prideco
53 | 124355 |138976| 007 | 11.831 | 0.509 | 23.24 | 13300 | 129080 1.030| | 8rant
prideco
54 | 124355 |138976| 007 | 11.837 | 0497 | 23.82 | 12900 \»12583 | 1.025| | 8rant
prideco
55 | 124355 |138976| 007 | 11.840 | 0482 | 2456 | 12950 | 12184 | 1.063| | 8rant
prideco
56 | 124355 | 138976 | 007 | 11.823 | 0527 | 2243 (513550 | 13395 | 1.012| | 8rant
prideco
57 | 127150 | 136000 | 007 | 13456 | 0497 | 2707 | 11523 | 10791 | 1.068| | 8rant
prideco
58 | 127150 | 136000 | 0.07 | 13.473 | 0.509 ‘| 2647 | 11740 | 11047 | 1.063| | 8rant
prideco
59 | 127150 | 136000 | 0.07 | 13.443 | 0.495 2716 | 11447 | 10756 | 1.064| | 8rant
prideco
60 | 127150 |136000| 0.07 | 13.465°| 0489 | 2754 | 11840 | 10603 | 1.117| | 8rant
prideco
61 | 127150 | 136000 | 0.07 [ 33451 | 0505 | 26.64 | 11414 | 10975 | 1.040| | 8rant
prideco
62 | 127150 | 136000 | 007+ | 13459 | 0504 | 2670 | 11914 | 10946 | 1.088| | 8rant
prideco
63 | 93450 | 107400(],70.09 | 13.682 | 0626 | 21.86 | 11226 | 10475 | 1.072| | 8rant
prideco
64 | 94450 | 107400| 0.09 | 13.673 | 0.617 | 2216 | 9744 | 10330 | 0943| | 8rant
prideco
65 | 954500107400 | 009 | 13.669 | 0612 | 22.33 | 10312 | 10251 | 1.006| | 8rant
prideco
66 |<96450 | 170400 | 009 | 13.670 | 0.621 | 22.01 | 10750 | 10413 | 1.032| | 8ramt
prideco
675 | 96258 | 113072 | 0.09 | 16.080 | 0.474 | 3392 | 7330 6996 1.048| | srant
prideco
shell
68 | 62700 | 86400 | 0.12 5562 | 0.750 742 | 25460 | 26976 | 0944 | pipe-
line
shell
69 | 62700 | 86400 | 0.12 5562 | 0.750 742 | 25800 | 26976 | 0956 | pipe-
line
shell
70 | 62700 | 86400 | 0.12 5562 | 0.750 742 | 25980 | 26976 | 0963 | pipe-
line

a  These n-values denote the measure for the pipe tested to rupture. All other n-values are based on regression fit of
OCTG stress-strain data.n OCTG = 0.169 3-0.000 812 x Yield (ksi) with Yield being actual measured yield, ksi.
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Table B.6 (continued)

Meas-
Meas- Meas- Meas- ured Meas- Calcu-
ured ured mini- ured Actual
Test ured . lated
. ultimate outer mum . | rupture burst/ | Data
num- yield il n value di 1 D/t ratio rupture di
ber |strength tensile iam- wa pres- pressure predict- | set
si strength eter thick- sure i ed burst
p psi in ness psi p
in
shell
71 62 700 | 86400 0.12 5.562 0.750 7.42 26 320 26976 0.976 pipg-
lind
shell

72 2 700 | 86400 0.12 5.562 0.750 7.42 26 090 26976 0.967 pipd-
lind

shell
73 H1 600 76 100 0.12 5.562 0.750 7.42 24930 23 747 1.050 pipe
lindg

—

she
74 H5 700 | 86200 0.12 6.625 0.562 11.79 15900 16 030 0.992 pipd
lindg
shell
75 H5 700 | 86200 0.12 6.625 0.562 11.79 15870 16 030 0.990 pipd-
lindg
shell
76 17 800 | 72800 0.13 6.625 0.562 1179 13170 13418 0.982 pipd-
lind
shell
77 17 800 | 72800 0.13 6.625 0.562 11.79 13270 13418 0.989 pipd-
lind
shell
78 17 700 73100 0.13 6.625 0.562 11.79 12900 13472 0.958 pipd-
lindg
shell
79 17 700 73100 0.13 6.625 0.562 11.79 12940 13472 0.960 pipd-
lindg
shell
80 51160 | 77 540 0.13 4.500 0.345 13.04 12 810 12 823 0.999 pipd-
lindg
shell
81 51 160 | 77540 0.13 4.500 0.345 13.04 12 800 12 823 0.998 pipe
lindg

—

she
82 50160 | 77 540 0.13 4.500 0.345 13.04 12 800 12 823 0.998 pipe

Hi

shell
83 74500 | 90500 0.11 12.750 0.750 17.00 11 370 11 398 0.998 pipe-
line
shell
84 74500 | 90500 0.11 12.750 0.750 17.00 11 140 11 398 0.977 pipe-
line
shell

85 74500 | 90500 0.11 12.750 0.750 17.00 11 250 11 398 0.987 pipe-
line

a  These n-values denote the measure for the pipe tested to rupture. All other n-values are based on regression fit of
OCTG stress-strain data. n OCTG = 0.169 3-0.000 812 x Yield (ksi) with Yield being actual measured yield, ksi.
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Meas-
Meas- Meas- Meas- ured Meas- Calcu-
ured ured mini- ured Actual
Test ured . lated
. ultimate outer mum . | rupture burst/ | Data
num- yield il nvalue di M D/t ratio rupture di
ber |strength tensile iam- wa pres- pressure predict- set
i strength eter thick- sure i ed burst
P psi in ness psi p
in
shell
86 57660 | 78 680 0.12 8.625 0.495 17.42 8710 9572 0.920 pipe-
line
shell
87 57660 | 78 680 0.12 8.625 0.495 17.42 8 550 9572 0.893 pipe-
line
shell
88 57660 | 78 680 0.12 8.625 0.495 17.42 8 640 9572 0.903 pipe-
line
shell
89 43990 73 740 0.13 8.625 0.507 17.01 8.760 9140 0.958 pipe-
line
shell
90 43990 73 740 0.13 8.625 0.507 17,01 8770 9140 0.960 pipe-
line
shell
91 43990 73 740 0.13 8.625 0.507 17.01 8830 9140 0.966 pipe-
line
shell
92 78920 95010 0.11 8.625 0.875 9.86 21720 21663 1.003 pipe-
line
shell
93 78920 95010 0.11 8.625 0.875 9.86 21930 21 663 1.012 pipe-
line
shell
94 71540 | 91560 0:11 8.625 1.000 8.63 23560 24 161 0.975 pipe-
line
shell
95 71540 | 91560 0.11 8.625 1.000 8.63 23690 24 161 0.981 pipe-
line
hydril
96 121000 | 132800 0.07 2.875 0.308 9.33 30410 32863 0.925 nowall
hydril
97 120 700 | 131500 0.07 2.875 0.308 9.33 29710 32536 0913 n-wall
98 116 000 [ 126 200 008 2878 0308 933 29 800 31182 0987 hydril
n-wall
hydril
99 115400 | 124 200 0.08 2.875 0.308 9.33 28750 30 649 0.938 nowall
100 116 400 | 131 300 0.07 13.625 0.625 21.80 12 460 12989 0.959 I}:yﬁ;ﬂ
hydril
101 100 700 | 111 000 0.09 3.500 0.254 13.78 17 960 17 733 1.013 nowall
102 145 700 | 166 000 0.05 5.500 0.304 18.09 21 600 20280 1.065 I}:y‘g;ll]l
a  These n-values denote the measure for the pipe tested to rupture. All other n-values are based on regression fit of
OCTG stress-strain data. n OCTG = 0.169 3-0.000 812 x Yield (ksi) with Yield being actual measured yield, ksi.
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Table B.6 (continued)

Meas-
Meas- Meas- Meas- ured Meas- Calcu-
ured ured mini- ured Actual
Test ured . lated
. ultimate outer mum . | rupture burst/ | Data
num- yield il nvalue di 1 D/t ratio rupture di
ber |strength tensile iam- wa pres- pressure predict- | set
si strength eter thick- sure i ed burst
p psi in ness psi p
in
PPN IR B = can A sana | opoan | a0 oo 4 aco | hydril
103 T4 UUU 104 FUU U.Uo J.JUU U.OUT 10.U7 U OO0V 17 0UO 1.Uo04 n-wa ll
104 45400 | 170 200 0.05 5.500 0.304 18.09 20700 | 20790 0.996 2&3{ ﬁ
105 | P0500 | 130700 | 010 | 7625 | 0430 | 1773 | 11680 | 12589 | 0é28 | MY
hydyil
106 35100 | 97 400 0.10 9.625 0.545 17.66 12320 | 11843 1.040 nowdll
Mean 1.006
Stdev 0.045
cov 0.045
a  These p-values denote the measure for the pipe tested to rupture. All other-icvalues are based on regression fitf of
OCTG stresps-strain data. n OCTG = 0.169 3-0.000 812 x Yield (ksi) with Yield beingactual measured yield, ksi.
Figure B.3 summarizes the same data in graphical form.
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Figure B.3 — Ratio of actual to predicted rupture pressures for Klever-Stewart model
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B.6.2 Additional pipe rupture data under combined pressure and axial tension

Only a small amount of data were available reporting measured pipe rupture pressure at axial load
different from the capped-end load. These data are summarized in Table B.7 and compared with the
predictions of the Klever-Stewart formula generalized to include the influence of axial force. Overall,
the formula becomes more conservative at increasing axial tension. No data were available to evaluate

the model at compressive axial load.

Table B.7 — Comparison of rupture Formula (B.6) and necking Formula (B.18) with Shell
mini-pipel26] test data at axial tension exceeding the capped-end load (italic numbers are

considered given)

Test Outside Wall Test Check Mogdel
dumber dlalpeter thlcl.(ness Fat/Fut p/puc Formula Fsi/F y ACtl.lal/
in in eff/uts i/Puts (B.22) eff/Muts DPi/Puts predicted

1 0,90 0,106 5 1,029 0,000 N 1,000 0,000 1,029
2 0,90 0,106 5 0,922 0,500 N 0,910 0,500 1,012
3 0,90 0,106 5 0,000 0,922 R 6,000 1,027 0,966
4 0,90 0,106 5 0,395 0,983 R 0,395 0,985 0,998
5 0,90 0,106 5 0,468 0,965 R 0,468 0,967 0,998
6 0,90 0,106 5 0,774 0,765 R 0,774 0,731 1,046

Mean | 1{008

COV|0J025

In [Table B.7, the effective axial tension is the ameunt of tension in excess of the load from
acting on the end caps of the pipe.

pressure

Table B.8 offers additional validation of the Klever-Stewart Formula with rupture data for the special

case of zero axial tension. The tests in thisifistance were conducted on ring specimens rather than tubes.
Table B.8 — Comparison of rupture formula and test data at zero axial tension, ring tests
iR
Number Mflga ¢ mDm flrlnrlrri D/tmin IV?Pa p?g(tilil:tléd
Test Model

1 563 0,13 914,2 22,20 41,18 26,30 25,99 1,012

2 563 0,13 914,2 22,20 41,18 26,40 25,99 1,016

3 563 0,13 914,2 15,54 58,83 18,70 19,27 0,971

4 563 0,13 914,2 15,76 58,00 19,50 19,55 0,997

5 563 0,13 914,2 11,54 79,19 14,80 14,24 1,040

6 563 0,13 914,2 10,43 87,62 13,00 12,85 1,012

7 563 0,13 914,2 6,88 132,84 8,56 8,43 1,015

8 563 0,13 914,2 6,66 137,27 8,08 8,16 0,990

9 563 0,13 914,2 6,88 132,84 8,22 8,43 0,975
Mean|1,003
COov|0,022

B.7 The role of imperfections in the ductile rupture formula

B.7.1 General

The ductile rupture formula is recommended only with pipe small wall eccentricity and inspection-
threshold sized imperfection depth included in the formula. The formula should not be used without

© ISO 2018 - All rights reserved

107


https://standardsiso.com/api/?name=b20f1517b4f0d202e06f99df8562221f

ISO/TR 10400:2018(E)

accounting for these imperfections. In the deterministic formula of rupture, thin wall eccentricity
is accounted for through the minimum possible physical wall thickness. In the probabilistic formula
of rupture, thin wall eccentricity is accounted for through the mean and standard deviation of the
minimum wall thickness on a per length basis.

In a deterministic formulation of rupture, sharp-bottomed imperfections are accounted for through the
maximum size imperfection which is able to pass undetected through the inspection threshold; that is,
an imperfection with depth equal to the inspection threshold. It is assumed that each length of pipe has
an imperfection of this depth. This conservative formula uses the worst-case possible frequency for the
imperfection.

In a probsa
to the insj

In this ca
deviation

inspected
is2%to 3
to 0,05 9.

pressure.

Figure B.
decreasin

Figure B.
53,5 Ib/ft,

w N R =< X

108

crack

Perit/ D

no Cra

crack, high+toughness

lepth, a/t

ref

cks

bilistic formulation of rupture, the depth of the sharp-bottom imperfection is still set €gpal
pection threshold; but the occurrence of the imperfection is based on statistical observations.
be, the penalty for the presence of the imperfection accounts for the mean and the standqrd
of the frequency of occurrence of sharp-bottomed imperfections in pipe that’ has bgen

A typical frequency of occurrence of imperfections of all kinds during secondary inspectjon
%. But for sharp-bottomed imperfections, the frequency can be much less, far'example 0,5 %
This frequency can have significant impact on the probability of rupture at a particullar

L is a conceptual illustration of the role that the sharp-bottomed imperfection plays|in
g the rupture strength of the pipe.

b is a more in-depth illustration of the role of the imperfection penalty for 9-5/8 inch (D,
P110 casing.
Y
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Figure B.4 — Rupture de-rating for cracks (crack assumed on minimum wall)
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Influence of crack-like imperfections in pipe with good toughness.
Figure B.5 — Influence of the imperfection penalty for 9-5/8 in, 53,5 Ib/ft, P110 casing

In prder to have a conseryative deterministic calculation of the rupture pressure, the penalty for sharp
imperfections should-be-applied on top of the physical thin-wall geometry. This is becausq this case
dops occur in pipe manufacturing, and the deterministic model should capture the minimun} pressure
that is possible far'pipe that is produced in compliance with manufacturing specifications. Ifjone seeks
to pddress howxrare this combination of imperfections is, then a probabilistic rupture formyila should
belapplied.

B.V.2< The fracture mechanics basis for the burst strength factor in the ductile
rupture formula

The burst strength factor, k,, in the ductile rupture formula is an ad-hoc generalization of the Klever-
Stewart ductile rupture formula. The burst strength factor is based on the fracture mechanics concept
of crack growth as measured by the material property Jic and the J-Integral. To determine kj, first Jic
values were measured for representative samples of pipe and coupling material. Table B.9 is an example
of such data.
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Table B.9 — Typical J1c values

Next, for s
calculatio
measured
Figures B
measured
pressure

increasing

Grade Test Grade Test
]55 900 13Cr95 1200
]55 925 13Cr95 1225
K55 501 C100 1100
K55 612 C100 1200
K55 640 CYP110 836
K55 875 P110 340
K55 1000 P110 360
L80 710 P110 360
L80 720 P110 402
L80 743 P110 418
L80 750 P110 450
L80 780 P110 455
L80 780 P110 490
L80 810 P110 520
L80 863 P110 550
L80 925 P110 580
L.80 925 P110 585
L80 940 P110 585
L80 950 P110 640
L80 1020 P110 660
L80 1025 P110 660
N80 850 P110 675
N80 1025 P110 700
C90 610 P110 752
C90 682 P110 800
R95 472 P110 848
R95 485 P110 921

b influence of the crack depth.

everal pipes, the vahie of the J-Integral was calculated using the finite element method. The
h of the ]-Integralis'based on the crack depth, the internal pressure acting on the pipe, and the
stress-strain,eurve of the same pipe material that supplied the sample for Jic measurement.
L6 and B.7¢show typical curves of the J-Integral. The figures also show an overlay of the
Jic valde) Theoretically, the point where the J-Integral equals Jic represents the failyre
bf the pipe; and the decrease of the failure pressure with depth of the crack indicates the

110
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Figure B:7 — J-Integral and J1¢ for a 13-Cr-95 pipe

Based on|the change of the intersection between Jic and the J-Integral with internal pressure for
several cdlculations and.measurements, Figure B.8 shows the predicted ratio of rupture pressure
with an imperfectiondivided by rupture pressure without an imperfection, for different imperfectjon
depths anld grades.of pipe. Figure B.8 shows that in general for the quenched and tempered pipes, the
influence |of the sharp imperfection is about equal to the imperfection depth. This is the origin of the

burst strgngth parameter k, = 1 for quenched and tempered pipes in the rupture formula. Howey

er,

Figure B.§ also shows that for some pipes, such as |55 and K55, the influence of the sharp imperfect

on

is approximately equal to twice the imperfection depth. For this reason, when the toughness behaviour

of the pipe is unknown, the burst strength parameter k, = 2 is used in the ductile rupture formula.
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Figure B.8 —Influence of crack depth on ductile rupture

B.B Template for prgbabilistic calculation of ductile rupture strength

B.8.1 General

Thle actual ductile.rupture pressure for a given pipe is uncertain because many of the factorg affecting
it are random;-A deterministic calculation of the rupture pressure assumes that all of the factors
ar¢ known‘with absolute certainty and the formulae used to calculate the strength are ¢xact. The
ca‘lculation assumes that if the pressure exceeds the calculated strength, it ruptures. In tEs case, a

giyen’set of input parameters corresponds to a single, deterministic predicted pressure. In order to
enpute that the prediction is conservative and errs on the safe side, the deterministic cplculation
should use the worst-case allowable set of input parameters for a pipe in compliance with its product
specifications. Of course, this is not reality. The actual ductile rupture pressure could be above or below
the predicted value. In a design situation, a set of worst-case input parameters are used to calculate a
lower bound pressure.

In contrast to the deterministic formula, a probabilistic estimate of the strength accounts for the
uncertainties in the input parameters and results in a relation between the applied pressure and the
rupture probability. In this manner, the calculation provides the likely ductile rupture pressure instead
of the worst possible ductile rupture pressure.

Why use a probabilistic model for pipe ductile rupture strength? A simple universal design factor can
result in inconsistent failure probabilities or inconsistent risks. A probabilistic strength calculation
can be used to justify a low cost design when the failure cost is low and a higher failure probability
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can be tolerated. In contrast, it can be used to produce a highly reliable design when the costs and
safety consequences of failure are large. The goal of a probabilistic model of ductile rupture can be to
determine the failure probability, either with deterministic loads or in conjunction with a randomized
load model.

The following paragraphs briefly summarize the steps needed to develop a simple probabilistic model
for ductile rupture. These steps follow the generalized procedure:

a) determine the failure mode (in this case ductile rupture);

b) determine the physics of failure and express faijlure mathematically as a limit state function g(?) ,

where¢ the component fails whenever g()?) <0;

¢) deterpnine uncertainty models for the variables, } in the limit state, where possible basing th¢se
mode]s on statistical analysis of these parameters;

d) finall}, estimate the failure probability as the probability thatg()?) < 0. In the case summarizpd,

this cpn be estimated using Monte Carlo simulation, or first and second order‘reliability methqds
(FORM/SORM). (In the steps below, FORM is demonstrated.)

In the pip ductile rupture case, a possible limit state could be g(x) :R()?)—pa (x), where R(x) is the
formula used to calculate the rupture pressure from size and strength parameters, and p, ()?) is the
applied ptessure. The limit state function, g()?) depends on a veoter consisting of all the significant

random pparameters affecting failure. These random variables could include material properties suchlas
yield and fensile strength, geometric properties such as metal‘thickness and loads such as the lifetine
maximumn] applied pressure, or the uncertainty in model idealization. The limit state divides the spacg of
all possibilities into two sets: the safe set, where failure does not occur, and the set where failure occyrs.

The limit[state input parameters, x, are modelled'as random variables. In the case where all the
parametefs are mutually independent, each wparameter is assigned an appropriate probabillity
distributipn function. These distribution fundtions should be based on a statistical analysis of the
measurements of the parameters. Input parameters used to model the idealization uncertainties shotild
be based yhere possible on measurements-of actual and predicted loads or strengths.

With the |imit state and the probabilistic models for each of the input parameters, the probability] of
failure, Pslis determined as:

Pe=|] f(x)ax (B.34)
}<0

f(x)| is th&joint probability density function of the variables in x;

g()?) i the limit state function;

X is a vector of random variables.

In order to calculate the probability of ductile rupture at a particular pressure, a closed-form solution
of the probability integral usually is not possible. In practice, methods other than the direct integration
are used to estimate the failure probability. The most familiar method is Monte Carlo simulation, which
is not usually recommended for rare events (P < 10-3) such as pipe ductile rupture because of the large
number of individual calculations that are required to estimate a small failure probability. In cases
where the probability is small, there are other methods such as FORM/SORM. The Gaussian central
moment method, summarized below, demonstrates one such method to estimate rupture probability.
This method is not too accurate; however it can be used to approximate failure probabilities and can be
used to investigate the sensitivity of a given design to various input parameters. Furthermore, unlike
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FORM/SORM or simulation, the Gaussian central moment method depends only on the mean and the

standard deviation of the various input variables, and as a result, it is easy to apply.

The probabilistic rupture pressure is based on the deterministic model for rupture pressure, pig,
including the effect of sharp imperfections, where pjr is the internal pressure at ductile rupture of an

end-capped pipe:

PiR = 2Kdrfu(tmin — kaaN)/[D ~ (tmin — kaan)] (B.35)
where
ay isthe imperfection depth associated with a specified inspection threshold, i.e.the'maximum
depth of a crack-like imperfection that could reasonably be missed by the pipé-insgection
system. For example, for a 5 % imperfection threshold inspection in a 12,7’ mm (0.300 in)
wall thickness pipe, ay = 0,635 mm (0.025 in);
D is the specified pipe outside diameter;
fu is the tensile strength of a representative tensile specimen;
ka  isthe burst strength factor, having the numerical value 1,0:for quenched and tempgred
(martensitic structure) or 13Cr products and 2,0 for as‘rolled and normalized products
based on available test data; and the default value set.to 2,0 where the value has nqt been
measured. The value of k; can be established for@ specific pipe material based on festing;
kar  is the correction factor based on pipe deformhation and material strain hardening, having
the numerical value [(1/2)n*1 + (1/v/3)n+1)J;
n is the dimensionless hardening index-itsed to obtain a curve fit (see B.2.3.3) of the frue
stress-strain curve derived from the“uniaxial tensile test;
tmin is the actual minimum pipe wallthickness disregarding crack-like imperfections.
Thie rupture pressure, pir is used with*the applied pressure, pj, to form the limit state function:
g = ClRle(_fu; n; tr D) - pl (B36)
where Cjr is the random-variable that represents model uncertainty.
Thiis function is less‘than zero when the applied pressure, pj, exceeds the ductile rupture rfesistance,
Cigpir(fuw, 1, ¢, D).
Us|ng this limitstate, the ductile rupture probability can be estimated using closed-form fornfulae from
mgan value’EORM:
=P ~CirPig fu1.E.D) (B.37)
dg dg Y dg
s2=s2| 99 +52| 99 +...+slz) 9 (B.38)
9 "Pldp, . . Yldf, |- dD )._3
Pi Jx=x u Jx=X x=X
g="9 (B.39)
)
Pcrude :(D(_ﬂ) (B.40)
where
— the “barred” variables are the means;
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the 5)2( are the estimated variances (squared standard deviations) of the random variables;
the derivatives dg/dx are evaluated at the mean values for fy, n, t,..., etc.;
B is the crude, first-order reliability index;

and @(-f) is the cumulative probability function (CPF) of a standard unit normal random variable
(mean = 0 and standard deviation = 1) evaluated at -f.

This estimated probability corresponds to a length of pipe that has a significant defect. The ductile
rupturef rmulaincludesthe effect of a defectwith a dnpfh nnlnn] tothe incpnr‘finn notch dnpfh’ an This
is the largest defect that should be expected in an inspected length of pipe, depending on the qualityf of
the inspedtion. Larger defects are possible, because inspection could miss a significant defect. However,
in genera] not every length has a defect as deep or as sharp-bottomed as assumed by this fformyla.
Consequeptially, when using this formulation, it is important to consider the effect ofcimperfection
frequency; for example, a low imperfection frequency expected in a run of pipe where\a high qualjity
inspectio was used. In this case, almost all lengths of pipe with defects greater than'the threshold are

culled, anfl only a few lengths will have any significant defect.

B.8.2 Approach to random variables in the probabilistic rupture formula

In the propabilistic formulation of rupture pressure, there are four variables that are treated as randqm

such that fhe mean and the standard deviation (or coefficient of variation) of these variables impact the
probabilitly of rupture at a particular pressure:

the pipe ultimate tensile strength;
the pipe diameter;
the pipe physical (no imperfection) minimum wallthickness;

the frlequency at which sharp-bottomed imperfections occur in pipe which has received primgry
inspegtion.

At the same time, there are three variableS that are treated as fixed (deterministic) in the probabilidtic

formulatipn:

the stiress-strain curve parameter n;
the miaterial toughness patameter m;

and the maximum imperfection depth, set equal to the inspection threshold setting an.

It is apprppriate that'care be used to select the frequency of sharp-bottomed imperfections in the
probabiligtic treatment of the rupture formula. First, this frequency should be set to the reject rate
of sharp-bottomed imperfections and not to the reject rate including round-bottom imperfections.
Second, tHe value of this frequency can depend on the equipment and methods used for the combinatjon

of primary @nd secondary inspection.

116

If pipe is first inspected (by the mill) to SR2 (5 %) depth and then re-inspected to SR1 (12,5 %), the
imperfection depth should be set equal to the inspection threshold used for the SR1 inspection, but
the frequency in this case is less than in the case where SR2 depth is used for the second inspection.

Alternatively, if SR2 also is used for the second inspection, then the mean and standard deviation
of the imperfection frequency should be based on the frequency observed at the second inspection,
and the imperfection depth used in the probabilistic rupture formulae should be set equal to the
inspection threshold used in the second SR2 inspection.

When the type of inspection equipment is changed for either the first or second inspection, this
will usually result in a different mean and standard deviation of imperfection frequency in the
probabilistic rupture calculations.
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The imperfection frequency is an important parameter in the probabilistic ductile rupture calculation.
For the deterministic ductile rupture calculation, the frequency of occurrence of the imperfection is
100 %, and the penalty for the imperfection is severe and conservative. For the probabilistic calculation,
the penalty for the imperfection only occurs a small part of the time.

B.8.3 Approach to probable imperfection depth and frequency

The inspection threshold allows passage of imperfections equal or smaller in size than the setting of
the inspection threshold. The threshold setting usually is slightly smaller than the imperfection depth
of the inspection, but this depends on the setting and line speed of individual inspection equipment.
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distribution of imperfection size in an arbitrary length by the b-parameter of the Weibull distribution
used to model each. This distribution is truncated at a depth of 5 % specified. As b increases from 0,5 to
4, the coefficient of variation of the distribution decreases from 224 % to 28 %. The probability density
functions for these are shown by the solid line in Figures B.9 through B.12.

The dashed lines in the charts are the probability densities for the deepest defect in 50 lengths. It is
related to the probability density and cumulative probability functions of the underlying distribution of
the deepest imperfection in an arbitrary length. This distribution is also truncated at a depth of 5 % of
specified. These extreme-value probability density functions show that the majority of the probability
weight is towards the upper limit of 5 %. In fact, because the underlying distribution of imperfection
size is truncated at the imperfection threshold, the most likely depth imperfection depth is equal to
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the imperfection threshold (5 %). This effect becomes more pronounced as the b parameter in the
underlying distribution increases.

Even when the probability distribution is biased toward 0 % (b = 0,5), the most likely deepest defect is
5 % of specified. In this case, the distribution is evenly spread over the interval between 3,5 % to 5 %.

Y
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0 e s E— |
0 1 2 3 4 5 X
Key
X  defect] % of nominal
Y PDF (probability density function)
1 singlefjoint
2 maxinjum of 50 joints

NOTE b =0,5; mean = 0,81 %; standard-deviation = 1,82 %.

Figure B.9 — Distribution bias to very small defects — Very high COV
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Figure B.10 — Exponential distribution of defect sizes — Large COV
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NOTE b = 2,0; mean = 2,37 %; standard deviation = 1y24 %.

Figyre B.11 — Distribution of defects'more evenly dispersed in interval — COV ~50 %
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Figure B.12 — Distribution bias to larger but undetected sizes — COV ~ 30 %

Thiis b = 0,5 distribution is probably a good match for the actual defect distribution, when only defect
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bth is analysediexclusive of the possibility of stacking. A rough analysis of defect sizes d¢
o of specified'wall thickness was made. Here, it was assumed that the probability of exce
bth is about’5 % per length of pipe. This analysis finds that the upper tail of defect depths co
h b-parameter value of about 0,55 (see Figure B.13).
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Figure B<13 — Upper tail of seam lap defect depths plotted on a Weibull probability scale

The four charts in Figure B.14 show how the probability distribution for pipe ductile rupture varies
based on the different below-the-threshold distribution shapes. These are based on the following
assumptions:

— the ratio of the pressure capacity to the applied pressure, pcap/papp, is normal;

— the mean factor of safety is 1,3 and 1,5. The mean factor of safety is the ratio of the mean ductile
rupture pressure to the applied pressure. For example, if a simple hoop stress equals tensile strength
defines failure, then this factor of safety SF is equal to the mean of the ratio between the pressure
capacity and the applied pressure;

— the coefficient of variability of this safety factor is 5 %;
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— the normalized strength pcap/papp of an imperfect length is simply (1 - di) pcap/Papp, Where d; is the
imperfection depth as a percent or fraction of specified wall;

— the distribution for defects is a truncated Weibull distribution, where the defect depth is truncated
at the threshold depth (5 %). The shape of this distribution is varied using the b-parameter, where
b = 0,5 is most variable but the majority of defects are near 0 % in depth and b = 4 indicates a low
variability but deeper mean depth.

These charts show that the shape of the distribution below the threshold does not significantly change

the distribution of the ratio pcap/papp- The failure probabilities can be read off these charts by noting
the prnhahi]iﬁnc associated with phap/papp =1 Thebarchartsin Figures B15 and B 146 co pare the

probability of failure for the length with the deepest imperfection in a string of 50 length$ with the
probability of failure for a single arbitrary imperfect length.

thgn the cumulative effect of frequently occurring “below-the-threshold” |simall imperfections.
Thjis has been used to develop part of the framework for the probabilistic calculation of pipe ductile
rupture strength. The rupture probability for a length is a function of the probability distributions for
mdterial ultimate strength, wall thickness, and the uncertainty of idealization; but the presg¢nce of an
imperfection is modelled deterministically. In the probabilistic ductile fupture formula, the d¢pth of the
imEerfection is set equal to the maximum allowed, i.e. the depth of thie/inspection threshold. [The effect
of the imperfection on the probability of failure is accounted for by using the frequency of ogccurrence
foi| threshold-deep imperfections. In the recommended modél, this is set equal to the frequency of
ocgurrence of sharp imperfections as measured during secofitdary inspection.

T:{'s case study suggests that the rare large imperfection has more impact on the\failure probability
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Figure B.14 — Effect of “below-the-threshold” imperfection distribution on the probability
distribution for ductile rupture strength
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Fjgure B.15 — Comparison of shape factor effect'on the probability of failure of a single length
and a string (mean safety factor of 1,3)
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Figure B.16 — Comparison of shape factor effect on the probability of failure of a single length
and a string (mean safety factor of 1,5)
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Annex C
(informative)

Rupture test procedure

C1 Sp(ICImen ends

Pipe rupt
common)
such as en
stress sta
capped-er
the end c4
load cond
pressure.

C.2 Mipimum specimen length

re tests should be performed with the pipe ends capped by either welded, slip-in plugs (m
or threaded end caps (API or premium connections). While other test setups are,possil
d plugs that are self-restraining via a centre bar, they are rarely used and produce-a differ
Fe and test results. Plug ends that are self-restraining via a centre bar are notacceptable. T
d test condition produces an axial stress on the pipe via the internal fluid pressure acting
Ips. The axial stress is about equal to one-half the average hoop membrane stress and is {
tion that, according to the von Mises theory of yield, produces the maximum possible inter

C21 BEckground

In the mi
of tubing
specimen
radial res
considere
several pi
pipe (pup
Figure 1 @

This lengt

1980s, an API workgroup was formed that produced API RP 5C5 for performance test
hnd casing connections. One of the workgroup ‘tasks was to establish the required length
5. In 1986, the API workgroup addressed information concerning the end effect of a rig
traint on the end of a cylinder. Analysis_firom Timoshenko’s Theory of Plates & Shells W
d, in addition to results from a simple"FEA model. End-effect calculations were made
be sizes and both light and heavy pipe;walls. This resulted in a recommendation of a minimy

length of at least 8,4(R/t)1/2, which-was later changed to L, = D + 6(Dt)1/2, which is given
f APIRP 5C5:1996.

h provides the following:

— distaIce of 3(Dt)1/2 from the ‘specimen end cap required to remove end effects from the end cap

— dista
infini

— distance of 3(Dt)%/2 from the specimen coupling or connection required to remove end effects fr

the c(

[SO 13679

ce of D (one pipesdiameter) of pipe that is removed from any end effects and behaves as
Lely long cylinder-(full length of pipe);

upling /Connection.

and API RP 5C5 have also adopted this minimum length for specimen pup length.

bst
le,
bnt
he
on
he
hal

an

pm

C.2.2 Specification of minimum length

In order to follow this rupture test procedure, adopt the minimum length from ISO 13679 or API RP 5C5
as shown in Figure C.1.
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2 | pipe (pup)

a
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Figure C.1 — Illustration of minimum specimen length for a'pipe rupture test|

C.B Application of pressure

redluce the volume of water and therefore minimize théstored energy for safety purposes|This also
redluces the size of the rupture in the pipe, which has not been of any consequence. In both ]SO 13679
anfl API RP 5C5, the pressure application rate is litnited to 34,474 MPa/min (5 000 psi/miin). When
pressuring to rupture, ductile pipe will begin to yield and, for typical lab-type pumps, the pressure rate
befomes much less as the pipe swells. When a pressure above the yield pressure is reached ajnd shut-in
(valve closed), the pipe briefly continues to-swell and the pressure drops accordingly. For tHis reason,
th¢ pressure should be continuously appliéd at a low rate of 6,895 MPa/min (1 000 psi/min) qr less.

Pi%e rupture tests are to be performed using water and atvinternal filler bar. The filler bar|is used to

A pressure transducer should be used.té measure/record the fluid pressure. A transducer locgted at the
opposite end of the specimen from.the pressure line removes spikes in the observed pressuife that are
related to stroking of the pumps A-digital data acquisition system is preferred, with a record|ng rate of
at least every 5 s. This rate willkcapture the maximum pressure reached, and the final ruptur¢ pressure
that is typically a few percentless than the maximum pressure obtained.
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Annex D
(informative)

Discussion of formulae for fracture

D.1 Mareriat-induced fracture of the pipe body

This annex provides formulae which may be used to calculate the pressure at which a pipe willfail due
to propaghtion of a pre-existing sharp crack or due to initiation and growth of a new sharp erack. Th¢se
elastic-pldstic formulae apply to pipe that is ductile, brittle or anywhere between the two extremes.
These formulae represent an extension of other established fracture mechanics standards to the l]lull
range of dil and gas environments. Use of the formulae and their related material test'data can requjre
substantifl expertise, and it is not always straightforward to generate the needed property dgta.
The formiilae can be used provided the fracture toughness (Kimat) of the material can be determirled
experimeftally for the particular environment of interest. For some pipes;the wall thickness is foo
thin to enfable a conclusive test to determine Kjmat. Currently, there is noiproposed framework for the
case for which Kjmat cannot be measured. It may be possible to determineKjmat from empirically baged
calculatiops using other Kjma¢ data.

There arg two types of fracture failure phenomena: failure due‘to unstable propagation of a pre-
existing cfack, and failure due to initiation and stable growth of a crack where there previously was
no detectpble crack. The first failure phenomenon (addressed in D.2) occurs due to stress-intensjity
overloading of the crack tip, and failure is determined ds*a function of the applied stress, the crack
size and the fracture toughness of the material in a particular environment. This failure phenomenon
addressed a crack of given size and the conditions under which the crack either propagates or arrest

oT

The second failure phenomenon (addressed in,D:3) is environmental cracking, which occurs due tp a
combinatjon of stress, material and environment without requiring any pre-existing imperfection. This
failure phpnomenon addresses conditionsiwhich produce stable growth of a crack which may not hgve
initially ekisted. Once created, the cragk’grows in a stable way until it becomes large enough to satipfy
the fractufre mechanics condition forinstable propagation to failure. Environmental cracking can ocqur
independé¢ntly of fracture propagatien, so both the formulae in D.2 and the threshold stress criterior] in
D.3 need fo be satisfied to preyenttailure through fracture. This means that there are two limit stafes
that need [to be satisfied to prevent fracture, and both limit states depend on the stress and the material
fracture tpughness in its efivironment.

D.2 The crack propagation model

D.2.1 General

The approachtofracturehrere-issimitar-to-thatased-indete g perfo atrceof pressure-vessels
and is extensively utilized to predict the fitness-for-service of these structures. Integrity of cracked
structures has been successfully safeguarded using fracture mechanics standards such as the British
PD 6493, now revised and re-issued as BS 7910, and API RP 579.

A pipe performance calculation based on tensile strength, yield strength and other material and
dimensional properties does not address failure due to propagation of crack-like imperfections where
failure is determined by the stress intensity around the crack. When the applied stress intensity factor,
K, reaches a critical value referred to as Kimat, the crack propagates and pipe rupture is imminent. The
value of Kjmat is a function of both the environment and the material. The units of Kjmat are MPa-m1/2
(ksi-in1/2).
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Under H3S environments, the value of Kjmat will be smaller than in non-H»S environments, and
the fracture mode can control the failure pressure of the pipe. The value of Kjmat changes based on
environmental exposure (H3S, temperature, pH, etc.). Once this value is determined in laboratory
testing for a specific material in a unique environment, it can be used to evaluate the integrity of a
pipe with imperfections for that environment. Kimat can be considered to be the amount of fracture
toughness necessary to prevent or stop further crack propagation in the environment. In order to
preserve the integrity of the pipe, Kimat needs to be sufficiently high to prevent the propagation of a
crack in the service environment.

A failure assessment diagram (FAD) can be utilized to assess the integrity of the pipe over the whole
ra i T ; T T T T Tor/r) on the
ordlinate versus the load ratio (L) on the abscissa, where K; is the ratio of applied K to Kniay, and Ly is
a rjatio of applied load to limit load. The limit load in this case commonly represents an\apprpximation
of the load where the cracked pipe yields without crack growth. For further understanding of FAD
conhcepts, see the fracture mechanics standards in Reference [27]. The FAD cenresponding to the
frdcture propagation Formulae (D.1) and (D.3) covers both the elastic and combined elastic-plastic
behaviours of the material. For materials which are ductile in a particular environment, [the value
of Kimat will be high and the fracture pressure will correspond to the elastic-plastic part df the FAD
cutve. For materials which are brittle in a particular environment, the yaluée of Kjmar will be lgw and the
frgqcture pressure will correspond to the elastic part of the FAD curve;

A pariety of fracture mechanics test samples have been used to develop Kimat data. The double
cantilever beam (DCB) specimen has been extensively utilizéd to develop Kimat data (also known as
Kithat for the SSC mechanism) for oil field materials. This specimen is described in ANSI-NACK TM0177-
96(as Method D. The DCB is notched or pre-cracked and:then the arms of the DCB are held|open at a
constant displacement by loading with a wedge. The DEB-is loaded such that the applied K level is above
th¢ Kimat for the material. The loaded specimen is exposed to the test environment (e.g. HzS[aqueous).
With initiation, the crack grows and the load drops*(displacement is approximately constanft) and the
applied K drops until it reaches Kimat, halting crack propagation. After an appropriate period when the
crgck growth stops, the measured force to remove the wedge from the DCB specimen and the neasured
crgck length are used to calculate the applied K at the end of the test. At this point, Kimat is equal to the
applied K.

A ffit-for-purpose” (FFP) assessmentyof pipe performance can be made by using Kimat corresponding to
a specific environment of interest..The evaluation of fracture pressure of casing and tubing infa specific
enyironment requires the measurement of Ky, in that environment and comparison to the maximum
applied K within the compenent. The applied K depends on the pipe geometry, the imperfection
gepmetry and the applied-load. Within any one chemistry, increasing the yield strength|generally
regults in a lower value-of Kjmat. However, Kjmat can increase or decrease with increasing yield strength
dup to changes ofchemistry and heat treatment and manufacturing process. Temperaturg, pH and
concentration of‘sulfide ions all affect the environmental fracture toughness. As temperatufe and pH
inqrease, the.environmental fracture toughness of the material also increases. Microstrug¢ture also
can cause variation in the environmental fracture toughness. Materials with higher transformation
productsssuch as bainite and pearlite, have lower environmental fracture toughness when fompared
to marténsitic materials. Increasing the partial pressure of H;S decreases the environmentdl fracture
toqtghness. Partial pressure of H3S is calculated by multiplying the absolute pressure by|the mole
fraction of H2S 1n the gas.

D.2.2 Assumptions and limitations
The following are assumptions relative to the FAD approach:

— only Mode I failure is considered. This is crack propagation perpendicular to the applied load, i.e. a
deepening of the crack, as opposed to Mode I], sliding, and Mode III, tearing;

— elastic-plastic fracture mechanics starting from the “J-Integral” is used as the general basis for the
FAD curve. The applied K is the linear elastic solution for a crack in the pipe wall. The intersection
of Kr and the FAD curve determines the fracture pressure. The depth of the crack-like imperfection
should be set equal to the depth of the inspection gate setting;
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— thepi

pe is infinitely long, with an infinitely long longitudinal crack-like imperfection;

— the longitudinal crack is on the inner surface of the pipe. A longitudinal crack on the inner surface

of the

pipe is slightly more conservative than an identical crack on the outer surface of the pipe;

— pressure acts on the faces of the crack;

— the ductile rupture limit state with influence of axial load (pjra, see 7.5) represents the ultimate
ductile failure mode.

D.2.3 Fracture limit state formula

The fract
pir, the i
numerica

re limit pressure of a tube is defined by Formula (D.1), and it cannot be explicitly solved
ernal pressure at which fracture will occur, but must be solved in an iterative manher
coding or graphically. Formula (D.1) is based on fracture mechanics, and is a‘formula

failure du to propagation of a pre-existing crack. Formula (D.1) is not a formula for environmenta

induced f4

(1—0,

{ZGO 7
Or PiF = pPi
where

L=V

and

D
fy

Klmat

Ly

DiF

ilure of a material which does not have a large crack.

141, )(0,3+0,7exp|:0,65Lr6}):[p“: (D/2)* (ra)'/? }/[((D/Z)Z ~(D/2¢) )Klmat}x

(0
26,[a/(D/2 —t)]+3G,[a/(D/2-¢t)]* -4G3[a/(D/2-t)] +56, [a/(D/Z—t)]4}
Ra, if pira is less than the solution from Formula (D.1)
B/2 (pir/fy) [(d/2 + a)/(t - a)] (O

is, for a limit state formula, the maximuin actual depth of a crack-like imperfection; for a
design formula, the maximum depthlof a crack-like imperfection that could likely pass the
manufacturer’s inspection system;

is the pipe inside diameter; d.=D - 2¢;

is the specified pipe outside diameter;

is the yield strength.ef a representative tensile specimen;

is the fracture'tpughness of the material in a particular environment;
is the load\ratio;

is the.internal pressure at fracture;

for
by
for
lly

1)

2)

PiR

iS.the internal pressure at ductile rupture of an end-capped pipe;

PiRa

t

is pir adjusted for axial load and external pressure;

is the specified pipe wall thickness.

The left side of Formula (D.1) is the FAD curve. The right side of Formula (D.1) is the stress intensity

ratio K;.

Table D.1 of G-influence coefficients used in the formula is for a longitudinal crack located on the inside
of the pipe. This is slightly more conservative than a crack on the outside of the pipe.

Table C.9 in API RP 579, January 2000, is the source for the G-influence coefficients shown in Table D.1
and allows interpolation for intermediate values of d/t or dwa)1/t and a/t.
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Table D.1 — Values of Gg to G4 for FAD curve

11

Th

(¢}

—

wh

an

ere

dwall

fymn
KImat

kwall

;‘i : 1?/2 a/t Go G1 G2 Gs Ga
4 0,0 1,120 000 | 0,682 000 | 0,524 500 | 0,440 400 | 0,379 075
4 0,2 1,242 640 | 0,729 765 | 0,551 698 | 0,458 464 | 0,392 759
4 0,4 1,564 166 | 0,853 231 | 0,620581 | 0,503 412 | 0,427 226
10 0,0 1,120 000 | 0,682 000 | 0,524 500 | 0,440 400 | 0,379 075
10 0,2 1,307 452 | 0,753 466 | 0,564 298 | 0,466 913 | 0,398 757
10 0,4 1,833 200 | 0954938 | 0,676 408 | 0,539 874 | 0,454 785
20 0,0 1,120 000 | 0,682 000 | 0,524 500 | 0,440 400 | 0,379 @75
20 0,2 1,332691 | 0,763 153 | 0,569 758 | 0,470 495 | 0,401 459
20 0,4 1,957 764 | 1,002 123 | 0,702 473 | 0,556 857 | 0467 621
40 0,0 1,120 000 | 0,682 000 | 0,524 500 | 0,440 4004-0,379 075
40 0,2 1,345 621 | 0,768 292 | 0,572 560 | 0,472331 | 0,402 984
40 0,4 2,028 188 | 1,028989 | 0,717 256 | 0,566'433 | 0,475 028
80 0,0 1,120 000 | 0,682 000 | 0,524 500.[-0,440 400 | 0,379 075
80 0,2 1,351 845 | 0,770 679 | 0,573 795.| 0,473 108 | 0,403 649
80 0,4 2,064 088 | 1,042 414 | 0,724¢534 | 0,571 046 | 0,478 588
NOTE The parameters Go to G4 are obtained exactly followirig the methodology in API RP 579.

e fracture design formula is:

(1-0,141,2 )(0,3+0,7exp[—0,65Lr6:|)|:piF (D/2)2(ra)"/? }/((D/Z)Z ~(D/ 2k t)* )Klmat

4
5G4[a/(D/2—kyqt)]
DiF = DiRa, if pira is less than the solution from Formula (D.3)

.2.4 Design formula for fracture of the pipe body due to the presence of crack-like
perfections

X

26 ~26, [a/(D/2—kyyt)] ¥36,[a/(D/2-kyat)]2-4G3[a/ (D) 2=k )]’ + (D.3)

Ly =V3/2 (pif/fymn) [([dwan/2 + @)/ (kwant - )] (D.4)

is, for a limit state formula, the maximum actual depth of a crack-like imperfection;

manfacturrs’ inspetion ystem;

is the inside diameter based on ka1 t; dwall = D — 2kwall t;

is the specified pipe outside diameter;

is the specified minimum yield strength;

is the fracture toughness of the material in a particular environment;

is the factor to account for the specified manufacturing tolerance of the pipe wall. For ex-
ample, for a tolerance of 12,5 %, kwal1 = 0,875;
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Ly is the load ratio;
DiF is the internal pressure at fracture;
DiR is the internal pressure at ductile rupture of an end-capped pipe;

DiRa is pir adjusted for axial load and external pressure;

t is the specified pipe wall thickness.

In Formula(D.3) the G-influence coefficients are the same as listed in Table D1 _Faor calculation of

he

fracture design pressure, dya) in Table D.1 is the specified inner diameter of the pipe.

The left side of Formula (D.3) is the FAD curve. The right side of Formula (D.3) is the stresgintens
ratio K. Fbrmula D.3 is a formula for failure due to propagation of a pre-existing crack. Formula (D.3)
not a formula for environmentally induced failure of a material which does not have a larige‘crack.

Figure D.1 shows an example of the predicted fracture pressure based on Formulae (D.3) and (D.4)

a 7.0 in dipmeter, 0.730 in wall, C90 casing as a function of the fracture toughness Kimnat, assuming 5

imperfectfion (inspection gate) combined with kg = 0.875.
Y
45

D)
[e)

/

(@x]

Key
X Klmat]ksiin0,5
Y predigtédfracture pressure, ksi

100 X

ity
is

for
%

Figure D.1 — Influence of Kjyat on fracture propagation pressure (7 in diameter, 0.730 in wall,

C90 with 5 % imperfection, 0.875 wall factor)

D.3 Fracture due to environmental crack initiation

D.3.1 General

For a material in a particular environment, environmental crack initiation can occur and result in
fracture (failure) when there was no pre-existing crack in the material. This is due to a combination
of crack initiation and stable environmental crack growth to failure. For this reason, both the fracture
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propagation formulae in D.2 and the environmental crack initiation criterion in D.3 need to be satisfied
to prevent failure through fracture. Environmental crack initiation is said to occur when the von Mises
equivalent stress exceeds what is called the threshold stress (o) of the material. The fracture pressure
for environmental crack initiation is the pressure which causes the von Mises equivalent stress to equal
the threshold stress, i.e.:

Oc = Oth (D.5)

where

oe isthe equivalent stress;
oth is the threshold stress.

Thie threshold stress can vary with the particular material and environment. See ANSI-NACH TM0177-
96|for an explanation of threshold stress. The threshold stress usually is determined by a seri¢s of NACE
Mdthod-A tensile tests in a specific environment. Above the threshold stress, the tensile spedimen fails
dufing the NACE Method-A tensile test; below the threshold stress, the‘ténsile specimen passes the
NACE Method-A tensile test. In an H3S environment, the threshold strgss usually is less than the yield
stijength of the material.

Enyironmental crack initiation can typically start at the bottom 6fa corrosion pit, and depends on the
combination of the environment (CO7, pH, H»S), temperature;thaterial microstructure and rzﬂechanical
stijess. Below a “threshold” combination of these factors, cra¢k‘initiation does not occur and beyond the
threshold, stress crack initiation does occur. For most applications, the mechanical loads op the pipe
ar¢ constant and the crack, once initiated, will grow to*failure. The situation thus deterioratef until the
crdck reaches the size where unstable crack propagation leads to final fracture. The time between crack
inifiation and unstable fracture is uncertain, and therefore it is prudent to avoid crack initiation pltogether
bylkeeping the von Mises equivalent stress sufficiently low compared with the threshold stress.

Thie fracture initiation limit pressure is theypressure for which the von Mises equivalent stress equals
th¢ threshold stress [Formula (D.5)}(where the von Mises equivalent stress is calculated using
mdasured pipe dimensions. The fracture initiation design pressure is the pressure for whig¢h the von
Mikes equivalent stress equals the threshold stress, where the von Mises equivalent stress is ¢alculated
usng specified pipe dimensions and the pipe wall thickness tolerance factor kyaj. A margifg between
applied (service) equivalent/stress and the apparent threshold stress should be maintained o account
for] scatter on the estimation of the threshold stress.

Jugt as with the yield formula, the von Mises equivalent stress is used to combine the individyial, three-
diensional stressés:into a single parameter to compare with the threshold stress. The ¢quivalent
stijess is used hecause, based on data in Reference [27], it appears to provide the most accurate
combination of¢stresses which brings about crack initiation failure of pipe in an HS envlironment.
Fofmula (D{5) is applicable only when the internal pressure exceeds the external pressure.,Test data
in pxial cempression suggest that the formula can cease to apply, i.e. that crack initiation failure might
nof oeCut, when the mean hydrostatic stress becomes compressive. That is, in the absence pf torsion,
th¢ formula can cease to apply when the sum of the axial stress, radial stress and hoop strss added
together becomes negative.

D.3.2 Example calculation

Calculate the design crack initiation failure pressure for a 244,48 mm (9-5/8 in), 13,84 mm (0.545 in)
wall thickness, C90 grade [fymn = 621 MPa (90 000 psi)] casing subjected to internal pressure with
capped end conditions, if the threshold stress is 90 % of the yield strength of the pipe material and the
kwan = 0,875.

First the von Mises equivalent stress is set equal to the threshold stress, which is 90 % of the yield stress
[Formula (D.5)]. For the loading combination where the pipe has capped-end conditions and there are
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no torsional and bending stresses, then Formula (D.5) reduces to the following, similar in form to the
formula for piyLc, Formula (8) of 6.6.1.1:

Pir =0,9 fymn /{B3D* +dyay*) /(D ~d e ®)? +d* /(D* -d®)* -

(D.6)
2d%dyqn’” /[(D* =d*) (D? = d e * }/?
where
D is the specified pipe outside diameter;

d is the pipe inside diameter; d = D - 2t;
dwal |is the inside diameter based on kwaiy t; dwall = D - 2kwal ¢;
fymn |is the specified minimum yield strength;

kwall |is the factor to account for the specified manufacturing tolerance of the pipe'wall. For exam-
ple, for a tolerance of -12,5 %, kwan = 0,875;

biYLc |is the internal pressure at yield for a capped-end thick tube;
t is the specified pipe wall thickness.

Then the ¢rack initiation fracture pressure for the example pipe is.60,6 MPa (8 788 psi).
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Annex E
(informative)

Discussion of historical collapse formulae

E.

E.1.1 General

Thie minimum collapse pressures given in Annex K are calculated by means of Fermulae (}
(EJ5) and (E.7), adopted at the 1968 API Standardization Conference and repotted in API Ci
13p0 dated September 1968.

Collapse pressure formutae

2018(E)

£.1), (E.3),

Formulae (E.2), (E.4) and (E.6) for the intersections between the four cellapse pressure forn
begn determined algebraically, and used for calculating the applicable D/t range for eac
pressure formula. Factors A, B¢, C¢, F: and G have been calculated using Formulae (E.2
(EJ22), (E.25) and (E.26). When determining the appropriateformula to be used for c
collapse resistance for a particular D/t ratio and minimum yield‘strength, the D/t ranges dete
Formulae (E.2), (E.4) and (E.6) govern, rather than the colapse formula that gives the lowes

rcular PS-

ulae have

h collapse
D), (E.21),

pressure. The D/t ranges are given in Tables E.1, E.2, E.3 and E 4.

Theoretical studies of the effect of ovality on tubular collapse resistance consistently ind

an

experimental/empirical investigations indicate-a'much smaller effect. Test data indicate th
is pnly one of many pipe parameters that influence collapse (including residual stress, isotr(¢

of

ovality of 1 % to 2 % can effect a reduction in‘collapse resistance on the order of 25 %,

dafa indicates that the influence of ovality does not warrant singling out the ovality as a
parameter. A workgroup on collapse tesistance concluded the effect of ovality on tubular coflapse has
begn handled during the adjustmeént of average collapse predictions to minimum performance values

anfl that ovality should not be awarded the status of an independent variable in a formula fa
performance.

Thie collapse formulae presented here were originally developed in USC units, and should on
in these units.

E.1.2 Yield strength collapse pressure formula

Thie yield stretigth collapse pressure is not a true collapse pressure, but rather the external pre

alculating
'mined by

t collapse

icate that
However,
at ovality
py, shape

stress-strain curve/microstructure, and yield strength). Thorough review of industry collapse

dominant

r collapse

y be used

ssure, pyp,

thqt generatés minimum yield stress, fymn, on the inside wall of a tube as calculated by Formyla (E.1).

PYp'= 2 fymn [(D/0) - 1]/[(D/t)?]

where

©lI

D is the specified pipe outside diameter;
fymn is the specified minimum yield strength;

t is the specified pipe wall thickness.
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Formula (E.1) for yield strength collapse pressure is applicable for D/t values up to the value of D/t
corresponding to the intersection with the plastic collapse [Formula (E.3)]. This intersection, (D/t)yp, is
calculated by Formula (E.2) as follows:

(D/t)yp ={[(Ac - 2) 2+8(B + Cc/fymn)] 2+ (Ac-2) }/[2(Bc + Ce/fymn)]

where

Ac

is the empirical constant in historical collapse formula;

(E.2)

B
Ce

fymn

The parar
load, as ey

The appli

is the empirical constant in historical collapse formula;
is the empirical constant in historical collapse formula;

is the specified minimum yield strength.

plained in later subclauses.

able D/t ratios for yield strength collapse are shown in Table E.1.

Table E.1 — Yield collapse pressure formula fange

heters used to calculate collapse pressures depend on the pipe yield strengthrand on the axial

136

Gradea D/t rangeb
H40 16,40and less
-50 15,24 and less
]55, K55 14,81 and less
-60 14,44 and less
=70 13,85 and less
C75,E75 13,60 and less
L-N-80 13,38 and less
C90 13,01 and less
R95, T95,;X95 12,85 and less
=100 12,70 and less
R105, G105 12,57 and less
P110 12,44 and less
-120 12,21 and less
Q125 12,11 and less
-130 12,02 and less
S135 11,92 and less
-140 11,84 and less
-155 11,59 and less
-160 11,52 and less
-170 11,37 and less
-180 11,23 and less
a  Grades indicated without letter designation are not standardized
grades but are grades in use or grades being considered for use and are
shown for information purposes.
b The D/t range values were calculated from Formulae (E.2), (E.20),
(E.21) and (E.22).
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The minimum collapse pressure for the plastic range of collapse, pp, is calculated by Formula (E.3):

pp =fymn [Ac/(D/t) - B] - Cc

(E.3)

where
Ac is the empirical constant in historical collapse formula;
Bc is the empirical constant in historical collapse formula;
Cc is the empirical constant in historical collapse formula;
D is the specified pipe outside diameter;

t is the specified pipe wall thickness.

fymn  is the specified minimum yield strength;

collapse pressure (D/t)pt. Values for (D/t)p are calculated by means of Formula (E.4):

where

The factors and applicable D/t ranges for the plastic collapse formula are shown in Table E.2.

(D/8pt = Lfymn (Ac = FI/[Cc + fymn (B = Gc)]

fymn is the specified minimum yield strength;

A:  isthe empirical constant in historica};eollapse formula;
B:  isthe empirical constant in histoyical collapse formula;
Ce is the empirical constant in‘historical collapse formula;

F. is the empirical constant in historical collapse formula;

G is the empirical constant in historical collapse formula.

Table E.2 — Formula factors and D/t range for plastic collapse

Gradea

Ac

B¢

Cc
MPa
(psi)

D/t rangeb

The formula for minimum plastic collapse pressure is applicable for-D/t values ranging from (D/t)yp,
Fofmula (E.2) for yield strength collapse pressure, to the intersection with Formula (E.5) for

transition

(E4)

H40

2,950

0,046 5

5,20
(754)

16,40 to 27,01

-50

2,976

0,0515

7,281
(1 056)

15,24 to 25,63

J55, K55

2,991

0,054 1

8,315
(1206)

14,81 to 25,01

(E.20), (E.21), (E.22), (E.25) and (E.26).

a  Grades indicated without letter designation are not standardized grades but are
grades in use or grades being considered for use and are shown for information purposes.

b The D/t range values and formula factors were calculated from Formulae (E.2), (E.4),
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Table E.2 (continued)

Ce
Gradea Ac Bc MPa D/t rangeb
(psi)
~60 3,005 0,056 6 (?'ggz) 14,44 to 24,42
11,42
=70 3,037 0,061 7 (1 656) 13,85 to 23,38
C75 E75 3,054 00642 12,45 136062291
(1806)
L-N-80 3,071 0,066 7 (}39"5*2) 13,38 to 22,47
15,54
C90 3,106 0,071 8 (2 254) 13,01 to 21,69
16,57
R95, T95, X95 3,124 0,074 3 (2 404) 12,85 t021,33
17,60
-100 3,143 0,076 8 (2553) 12/70)to 21,00
P105, G105 3,162 0,079 4 (%87'83) 12,57 to 20,70
19,66
P110 3,181 0,081 9 (2 852 12,44 to 20,41
-120 3,219 0,087 0 éll"é% 12,21 to 19,88
Q125 3,239 0,0895 (523'(7)% 12,11 to 19,63
-130 3,258 0,092 0 (:2,)3:1'_;% 12,02 to 19,40
24,83
S135 3,278 0,094 6 (3 601) 11,92 to 19,18
-140 3,297 0,097 1 (557’2% 11,84 to 18,97
-150 3,336 0,102 1 (iggg) 11,67 to 18,57
-155 3,356 0,104 7 é%‘gz) 11,59 to 18,37
-160 3,375 0,107 2 (2%23) 11,52 to 18,19
32,13
~170 3,412 0,112 3 (4 660) 11,37 to 17,82
34,24
-180 3,449 0,117 3 (4 966) 11,21 to 17,47
a  Grades indicated without letter designation are not standardized grades but are
grades in use or grades being considered for use and are shown for information purposes.
b The D/t range values and formula factors were calculated from Formulae (E.2), (E.4)
(E.20), (E.21), (E.22), (E.25) and (E.26).
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E.1.4 Transition collapse pressure formula

The minimum collapse pressure for the plastic to elastic transition zone, pt, is calculated by

Formula (E.5):

pt = fymn [Fc/(D/t) - G(] (E.5)
where
D is the specified pipe outside diameter;

Fe is the empirical constant in historical collapse formula;
fymn is the specified minimum yield strength;

G is the empirical constant in historical collapse formula;
pr  isthe pressure for transition collapse;

t is the specified pipe wall thickness.

=

Thee formula for pr is applicable for D/t values from (D/t)pt, Formua (E.4) for plastic collapse| pressure,
to [the intersection (D/t)te with Formula (E.7) for elastic collapse. Values for (D/t)e are calqulated by

Formula (E.6):
(D/Ote = [2 + Bc/Ac)/[3(Bc/Ad)] (E.6)

wlhere

A is the empirical constant in historical collapse formula;
B 1is the empirical constant in historical collapse formula.

The factors and applicable D/t ranges for the transition collapse pressure formula are [shown in
Table E.3.

Table E.3(—Formula factors and D/t range for transition collapse

Gradea Fc Ge D/t rangeb
H40 2,063 0,0325 27,01 to 42,64
-50 2,003 0,0347 25,63 to 38,83
J55, K55 1,989 0,036 0 25,01 to 37,21
-60 1,983 0,037 3 24,42 to 35,73
-70 1,984 0,040 3 23,38 to 33,17
C75 E78 1990 00418 2291 t0 3208
L-N-80 1,998 0,043 4 22,47 to 31,02
C90 2,017 0,046 6 21,69 to0 29,18
R95, T95, X95 2,029 0,048 2 21,33 to 28,36
-100 2,040 0,049 9 21,00 to 27,60
P105, G105 2,053 0,0515 20,70 to 26,89
a  Grades indicated without letter designation are not standardized grades
but are grades in use or grades being considered for use and are shown for
information purposes.
b The D/t range values and formula factors were calculated from
Formulae (E.2), (E.4), (E.20), (E.21), (E.22), (E.25) and (E.26).
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Table E.3 (continued)

E.1.5 El

Gradea Fe Ge¢ D/t rangeb
P110 2,066 0,053 2 20,41 to 26,22
-120 2,092 0,056 5 19,88 to 25,01
Q125 2,106 0,058 2 19,63 to 24,46
-130 2,119 0,059 9 19,40 to 23,94
S135 2,133 0,061 5 19,18 to 23,44
-140 2,146 0,063 2 18,97 to 22,98
-150 2,174 0,066 6 18,57 to 22,11
-155 2,188 0,068 3 18,37 to 21,70
-160 2,202 0,070 0 18,19 to 21,32
-170 2,231 0,073 4 17,82 to 20,60
-180 2,261 0,076 9 17,47 to 19,93
a  Grades indicated without letter designation are not standardized grades
but are grades in use or grades being considered for use and are shown, for
information purposes.
b The D/t range values and formula factors were calculated from
Formulae (E.2), (E.4), (E.20), (E.21), (E.22), (E.25) and (E.26).

astic collapse pressure formula

(H7)

The minithum collapse pressure for the elastic range of collapse,pg, is calculated by Formula (E.7):
pE = 4,95 x 106/[(D/¢) (D/t - 1)2]
where
D i the specified pipe outside diameters;
t  ip the specified pipe wall thickness!
The appli¢able D/t range for elastic eqltapse is shown in Table E.4.
Table E.4 — D/t range for elastic collapse
Gradea D/t rangeP
H40 42,64 and greater
-50 38,83 and greater
]55, K55 37,21 and greater
-60 35,73 and greater
=70 33,17 and greater
C75,E75 32,05 and greater
L-N-80 31,02 and greater
C90 29,18 and greater
R95, T95, X95 28,36 and greater
-100 27,60 and greater
P105, G105 26,89 and greater
a  Grades indicated without letter designation are not standardized
grades but are grades in use or grades being considered for use and are
shown for information purposes.
b The D/t range values were calculated from Formulae (E.6), (E.20)
and (E.21).
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E.

Thie collapse resistance of casing in the presence of an¢axial stress is calculated by modifying

st

wh

Co

calculated by means of Formulae (E.2), (E.4), (E.6), (E.20), (E.21), (E.22), (E.25) and (E.]

for
by

Foj
24

1.6 Collapse pressure under axial tensile stress

Table E.4 (continued)
Gradea D/t rangeb

P110 26,22 and greater

-120 25,01 and greater

Q125 24,46 and greater

-130 23,94 and greater

S135 23,44 and greater

-140 22,98 and greater

-150 22,11 and greater

-155 21,70 and greater

-160 21,32 and greater

-170 20,60 and greater

-180 19,93 and greater
a  Grades indicated without letter designation are not standaxdized
grades but are grades in use or grades being considered for use and are
shown for information purposes.
b The D/t range values were calculated from Formulaé”{E.6), (E.20)
and (E.21).

ess to an axial stress equivalent grade according tooFormula (E.8):
fyax = {[1‘0-75(0a/fymn)2] 1/2-0.5 Ua/fymn}fymn

ere

fyax is the equivalent yield strength in the presence of axial stress;
fymn  is the specified minimum yield strength;
Oa is the compongént-of axial stress not due to bending.

lapse resistance formula factors and D/t ranges for the axial stress equivalent grade

mula factors for)the axial stress equivalent grade, collapse resistance under axial stress is
means of Eorfriulae (E.1), (E.3), (E.5) and (E.7).

rmula (K8) is not valid for the yield strength of axial stress equivalent grade (fyax)
000 pst.

r the yield

(E.8)

are then

v6). Using
ralculated

less than

Fo

fmula (E. 8)ishased on the Hencky-von Mises maximum strain energy of distortion theorv ad

fyielding.

E.1.7 Collapse pressure under axial stress and internal pressure

To calculate external pressure at collapse which is influenced by combined axial stress and internal
pressure, see API Technical Report 5C3, Calculating Performance Properties of Pipe Used as Casing or
Tubing, Seventh Edition, June 2018, paragraph E.1.6.

©lI
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E.2 Derivation of collapse formulae

E.2.1 General

Of the four formulae used for collapse pressure, those for yield strength collapse and elastic collapse
were derived on a theoretical basis, the plastic formula was derived empirically from 2 488 collapse
tests for grades K55, N80 and P110, while the plastic/elastic transition collapse pressure formula was
determined on an arbitrary basis. The plastic and transition collapse formulae and the modification of
the elastic collapse formula constant were developed by G. Hebard[131],

E.2.2 Yield strength collapse pressure formula derivation

For heavy|wall pipe, the use of plastic collapse Formula (E.3) or pp could result in compressionstres

equalling
pressure
pressure
generates
The deriv

could exceed the external pressure causing yielding, it was thought unsafe tojuse a colla
yalue causing yielding. Therefore, the yield strength collapse is based on the pressure tl
minimum yield stress on the inside wall of the tube, calculated by means of the Lamé formy

E.2.3 Plastic collapse pressure formula derivation

Formula

E.3) for plastic collapse pressure, pp, and factors A¢, Bc and € were derived by statisti

regressiof analysis from 402 collapse tests on K55, 1 440 collapse t€sts on N80, and 646 collapse te
on P110 Jeamless casing. The data used are reported in Reference [69]. The data were gathered

represent

the D/t ranges typically involved in plastic collapse forthe particular grades. The regress

analysis fesulted in the formulae of the Stewart type shown in Table E.5 originally developed

Professor
University

Reid Stewart of Western University, AlleghenyPennsylvania, (predecessor of the pres

in May 1906. These regression formulae [(E.9), (E.10)},for average collapse pressure are substantig

the same

hs those on which the collapse values given in the eleventh edition (1969) of API Bulletin 5

were basg¢d. The difference in the new formulae'from the old arises from the method of determin

minimum|

constant pressure determined for the particular grade from the average, while the old minimum val
were determined by reducing the average values by 25 %.

Statistica

Table E.5 — Average' plastic collapse pressure regression formulae

or exceeding the yield strength. While there was experimental evidence that the collaise

htion of the Lamé formula can be found in books covering theoretical elastic stress analysi$

values from the average values. The'new minimum values were determined by subtractin\E a

besS

se
nat
la.

D.

cal
5ts
to
on
by
ent

r of Pittsburgh) and published as an American Society of Mechanical Engineers (ASME) paper

1\
C2

ng

es

Average plastic collapse Coefficient | Standard Formula
Grade gep’ P of det. error
regression formula number
R2 Sp
K55 pp=164450/(D/t)-2976| 0,647 8 435 (E.9)
N80 pp =245 600/(D/t)-5336| 0,8627 719 (E.10)
P110 pp =349 800/(D/t) -9 020 0,7720 1048 (E11)

minimum values for the regression formulae are based on one-sided tolerance liniits

developed Tollowing methods that can be found In Reference [132]. Formulae [E.1Z], [E.13], [E.14)
and (E.15) for one-sided tolerance limits are developed by such methods. These tolerance limits are
subtracted from the average collapse pressure formulae to obtain minimum collapse pressure formulae:

Ce = tp(6p) Zp Sp (E.12)
tp(0p) = {u1-o + up [(1 - up?/2f)/Ne + u1-92/2f11/2}/(1 - up?/2f) (E.13)
to95(0,005)={2,570+1,645[(1-1,3530/(N;—1))/ N +

(E.14)

3,30245/(N, -1)]/?}/[1-1,3530/(N, -1)]
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Zp=[1+1/N¢+ (t/D - aryp)2/(Ny s¢/p)] 1/2

where

agp  is the average value of ¢/D ratios used in the regression;

Fo

Cc empirical constant in historical collapse formula;

D specified pipe outside diameter;

f degrees of freedom = Ny - 1;

N number of tests;

Sp standard error of estimate of the regression formula;

syp  standard deviation of t/D ratios used in the regression;
t specified pipe wall thickness;

tp tolerance interval corresponding to a confidence level of\p-that the proportion of
lation not included does not exceed;

up fractile corresponding to confidence level p;

U1-9 fractile, the deviation from the mean of a standardized normal cumulative distril
that includes the fraction 1 - 6 ; of the population;

Zp correction factor for variation in t/D from average;
Op the proportion of the population-not included.

'mula (E.13) was taken directly from Reference [132]. Formula (E.15) provides a (

for
Re

Th

pr
thg
for

Fo

variation from average t/D uséd-in the regression, and is based on information t3
ference [133].

e quantity C. is to be regarded as a tolerance limit to be subtracted from the averag
essure formula to obtain the minimum collapse pressure formula. Regarding the term (¢t

calculating Zp.

'mula (E.14) was” obtained from Formula (E.13) by taking the confidence level to be

Op
ob

Va
Tal

= 0,005 andsubstituting the corresponding values of u, = ug9s = 1,645 and u1-g = ug9
Fained frenya table of probability integrals.

ues, forthe tolerance limit C; were calculated using Formulae (E.12) through (E.15) and are
ble Bx9.

2018(E)

(E.15)

the popu-

ution

orrection
ken from

e collapse
D - a¢/p),

e maximum absolute yalite of this quantity occurring in the test data is to be used in Formjula (E.15)

0,95 and
s = 2,574

shown in

Subtracting the tolerance limit C; values from the average collapse pressure Formulae (E.9), (E.10)
and (E.11), the following Formulae (E.16), (E.17) and (E.18) presented in Table E.6 for minimum collapse
pressures, pp, are obtained:

©lI

Table E.6 — Minimum plastic collapse formulae for grades K, N and P

Grade Av::gfgsgizit}f):glljgse Formula number
K55 pp =164 450/(D/t) - 418 1 (E.16)
N80 pp=245600/(D/t) - 7291 (E.17)

P110 pp =349 800/(D/t) - 118 75 (E.18)
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These formulae for minimum plastic collapse pressure are based on the conception that there isa 95 %
probability or confidence level that the collapse pressure will exceed the minimum stated with no more
than 0,5 % failures.

While Formulae (E.16), (E.17) and (E.18) could be used in the form shown, they have been converted to
the following standard form, primarily to facilitate extrapolation and interpolation to obtain collapse
formulae for other grades for which adequate collapse test data are not available from which to obtain
formulae direct:

pp =fymn [Ac/(D/t) - Bc] - Cc

where

Ac
B
Ce
D
fymn

pp
t

The follov
provide fq

where
Ac
Bc
Ce

fymn

(E.19)

is the empirical constant in historical collapse formula;
is the empirical constant in historical collapse formula;
is the empirical constant in historical collapse formula;
is the specified pipe outside diameter;

is the specified minimum yield strength;

is the pressure for plastic collapse;

is the specified pipe wall thickness.

Table E.7 — Plastic collapse formula factors for grades K, N and P

Grade Ac B Cc
K55 2,990 0,054 1 1205
N80 3,070 0,066 7 1955
P110 3,180 0,082 0 2 855

026 233 + 0,506)09 x 106 fymp

165,93 +0,030 867 fymn — 0,104 83 x 107 fymn2 + 0,369 89 x 1013 fy,3

876 2 + 0,106 79 x 10=% fymn + 0,213 01 x 10710 f5,n2 - 0,531 32 x 1016 f;13

Ving factors A¢, Bc and C. for grades K55, N80 and"P110, given in Table E.7, were curve-fif]
rmulae for determining these factors for other\grades by extrapolation and interpolation.

(E.]

(E.

(E.]

to

0)

21)

2)

is the empirical constant in historical collapse formula;
is the empirical constant in historical collapse formula;
is the empirical constant in historical collapse formula;

is the specified minimum yield strength.

Factors for grades K55, N80 and P110 calculated using Formulae (E.20), (E.21) and (E.22) are given in

Table E.8.
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Table E.8 — Plastic collapse formula factors for grades K, N and P as calculated

Grade Ac Bc Cec
K55 2,991 0,054 10 1206
N80 3,071 0,066 70 1955
P110 3,181 0,081 92 2 852

The maximum deviation of the factors determined by the formulae from those determined by regression
analysis is 0,122 %.

Thie tolerance limit for Grades K55, N80 and P110 to be subtracted from average collapse-£formulae to

co

T

hvert to a minimum base are shown in Table E.O.

minimum base

able E.9 — Tolerance limit C; to be subtracted from average collapse formulae to con

vertto a

necessary.
e present

igher D/t

Grade Cc
K55 1205
N80 1955
P110 2 855
As| additional data become available, these formulae can be Verified or modified where 1
Anjalysis of collapse test data should conform to the principles followed in developing th
fojmulae.
E.2.4 Transition collapse pressure formula dérivation
When the curves of the formulae for average plastic collapse pressures are extended to
values, they intersect the average elastic collapse pressure curve. However, as the curves forminimum

pld
col
tra
pld
el

be
pr

Th

stic collapse pressure formula'‘gives a collapse pressure of zero and is tangent to the
stic collapse pressure Formula (E.7). This formula is used to determine minimum collapse
fween its tangency to the elastic collapse pressure curve and its intersection with the plast
bssure curve. This is shdawi'in Figure E.1 for grade N80 casing.

pPT :fymn [FcAD/Y) - Gl

e formula for plastic/elastic transition collapse pressure, pr, is of the Stewart form as folloy

stic collapse pressures are extended, to higher D/t values, they fall below the minimym elastic
lapse pressure curve without intersecting it. In order to overcome this anomaly, a plasfic/elastic
nsition collapse pressure formulahas been developed that intersects the D/t value where the average

minimum
pressures
c collapse

vVs:

(E.23)

where
D is the specified pipe outside diameter;
F¢ is the empirical constant in historical collapse formula;
fymn is the specified minimum yield strength;
G: isthe empirical constant in historical collapse formula;
t is the specified pipe wall thickness.

The two conditions mentioned:

a)

b)

©lI

intersection with the average collapse pressure curve pp (average) = fymn [Ac/(D/t) - Bc], where

pp (average) = 0;

tangent to the elastic curve:

SO 2018 - All rights reserved
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pE = 46,95 x 106/[(D/t) (D/t - 1)2] (E.24)

where

D is the specified pipe outside diameter;
pE is the pressure for elastic collapse;

t isthe specified pipe wall thickness;

permit evhluation of A¢ and B according to Formulae (E.25) and (E.26) as follows:

Fc = 46,95 x 106 [(3 Bc/Ad)/(2 + Be/AJI3/{ fymn [(3 Bc/Ad)/(2 + Be/Acd) - Be/Ad[1 - (3 Be/AJH2Z + Be/

AJl%} (E.25)
G = F§ Bc/Ac (E.26)
where

Ac |is the empirical constant in historical collapse formula;
B |is the empirical constant in historical collapse formula;
Ce is the empirical constant in historical collapse formula;
Fe is the empirical constant in historical collapse forfmula;
fymn|is the specified minimum yield strength;

G. |isthe empirical constant in historical cellapse formula.

E.2.5 Elastic collapse pressure formuladerivation

The minijnum elastic collapse pressure, formula was derived from the theoretical elastic collapse
pressure formula developed by Clinedinst[68], where pg is the pressure for elastic collapse:

pE = 2E/(1 - v2)/[(D/t) (D/t = 1)?] (E.27)
where
D ifthe specified pipe outside diameter;

E i§Young’smodulus;

d the specified pipe wall thickness;

—

t

v  is Poisson’s ratio.

The curve plotted from the formula for theoretical elastic collapse, assuming E = 30 x 106 and v = 0.3,
was found to be an adequate upper boundary for collapse pressure as determined by test.

The average collapse resistance formula adopted by API in 1939 was taken as 95 % of the theoretical
formula for elastic collapse resistance, rounded to two decimals. The minimum elastic collapse
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resistance formula adopted in 1968 was taken as 75 % of the average elastic collapse resistance
formula, rounded to three decimals:

PE = 46,95 x 106/[(D/t) (D/t - 1)?] (E.28)
where

D is the specified pipe outside diameter;

pg__is the pressure for elastic collapse;

t isthe specified pipe wall thickness.
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17000
16 000 |-

Pg=46,95x10%/ [(D/t)(D/t - 1)
15000 | /

14 000 -

13040 — Pyp = 2(80 000)[(D /1) - 1/(D /)]

12 0Q0 -

11 0Q0
10 0Q0
9000 |
8000
7000 [

6000 |-
p,=80000[3,071/(D/t) - 0,066 7] - 1 955

/ppav =80000[3,071/(D/t) - 0,066 7]

pr=80000{[1,998/(D /)] - 0,043 4}

5000

4000

300

2000

100Q |

0 00( ' L
0 10 20 30 40 50 60 X

Key
X D/t
Y collapgepressure, psi

D  isthe specified pipe outside diameter
t  isthe specified pipe wall thickness
pE pressure for elastic collapse

pyp pressure for yield strength collapse
pp pressure for plastic collapse

prav pressure for average plastic collapse
pt pressure for transition collapse

Figure E.1 — Grade N80 transition collapse formula derivation
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Annex F
(informative)

Development of probabilistic collapse performance properties

F. Imtroduction

F.1.1 Limitations of previous approach

Thie technical basis of the API Bulletin 5C3[16] collapse strength formulae was déeveloped in the early
19p0s. Various limitations have been identified since their first publication, as follows.

a) | Some of the collapse tests[69] were for short specimens (L/D = 2);&hich are now known to
overestimate the collapse strength of real pipelZ2][80][112][113],

b)| The collapse strength formulae resulted in a widely varying margin between the ultjmate and
design collapse strengths over the D/t range for well tubularsf82], and thus also in predicted failure
probability[55][84],

c) | The mean value formulae were relatively poor predictors of ultimate collapse strength, arjJd modern
formulations have been shown to be much more acgciate (Table F.2)[62].

d)| The same formulae were used for both quenched-and tempered (Q&T) and non-Q&T pipe| However,
recent work[58] has shown that the two classé€s have different collapse behaviour, and|therefore
need individual strength formulae.

e) | The collapse test specimens were sthanufactured using a wide range of production| methods
(e.g., seamless and welded, cold ‘and hot rotary straightening), and no attempt wag made to
determine the various effects, oncollapse strength. Subsequent workI[58] has demonstrated that
both straightening and heat treatment have a significant effect on collapse strength,and thus
should be included explicitly.in any modern treatment.

f) | The formulation for plastic collapse strength was implicitly based on the assumption th3t collapse
strength is proportional to the specified minimum, rather than the actual, yield stregs. This is
acceptable as long-as the ratio of actual to specified minimum yield stress is constant for all grades.
However, analysis of production quality datal62] has shown that this ratio varies considerably by
grade, and thus that the previous treatment can and should be improved.

g)| Finallyythe previous approach could not accommodate non-standardized grades, such as high-
collapse(HC) pipe.

Giyen-that this is the case, it can be asked why the new probabilistic treatment is given heere, as an
inferarative anmex;—w ith-the-otd (1963) mrethodretairedinrtiause-8—There-was—abroad—eonsensus in
the workgroup that the new collapse strength formulae (Clauses F.2 and F.4) are more accurate than
the old; that the statistical data for a given production case (Subclauses F.3.1 to F.3.3) can be reliably

determined; and that the probabilistic method (Clause E.5) gives the correct results in such cases.

However, at present there is no consensus on how pipe data for all API/ISO production should be
characterized for calculation of design ratings. The text of Subclause F.3.4 represents the workgroup’s
best efforts in this regard. Some members felt that the ratings thus calculated (Clause E.6) are already
an improvement on the old, and therefore should now replace the old Clause 8. Others, however,
believed that the industry needs more time to consider the new method, and in particular the question
of characterization of probabilistic data for worldwide production.
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The new work has therefore been kept as informative at this stage. It is hoped that as the industry
becomes more familiar with the method, the question of data characterization can be fully resolved.
In this event, the document will be reissued with the new guidance (Clause F.6) replacing the existing
Clause 8.

F.1.2 Choice of method

Design collapse strength can be determined either directly, from collapse test results (Annex G), or
indirectly using production quality statistics (that is, the statistics of parameters such as yield stress,
outside diameter, and wall thickness), and probabilistic analysis with a predictive formula for ultimate
collapse sfrength (Annex HJ.

The diredt method requires collapse test data for every pipe case (outside diameter, weight and
grade), for a representative range of mills. As these data were not available, it was necessary to'use the
second apjproach. The advantage of the indirect method is that production quality data isihiore readily
available than collapse data, and in larger quantities. Collapse data is only necessary imeorder to chogse
the ultimgte strength formula, and determine any empirical adjustment(s).

The accurfcy of performance properties obtained using the indirect approach depends on the accurgcy
of both the calculation method, and the probabilistic data. Comparison-for individual pipe sizes
(Table FE.1) shows that, in general, the direct and indirect calculation methods’give very similar resylts
for both the large and small dataset analyses[101],

The probabilistic data were a combination of measurement data-€ontributed by participating mills,
and potentially governing design cases chosen by the workgroup, based on production experienice.
While anyf such choices will be arbitrary to some extent, compdrison with ensemble collapse test data
(Figures .12, F.13) shows that the desired target reliability leyel is being achieved.

Moreoverfthe new performance properties give a near-uniform predicted safety level (Figure F.10), and
therefore|correct the primary limitation of the old collapse strength formulae (Annex E).

The appli¢ation of the method is described in the following subclauses. Limited space precludes miﬁre
than an oyerview of analysis details, and the reader is referred to the literaturel66][95][117] for a fulller
treatment.
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F.2 Selection of ultimate limit state formula

F.2.1 Collapse test data

Table F.2 lists the collapse test datasets[71][80][102][110][111][114][123][124][125][126][127][128][129][130] made
available to the workgroup. All the data is in the public domain, and the manufacturer of each sample
is identified in all but five datasets. The anonymous datasets were provided in confidence as part of
the 1982, 1985 and 1987 API collapse test programmes, the 1999-2000 API data survey, and Drilling
Engineering Association project DEA-130.

The collagsetestensembie contained 3 17 L teStS, DTOREN dOWTT a3 fO110WS:
— Q&T pipe: 2 986 tests (1 138 for API grades, 1 848 for HC);
— non-Q&T pipe: 185 tests, all for API grades.

All tests were for long specimens (L/D = 7), and in each case the relevant strengthdand geometry
propertief (yield stress, average outside diameter, average wall thickness, eccentricity, ovality, and
residual dtress) were accurately measured prior to collapse testing. All datasets were QA checkpd,
duplicate pnd suspect lines rejected, and approved by unanimous consensus of the workgroup.

F.2.2 Candidate ULS formulae
Eleven sefs of predictive formulae were evaluated against the Q&T collapse test results, namely:
— Abbagsian and Parfitt 1999al58];

— API Bulletin 5C3 (for mean strength, i.e. with the down<ating factors for design collapse strength
removed)[16];

— API Bplletin 5C3 mean strength (yield, elastic)/Clidedinst 1985 (plastic)[Z0];
— Haaggma and Schaap 1981[76];

— Issa ajnd Crawford 1993[81];

— Jianzgng and Taihe 2001[82];

— Juetql 1998I85];

— Klevef-Tamanol88];

— Tamaho et al. 1983[145];

— Tamahpo modified4162];

— Tokinpasa arid Tanaka 1986[119],

an
ally
derived down- ratlng factors for eccentr1c1ty and re51dua1 stress, and an emplrlcal ad]ustment to the
elastic collapse strength term to avoid overprediction.

NOTE1  Elastic collapse occurs at high D/t, for which failure occurs via buckling. Yield collapse occurs at low
D/t, for which failure occurs via yielding.

Tamano modified 4 is a modification of Tamano et al. 1983. It involved recalibration of the empirical
coefficients on the ovality, eccentricity and residual stress terms, and addition of an empirical
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adjustment to the elastic collapse strength term, to give a flat actual/predicted strength response over
the input and output dataspaces[39][62],

NOTE 2  The dataspace is the range of values which physical pipe can assume. The input dataspace is thus the
ranges of the strength and geometry variables (yield stress, average outside diameter, average wall thickness,
etc.) (Figure F.2); and the output dataspace is the collapse strength range (Figure F.1).

Klever-Tamano (KT) is a new model inspired by Tamano et al. 1983. A global adjustment was made to
obtain the correct limit behaviour, and separate factors applied to the elastic and yield terms, allowing
each to be individually calibrated. The yield and elastic formulae were rederived, and suggestions
made on improvements to the old API formulae. The various empirical coefficients were calibrated
by|Adamsl(64] to give a flat actual/predicted strength response over the input and outputidataspaces

(Figure F.2).

Y
1,1
1
—>=1
—— 2
——3
—e— 4
«—0,9 ! ! ! !
X -0,6 -0,4 -0,2 0 0,2 0,4 06 X
Key
X | log (yield/elastic strength)
Y | mean of actual/predicted collapsestrength
1 | Tamano et al. 1983
2 | Abbassian and Parfitt 1999a
3 | Tamano modified 4
4 | Klever-Tamano

Figure F.1 — Predictive accuracy (mean) vs. dataspace position

F.2.3 Predictive accuracy

F.2.321 Mean

Table F.2 summarizes predictive accuracy for mean collapse strength by the ULS formula and dataset,
as well as for the API and high-collapse (HC) ensembles. In each case, the tabular results show the mean
and coefficient of variance (COV) of actual collapse strength/predicted collapse strength; thus, the
most accurate predictive formula is the one with the mean nearest unity and the COV nearest zero. Only
the eight best-performing formulae are shown.

NOTE Coefficient of variance (COV) is a dimensionless measure of the spread of a random variable, given by
standard deviation/mean.

Table F.2 shows that the Klever-Tamano (KT) formulae have the best combination of a near-unity
mean and a low COV, for both the APl and HC ensembles. Moreover, they give by far the flattest actual/
predicted collapse strength response over the dataspace (Figure F.1). Accordingly, the KT formulae
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were taken forward to the next step of the validation process, namely determination of predictive
accuracy for collapse strength dispersion.

F.2.3.2 Dispersion

Figure F.3 shows predictive accuracy for collapse strength dispersion. The points represent the largest
pipe cases (that is, given combinations of OD, weight and grade) in the combined Nippon 1977-2000 and
Tenaris 2004 collapse test datasets (Table F.1). Only pipe cases exceeding 30 tests were used, to ensure
statistical significance, and all cases were checked for homogeneity of production quality variables (see
E.3). The agreement is very good, with all the points in the range 0,97 to 1,00.
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X4 eccentricity, %

X5 residual/actual API yield stress

X6 axial/actual APl yield stress

X7 sample length/outside diameter

X8 log (yield/elastic strength)

Y actual/predicted strength

+ collapse tests

o mean of collapse tests for each data band

Figure F.2 — Actual/Klever-Tamano predicted strength vs. dataspace position
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Key
X  log (yield/elastic strength)
Y actualfpredicted coefficient of variance
1 Nippoh 1977-2000
2 Tenaris 2004
a  Yield.
b Elastiq.

Fighre F.3 — Klever<Tamano predictive accuracy (dispersion) vs. dataspace position

NOTE The COVs were calculated including cross-correlation between input variables.[28] This improyes
predictive pccuracy, but can be conservatively omitted for calculation of ratings, see F.3.3.

On the bdsis-of their excellent predictive accuracy for both mean and dispersion, the Klever-Tamgno
formulae werethosen for catcutation of cottapse Tatings:

F.2.3.3 Model uncertainty

The model uncertaintyl74] is the statistical variation due to errors and/or limitations in the ULS model;
that is, the remaining variability once the effect of variation of the other input parameters has been
removed. It is therefore equal to the variation of actual/predicted strength, calculated with the other
input variables accurately measured; and this is given in the COV columns of Table F.2.

The model uncertainty is included in the probabilistic analysis (see F.5.1.1). This requires knowledge
of its probability distribution and PDF parameters. For the KT formulae and the Q&T ensemble
(2 986 collapse tests, Table F.2), mean = 0,999 1, COV = 0,067 0, with a Gaussian distribution.
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F.3 Inputvariable data

F.3.1 Analysis methods

E3

.1.1 Distribution type

The production quality data were taken from the collapse test datasets (Table F.2) and the API 1999
data surveyl62]. The distribution types for the input variables were determined by plotting the data
frequency distributions onto probability scales[66][117], They werel63]:

The PDF parameters were evaluated directly from the moments of the observed datasets[Z2].

Ex
thg
erl
ou

Ce
to
wi

E3

Thie ensemble PDF for each input variable wasgbtained by sampling the individual dat

(T4

F.3

Tal

same data in graphical form. Several trends can be identified, as follows:

average OD, average WT, yield stress, residual stress, and model uncertainty: Gaussian;

ovality and eccentricity: two-parameter Weibull.

Lreme outliers were removed where necessaryl23]. This is because outliers are generallyj

ors. Leaving them in the dataset would therefore lead to unrepresentative PDFs. The pro
[liers was well below 1 % throughout.

hsoring is best done by the mills, when the data and its correlation to manufacturing proce|
hand. If done later, censoring can be performed using the ptobability scales plot, on whig
| appear as strong deviations from the best-fit line.

.1.2 Ensemble PDFs

ibles F.3, F.4), using Monte Carlo analysisl61]. This ensures that each dataset has equal weig

.2 Results (individual datasets)

bles F.3 and F.4 give production quality statistics for each input variable, and Figure F.4 pr

yield stress bias varies with'grade;

mean yield stress varies with batch[57];

yield stress dispgersion varies with mean yield;

yield stress dispersion varies with straightening method (cold/hot);
ovality and eccentricity vary with forming process (seamless/EW);

residual stress varies with straightening method (cold/hot/none).

not from

e parent process, but are departures from it, typically due to typos in datatecording or to production

portion of

ss is fresh
h outliers

hset PDFs
ht.

bsents the
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Table F.4 — Production quality data (all datasets) — Other variables

Average OD Average WT Ovality Eccentricity Residual stressa
Data- | Quan- Cold H N
set | tity | s | EW | SL | EW | s.L | Ew | s. | Ew | *° ot ot
str. str. str.
Mean |1,004 8 1,005 4 0,197 5,471 ~0,209 0,028 3
APl | cov | 9001 0,019 4 0,613 0,566 0,195 0,377
18
1981
Sam- |14 140 140 140 84 56
Mean |1,007 7/1,0098[1,0099[1,001 1| 0,525 | 0,492 | 8,828 | 5,114 )
hpt | cov | %001 | 0.002 14 0307]0,0285| 0,558 | 0,556 | 0,463 | 0,605 >
1082 84 | 33 Q-
Sam- b‘\)
64 77 64 77 64 77 64 77
ples N\
Mean 0,298 | 0,603 | 7927 | 4,534 | -0,243
API | COV 0,573 | 0,395 | 0,482 |.0,706 | 0,278
1oss W
Sam-
les 321 | 38 3;\2{9 38 | 261
Mean |1,005 8 1,005 8 0,345 57769 -0,12
cov | 901 0,026 4 0,588 QQ 0,479 0,63
AHI 1987 \\‘
Sam- | gq 91 91 4V 91 75
ples T Q
Mean [1,0048 1,017 6 0,239 5,204
Jppa- 0,001 N
ese | COV | "0 0,022 5 D o433 0,291
R N
B O
987 | Sam- | g, 54 54 54
ples . C E
Mean |1,0017 1,0350 0,424 11,43
an- 0,002 :
es- | cov | 10,028 9 0,550 0,374
ann 76 r&\
\J
1983 | Sam- | 4o | () 169 169 169
ples ™y
Mean | 1,00 0,995 7 0,166 4,883 ~0,269 0,019 6
Nippon 2
77| oV 4 0,023 1 0,675 0,447 0,288 0,793
87
é@? 1247 1247 1247 1247 235 710
A [ Mean [1,0055 1,011 0 0,198 6,496
1 f‘? eov—2001 8-624-0 8:593 4t
1987- 49
98 | Sam- | ,qg 304 303 299
ples
Mean |1,0035 0,999 7 0,184 4928 -0,239 0,019 2
Nippon 0,001
apar| cov | o 0,024 4 0,727 0,428 0,440 0,705
2000
Sam- | gga 577 575 578 121 426
ples
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Table F.4 (continued)
Average OD Average WT Ovality Eccentricity Residual stress2
Data- | Quan- Cold Hot Not
set | tity SL EW SL EW SL EW SL EW ° o 0
str. str. str.
Mean 1,005 8 1,0125 0,182 3,342
Manu-
fac- | COV 0'8;’1 0,013 7 0,658 0,501
turer
AE04 | Sam- 999 997 997 1000
plpq
Mean 1,009 0 1,027 6 0,534 1,857 2O
Manu- 0002 A
fac- | |cov oo 0,013 3 0,425 0,485 )
turer Q\,’
CG37 | Pam-
es 62 62 62 62 ,\Cbb‘
Mean |1,006 5 1,008 2 0,313 1,390 O~ |
Manu- N\°
fac- | |cov | %001 0,032 0 0,394 0,556 O\
32 -
turer \3
DAO1 | fam- | s 208 201 208 |
ples L1 O
Mean |1,007 1 1,006 8 0,241 5,176, -0,211 | -0,142
Manu- 0,001 g -
fac- | [cov |V 0,021 7 0,338 0,317 0,383 | 0,189
89 N
turer ('Q'
FDOO | pam- | s 132b 204 @ | 194 84 54
ples O
Mean | 1,005 6 1,001 0 0,122 3 3,493
Manu- 0001 N\
fac- | [cov |V 0,018 2 555 0,478
02 W
turer N A
FF12 | Pam- -
Dles | 1012 1012 r\\Q 1009 1008
Mean |1,006 2 1,0114[- ~ | 0,269 1,276
Manu- N
fac- | |cov | %001 0,0@$ 0,389 0,592
10 ~
turer \J‘
HHO2 | Pam- | g5 () 991 956 987
ples R
Mean |1,006 4| 5" 0,181
Manu-
0,00
fac- CoVv ’ = 0,410
turer }\&\
JpO1 | pam- %gs 648
ples {p~
AN
Manu- | |1€an ~0,149
fac- | COV 0,652
turer
Sam-
HMO3 | ioe 32
Mean -0,185
Tenaris| COV 0,247
2002
Sam- 74
ples
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Table F.4 (continued)
Average OD Average WT Ovality Eccentricity Residual stress?
Data- | Quan- Cold - N
set | tity | sL | EW | SL | EW | SL | EW | SL | Ew | ° ot | Not
str. str. str.
Mean |1,0064|1,007 4|1,01040,9903| 0,227 | 0,328 | 4,699 | 1,484 | -0,206
DEA- | COV 0,001 1 0,001 0,0171|0,0136| 0,460 | 0,539 | 0,495 | 0,477 | 0,297
80 92
130
Sam- | gg 44 94 43 94 44 95 43 65
ples
Manu- | Mean -0,282 | -0,0911
Fac- cov 0,232A\0,398
tphrer
Sam-
HDO00 ples 93 235
Mean |1,0059 1,006 9 0,217 3,924 -0,237 | -0,138 0,022 4
Enjsem- 0001
bjec.d | COV ’81 0,0259 0,541 0,661 0,332 | 0,507 | 0,628
NQTE 1 SL =seamless, EW = welded.
NOQTE 2 The quantities measured were as follows:
Variable Quantity Units Distribution
Yield stress Actual yield/specified yield None Gaussian
Average OD Average OD/nominal OD None Gaussian
Avyerage WT Average WT/nominal WT None Gaussian
Oyality (Maximum OD - minimum OD)/average.OD % Two-parameter Weibhjull
Edcentricity (Maximum WT - minimum WT)/average WT % Two-parameter Weihjull
Rdsidual stress Residual stress/actual API yield-stress None Gaussian
NQTE 3 The measurement basis for the geometry variables was:
—|{ local, single-point: API 1982, API 1987 Nippon 1977-87, Vallourec 1987-98, Nippon 1988-2000;
—|{ local, multiple-point average; API 1981, Mannesmann 1983;
—{ not known: API 1985, Japanese RR 1985-87.
a [Sign convention: stress atlD face, tension positive.
b IThe HC dataset (75 lines) had a much higher bias, and is therefore not representative of API pipe.
¢ [With each datasethormalized to the same number of samples.
d |For the geometric properties, the ensemble values were calculated from the post-1987 data only.
165
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@ e o
0,002 - e - %
o OAOo(b 0,02 o® o o
() A A A
0,001 ®50 © 0,01 |
O
0 | | | 0 | | |
1 1,005 1,01 1,015 X1 0,98 1 1,02 1,04-X1
a) Average outside diameter b) Average wall thickness
Y Y
08 | @ 1 @] 2 08 | [ ) 1 O 2
‘? A3 A4 A A3 AH
= 0,6 -
0.6 (@) ° .A. e A® % %
® ) @o(g e o,
04 t © %004 A a 04| © 5 e
°© Yo °)
0,2 — 052 E
0 | | | | 0 | | |
0 0,2 0,4 0,6 08 X2 0 5 10 15 X2
c) Ovality d) Eccentricity
Y Y
0,08 65b 1 r o7
'S A8
0,06 5 o9
A A =
0,04 05 - o
o A ]
0,02 L0 Oa
O A
0 | | -— ( | | |
50 100 150 X3 X1 -03 -0,2 -0,1 0 01 X1
e) Yield stress (API survey only) f) Residual stress
Key
X1 mean 5  API], cold rotary straightened - post-1987 data
X7 mean, % 6  API], hot rotary straightened - pre-1987 data
X3 mean, ksi 7  cold rotary straightened - post-1987 data
Y coefficient of variance 8 hotrotary straightened - pre-1987 data
1 seamless - pre-1987 data 9  notrotary straightened - post-1987 data
2 seamless - post-1987 data 10 trend line for cold rotary straightened product
3 EW-pre-1987 data 11 trend line for hot rotary straightened product
4 EW - post-1987 data

NOTE 1 The quantities measured were as follows.
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Variable Quantity Basis Units
Average outside diameter Average outside diameter/nominal outside diameter Local

Average wall thickness Average wall thickness/nominal wall thickness Local

Ovality (Maximum outside diameter - minimum OD)/average OD Local %
Eccentricity (Maximum WT - minimum WT)/average WT Local %
Residual stress Residual stress/actual APl yield stress Local

Figure F.4 — Pipe dimension and stress data
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calculated using the production quality statistics for each of the'larger collapse test datase

do
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iny

Ke

s therefore necessary to prepare separate collapse ratings for cold and hot rotary"st
pduct. In principle, itis also necessary to prepare separate ratings for seamless and EW-pipe
t EW production data are currently insufficient to permit this. Present results suggest that
culated for seamless pipe are generally conservative for welded pipe from the’higher-p
Is[56],

.3 Input variable correlation

tistical analysis[28] shows that, in general, the input variables have @slight negative cross-cq
ure E.5 shows the effect of including cross-correlation. The predicted failure probabilitig

wn-rating factors obtained from independent variable analysis (F.5.4.1). ¢¢ for correlated v
ver than for independent variables (compare Figure E.5‘with Figure F.10, for which the sa

pightened
however,
strengths
erforming

rrelation.
s ¢r were
ts, for the
hriables is
me down-

ing factors give ¢rvery close to the TRL). It is thereforé.conservative to omit the effect, andl treat the
ut variables as independent.
—1
Y — 2
1E-00 —— 3
—— 4
1E-01 —— 5
—%— 6
1E-62 —o—7

X
Y
1
2
3

1E-03
-—1FE-04
X -0,6 -0,4 -0,2 0 0,2 0,4 06 X
y

log (vield/elastic strength) 4 Nippon 1977 API (433 tests)
predicted failure probability 5 Manufacturer FDOO API (129 tests)
TRL 6  Nippon 1977 HC (794 tests)
API 1982 (141 tests) 7  API11987 (107 tests)
Nippon 1988 HC (291 tests)

NOTE L80 seamless CRS, ke = 0,83, ky = 0,855.

©lI

Figure F.5 — Effect of input variable cross-correlation
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F.3.4 Choice of data for calculation of ratings

The ensemble data in F.3.2 represents the historical range of aim points for yield stress, wall thickness,
etc. Ensemble PDFs may govern, and must be considered when developing collapse ratings.

The other potentially governing case is that of a single lot or batch. Production aim points may be
placed anywhere within the ranges specified by ISO 11960 or API 5CT, commensurate only with an
economic reject rate. The in-lot dispersion is much lower than the ensemble dispersion[116], and
therefore a potentially governing case is the in-lot PDF placed adjacent to the relevant tolerance limit.
Figure F.6 illustrates possible PDFs for calculating collapse performance properties, developed as given

in Table F

I

&=

Table F.5 — Development of PDFs for potentially governing cases

Parameter

0,5 % exceedance
value located at

PDF dispersion given by

Yield stress

minimum yield

15 000 psi between 0,5 % exceedencelimits

Average WT 0,982 5 specified WT cov
Dvality 1% cov
Eccentricity 20 % coy
Residual stress (CRS) | residual/yield = -0,4 Ccov
Residual stress (HRS) | residual/yield = -0,3 cov

For collagse, either the ensemble or the governing case PDF can‘govern, and hence both possibilitjies
should befconsidered.
Y A Y A
0,015 |- 014 |-
1 A 3
4
/ \ . 0,05 - ’ :
0,005 | I
0 / | \ S | () L L | o
70 80 90 100 110 X1 0,95 0,96 0,97 0,98 0,99 1 X2
a) Yield stress{L80 CRS) b) Average wall thickness
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Y A Y A
0,02 | 0,015
0,015 | /
6 7 [ \ 3 0,01 | 9 10 / \ 11
001 | | \ y 7\ \ /
0,005
0,005 | / \\ / \\\
0 / | >0 ——l. _4 &L‘ | >
0 0,5 T TS5 X3 0 5 TO 15 20 25 X4
c) Ovality d) Eccentricity
Y 4
0,02
0,015
ro 12 13
/ V 14
0,01 A /
0,005 / : i E
0 ' ' >
-0,6 -0,4 -0,2 0 02 X5
€) Residual stress (CRS)
Ke
X1| yield stress, ksi
X2| average/nominal wall thickness
X3| ovality, %
X4| eccentricity, %
X5] residual/yield stress
Y | probability
1 | governing case, meam= 87,5; coefficient of variance = 0,033 3
2 | dataset ensemble’fmean = 88,0; coefficient of variance = 0,052 9)
3 | governing cdse,'mean = 0,985 0; coefficient of variance = 0,001
4 | governing case, mean = 0,987 6; coefficient of variance = 0,002
5 | datasetensemble (mean = 1,006 9; coefficient of variance = 0,025 9)
6 | dataset ensemble (mean = 0,217; coefficient of variance = 0,541)
7 gaverning case mean = 0 660 coefficient of variance =02
8 governing case, mean = 0,795; coefficient of variance = 0,1
9 dataset ensemble (mean = 3,924; coefficient of variance = 0,661)
10 governing case, mean = 13,2; coefficient of variance = 0,2
11 governing case, mean = 15,9; coefficient of variance = 0,1
12 dataset ensemble (mean = -0,237; coefficient of variance = 0,332)
13 governing case, mean = -0,264; coefficient of variance = 0,2
14 governing case, mean = —0,318; coefficient of variance = 0,1
Figure F.6 — Possible PDFs for calculation of design collapse strengths
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F.4 Selection of design formula

F.4.1 Ultimate limit state formula

Klever and Tamano 2004[88] describes the development of the KT formulae. A slightly simplified version
was used, as below, to calculate the ultimate collapse pressure, pyit.

pult = {(Pe ult + Py ult) = [(Pe ult — Py ult)? + 4pe ult Dy ult Htae]1/2}/12 (1 - Heui)] (F1)
where

Pe ult F Ke uls ZE/[(l - Vz) (Dave/tc ave) [Dave/tc ave ~ 1)2] (F-Z)

Py ult 7 ky uls ny (tc ave/Dave) [1 + tcave/ (2Dave)] (§3)

Hty1: 90,127 ov + 0,003 9 ec - 0,440 (rs/fy) + hn, with the limitation Hyjt > 0 (§-4)
and

Dave is the average actual outside diameter;

Dmax is the maximum actual outside diameter;

Dinin is the minimum actual outside diameter;

E is Young’s modulus;

ec is the eccentricity, in percent; ec = 100 (¢£fnax — tc min)/tc aves

fy is the actual yield strength of a reptesentative tensile specimen;

hn is the stress-strain curve shapefactor;

Htylt is a decrement factor;

ke uls is the calibration factor for ultimate elastic collapse: 1,089;

ky uls is the calibratiemfactor for ultimate yield collapse: 0,991 1;

ov is the ovality} in percent; ov = 100 (Dmax = Dmin)/Dave;

De ult is the-ultimate elastic collapse term;

Py ult is\the ultimate yield collapse term;

rs is the circumferential residual stress at the ID face (negative for compression, paositive for

tension);

tcave is the average actual wall thickness;

tcmax 1S the maximum actual wall thickness;

tc min is the minimum actual wall thickness;

v is Poisson’s ratio.

The quantity h, was obtained empirically from collapse test data. The great majority of Q&T product
has sharp-kneed stress-strain curves (SSCs), for which no correction is necessary (h, = 0, Figure F.12).
However, collapse test results suggest that a small minority of Q&T pipe has rounded-kneed SSCs, which
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reduce collapse strength, and in this event hy = 0,017 is required to give the desired TRL (Figure F.13;

the

average for the four grades was taken).

The calibration factors ke yls and ky y1s were also obtained empirically, to give the flattest possible
actual/predicted collapse strength response in each of the input variables, for the 2 986 Q&T collapse
tests (Figure F.2). The calibration process did not aim to set mean actual/predicted strength to 1,0 or to
minimize its dispersion; nevertheless, it was found that both quantities were very accurately predicted,
with mean = 0,999 1 and COV = 0,067 0.

Collapse test results suggest that Formula (F.1):

F4.2 Design formula (ensemble PDFs)

F4.2.1 External pressure only

Formulae (F.1) to (F.4) are for ultimate collapse strength; thatds, they predict when the casin

Does not apply to very thin wall pipe [log10(py/pe) > 0,4] with very high compressive resig
(rs/fy < =0,5)[63].

ual stress

Slightly over-predicts collapse strength at low tensile residual stresses (by 2-3% for rs/f;, = 0,075,

Figure F.2)[64]. Preliminary FEA studies indicate that over-prediction contintes at high
residual stresses, and caution is advised when using (F.1) for rs/fy > 0,05.

fai
deg

rafing factors ky des and ke des to the yield and elastic strengths respectively, as below.

wlhere

anfl

s. For design, down-rated strengths are used, which contain a safety margin appropri
ired target reliability level. In this case, the margin was‘obtained by applying multiplicat

Pdes = {(Ke des Pe + ky des Py) = [(Ke des pe - ky des Py)2 + 4 Ke des Pe ky des Py Htges]1/2}/[2 (1 - H

pe = 2E/[(1 - v2) (D/1) ((D/1) - 1)?]

Py = 2fymn (t/D) [1 + t/(2D)]

D is the spetified outside diameter;
E is Yoting’s modulus: 206,9 x 109 N/m2 (30 x 106 psi);
fymn (s 'Specified minimum yield strength;

Htgse~ is a decrement factor;

er tensile

g actually
hte to the
ive down-

Ldes)] (F.5)

(F.6)

(F.7)

1 isthe down-rating factor for desion elastic collanse:
TucsS o o r 4

ky des is the down-rating factor for design yield collapse;

Pdes  is the design collapse pressure;

De is the elastic collapse term;

Py is the yield collapse term;

t is the specified wall thickness;
v is Poisson’s ratio: 0,28.
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171


https://standardsiso.com/api/?name=b20f1517b4f0d202e06f99df8562221f

ISO/TR 10400:2018(E)

Note that pe and py are calculated using the specified dimensions and the specified minimum yield
stress, rather than the actual values as for the ultimate strength.

For calculation of case-specific collapse strengths, the decrement factor Htqes was obtained from
the means of the relevant production variables, to give uniform scaling between the ULS and design

strengths. For pipe with sharp-kneed stress-strain curves, and the ensemble means (Table F.4):
CRS Htges=1(0,127 x 0,217) + (0,003 9 x 3,924) - [0,440 x (-0,237)] + 0=0,147 1 (F.8)
HRS Htges = (0,127 x 0,217) + (0,003 9 x 3,924) - [0,440 x (-0,138)] + 0=0,103 6 (F9)

Similarly, ffor pipe with rounded-kneed stress-strain curves:

CRS |Htges = (0,127 x 0,217) + (0,003 9 x 3,924) - [0,440 x (=0,237)] + 0,017 = 0,164 1 (F.
HRS |Htges = (0,127 x 0,217) + (0,003 9 x 3,924) - [0,440 x (-0,138)] + 0,017 = 0,120 6 (F.
The working in Formulae (F.8) to (F.11) is given purely as an example of its later use in Annex H on ca

specific cpllapse strengths. For the probabilistic ratings in Clause F.6, Htges”was calculated from f{

governing

F4.2.2 (Combined loads

Axial ten
method f

Tamano 2[004[88].

case PDFs, resulting in 0,22 for CRS and 0,20 for HRS (E.5.3.3).

ion reduces collapse strength, and internal pressure increases it. This subclause give
r calculating collapse strength under one or bath combined loads, based on Klever a

10)

11)

se-
he

5 a
nd

Elastic co]lapse pressure is unaffected by axial tensiof;’so Ape is obtained from Formula (F.6) as before:

Ape def; = Ke des 2E/[(1 - v2) (D/t) (D/t - 1)2] (F12)
where Apt is interpreted as a pressure différence po - pi. The Tresca design yield pressure Apy T deg is
calculate( as:

ApyT es = ky des nymn t/(D-9 (F.13)
The von Mises design yield préssure Apy vme des is obtained as:

Apy vife des = (4/31/3) Ky des fymn [t/(D = O)] [1 - (Feft/Fy des)2]Y/2 = po - pi (F.14)
where

Fefr = Faz pi Ai + po Ao (F.15)

Fy des = Ky des fymn 4s (F.16)

and

A;j istheareatoID = (D - 2t)2/4;

Ao, istheareato OD =1 D2/4;

As is the cross-sectional area = 4q - Aj;

F, is the component of axial force not due to bending, tension positive;
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pi is the internal pressure;
pPo is the external pressure.

Fefr isitself a function of p, [Formula (F.15)]; thus, Formula (F.14) is solved either by iteration, or
by using the root-finding function in a mathematical spreadsheet (see example, F.6.3.2).

The actual yield collapse pressure is taken as either the von Mises yield pressure or the average of the
von Mises (vmme) and Tresca (T) yield pressures, depending on the position on the VME ellipse. Thus:

Apy \,‘ICD_ (Ap_yTL‘lCD-L Apy VIIIT \,‘ICD)I/7 iF Apy VIIIT LIUD = ApyTL‘lCD (F'17)
Apy des = APy vme des if Apy vme des < APy T des (F.18)

Apjes is then calculated as in Formula F.5, but with Ape and Apy in place of pe and\py;:

Apdes = {(Ape des + APy des) — [(Ape des — Apy des)? + 4Ape des Apy des Htqesf/2}/[2 (1 - Htges)]  (F.19)

Fi

—

ally, the external design pressure po des is calculated as

Po des = Apdes + pi (F.20)

F.3 Risk-calibrated collapse ratings

F.3.1 Analysis methods

F5.1.1 Model uncertainty
Fol probabilistic analysis, Formula (F.1);is'multiplied by the model uncertaintyl74] giving:

pult = mu {(pe uit + Py ult) = [(Pe @y~ Py uit)? + 4Pe ult Py ute Htwit]1/2}/[2(1 - Htui)] (F.21)

wlhere

my is the model ungerxtainty;

DPelnt  is the ultimateelastic collapse term, Formula (F.2);
pyhlt is the ultimate yield collapse term, Formula (F.3);

anfl mu is axandom variable.

E5.1:2" Calculation of failure probabilities

Predicted failure probabilities were calculated using FORM (First Order Reliability Method). For
independent input variables, a Rackwitz 1976[106] search routine was employed, with the normal
tail approximation[66][95] for non-Gaussian variables. For correlated variables, the correlated non-
Gaussian variable set was mapped to a correlated Gaussian set using the Nataf transformationl[2Z],
with transformed correlations as given by Liu and der Kiureghian 1986[92], and mapped again to an
independent non-standard Gaussian set with the orthogonal transformation[23]. Positions in the
independent standard Gaussian space were mapped back into the original variable space via the
Jacobian matrix[25]. A Hohenbichler and Rackwitz 1981[77] search routine was adopted. Both methods
were implemented as computer spreadsheets, and validated against SORM (Second Order Reliability
Method), Monte Carlo, and textbook examples[60][61][98],
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F5.1.3 Downrating factors

The required values of ke des and ky des were calculated by iteration, to give the flattest possible response
over the dataspace for a given target reliability level (TRL).

F.5.2 Targetreliability level

In design code calibration, the target reliability level (TRL) is often taken as the average predicted
failure probability for the previous version of the code. This was obtained by:

— calculating design collanse strength using API Bulletin 5C3[16]:
(=] [=] r [=] 4 (=] 7

— settirlg the external pressure equal to the design strength;

— running the probabilistic analysis with the ensemble input PDFs (Tables E.3, F4), and-ultimate
collagse strength calculated using Formula (F.21).

Table F.6 — Average predicted failure probability for API Bulletin 5C3[16l(seamless L80)

Straightening TRL
Cold 1,26 x 10-2
Hot 6,41 x 10-3
None 2,48 x 108

Figure F.7|shows typical results[61]1[100], Predicted failure probability varies by five orders of magnitufde,
from 0,09p 6 at the yield-plastic boundary for CRS pipe, to 5,11%-10-7 at the plastic-transition boundary
for NS pipg. This is far too great a variation to be acceptable;ioreover, the average values (Table F.6) are
very different, and also vary with grade. It was therefore cencluded that this approach was not suitable,
and it wag decided to adopt TRL = 0,5 % as specified (but not achieved) by the previous version.

Y A
1E-00

1E-02

1E-04

1£-06

1E-08 | | | |

vl
[y
Ul
N
vl
w
vl
N
Ul
>y

Key
X  specified outside diameter/specified wall thickness
Y predicted failure probability

1  cold rotary straightened

2 hotrotary straightened

3 notstraightened

NOTE L80 seamless.

Figure F.7 — Predicted failure probabilities for API Bulletin 5C3[16]
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F.5.3 Selection of input data

F.5.3.1 Yield stress

The more onerous of the ensemble and potential governing case PDFs was taken for each grade. In
general, the ensemble PDF is more onerous for grades with narrow permissible yield stress ranges (e.g.
T95), and the governing case PDF more onerous for grades with wide ranges (e.g. N80).

F.5.3.2 Average wall thickness

The ensemble condition governs, and was used throughout.

F.5.3.3 Eccentricity, ovality, and residual stress

Thiese parameters appear in the decrement term Htges of Formula (F.5) for design’ collapse| strength.
For ensemble data, the mean values of each parameter (Table F.4) were usedun’calculating|Htges, see
Formulae (F.8) to (F.11). This gives a flat reliability response, Figure F.10. Faf)jgoverning case data, using
the respective governing case means in Formulae (F.8) to (F.11) instead“of the ensemble means also

giyes nearly uniform reliability (Figure F.8)[99].
Y A
1E-00
——1
—— 2
1E-01 3
—4
1E-02
e TS ety s =
1E-03
< 1E-04 | | | | | >
06 -04 -02 0 02 04 06 X
Key
X | log (yield/elastic strength)
Y | predicted failure-probability
1 | ensemble data
2 | governingtcase data, coefficients of variance = 0,2
3 | governing/case data, coefficients of variance = 0,1
4 | tapgetreliability level
NOTE L.80 cpnmlpcc(‘RQ[l( =082°8 l(]:ﬂR':."{)

Figure F.8 — Predicted failure probabilities with potential governing case means in Htgeg

This shows that the effect of Htges is almost independent of the down-rating factors ke des and Ky des.
Therefore, the value of Htqes can be set for some desired governing case combination of eccentricity,
ovality and residual stress, and this value will (to a good approximation) apply for all grades, sizes, and
weights.

Figure F.9 shows the effect of Htges on pipe mass[29]. Using the ensemble PDFs gives an average mass
increase of 1,2 % over all pipe sizes, weights and grades. Using potential governing case PDFs gives
mass increases of 1,0 % to 5,6 %, depending on the number of cases taken, and the PDF dispersion
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assumed for each case (Figure F.6). For calculation of collapse ratings, it was decided to use Htges = 0,2;
this allows for one moderately severe governing case, or two mild governing cases.

This allowance is additional to that for stress-strain curve shape (F.4.1). The total value of Htges is
therefore 0,22 (= 0,20 + 0,017) for cold rotary straightened pipe, and 0,20 for HRS.

Key

X Htges
Y mass(
1 ensem
a One of
b Twoo
c Ovality
Table F.7 1
176
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0,15 0,2 0,25 0,

0,35 X

hange, %, with respect to API Bulletin 5C3[Lé}

ble PDFs

ovality, eccentricity, residual stress'governing case.
F ovality, eccentricity, residual stress governing case.
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Table F.7 — Summary of probabilistic data

Ensemble data Potential governing case data
Parameter Type Distribution 0,5 % exceedence | PDF dispersion
Mean cov .
value located at given by
ensemble Gaussian Table F.3 | Table F.3 n/a n/a
Yield stressa . i 15 ksi between
poteptlal gov Gaussian n/a n/a minimum yield 0,5 % exceedence
erning case limi
imits
verage. WTb ensemble Gaussian 10069 ﬁ'n'?': (0] nlla n/a
Ayerage ODc.d ensemble Gaussian 1,0059 | 0,001 81 n/a nl/a
Ovality otential gov-
Hccentricity I;rnin casgeEf Gaussian n/a n/a see footnotes See foptnotes
Rdsidual stress g '
M o;iaeilnltl;lger- ensemble Gaussian 0,999 1 0,067 0 n/a nl/a

a | Design strength calculated for both cases, and the lower values taken.
b | Normalized by specified wall thickness.

¢ | Normalized by specified outside diameter.

d | Low sensitivity factor (Figure F.15).

e | Htdes = 0,2 allows for one severe or two mild governing cases.

f | Ensemble PDFs used for calculation of ke des and ky des.

g | Q&T pipe dataset.

F.53.4 Results

F.5.4.1 Down-rating factors

Down-rating factors (Table F.8) were calculated[28] for seamless pipe, for cold and hot rotary
stifaightening, for a TRL of 0,5 %.

Table F.8 — Down-rating factors

Grade Cold mt:;Z jtraight- Hot rot:;rl'ly; fltraight-

ke des ky des ke des ky des

H40 0,830 0,910 n/a n/a

J/K55 0,830 0,890 n/a n/a
L80 0,825 0,855 0,825 0,865
L80 13Cr 0,825 0,830 0,825 0,840

N80 type 1 0,825 0,870 n/a n/a
N80 Q&T 0,825 0,870 0,825 0,870
C90 n/a n/a 0,825 0,850
R95 0,825 0,840 0,825 0,855
T95 n/a n/a 0,825 0,855
P110 0,825 0,855 0,825 0,855
Q125 n/a n/a 0,825 0,850

For the sake of simplicity, ke ges = 0,825 was adopted for all grades. Figure F.10 shows predicted failure
probability for the new design formulael28]. It is nearly constant, in contrast to the highly variable
reliability for the previous formulae (Figure F.7). Moreover, it is likewise nearly constant for all grades
and straightening methods.
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Figure F.10 — Predicted failure probabilities for probabilistic method

Figure F.1f1 shows design margin, as predicted ULS strength/design strength, for both the old and npw
design fofmulae. The new formulae give a much more uniform margin across the dataspace, and it is
this which is giving the more uniform predicted failure probabilities.
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Figure F.11 — Comparison of design margin

F.5.4.2 Comparison with collapse test data

Figures F12 and F13 compare the proposed design collapse strengths against collapse

However, the larger datasets show thatthe required TRL is being achieved.
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(ilble F.2). The smaller datasets are net-statistically significant, and do not support firm conclusions.
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Figure F.13 —-Calibration of hy, via design strength (rounded-kneed SSCs)

It was, however, foundnecessary to omit six tests for 10 3/4 in 40.5 Ib/ft N80 with high residual stresses
frgm the test data.catalogue, as all six tests gave low outliers (0,73 < actual/design strength ¢ 1,01)[65].
It Is therefore suggested that Formula (F.1) does not apply to very thin wall pipe [logio(pyfpe) > 0,4]
with very high-compressive residual stress (rs/fy < -0,5).

F.5.4.3 {»>Comparison with API Bulletin 5C3[16]

Figure F.14 shows the change in design collapse strength with respect to the API Bulletin 5C3[IL6] values,
for seamless pipe and a TRL of 0,005[100], A positive value denotes an increase in strength with respect
to Reference [16] and a negative value a reduction in strength.

For Q&T CRS product, the new design strengths are 13 % to 17 % lower than the old values at the high-
risk peak (D/t =12 to 13), and 2 % to 7 % greater at the low-risk trough (D/t = 20 to 23). For Q&T HRS,
the new strengths are also 13 % to 17 % lower at the high-risk peak, and 3 % to 8 % greater at the low-
risk trough.

For non-Q&T product, the new strengths are 9 % to 17 % less than the old values at the high-risk peak
(D/t=13t016),and 5 % to 11 % greater at the low-risk trough (D/t = 23 to 28).
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Figure F.14 — Comparison of previous and revised design strengths

F.5.4.4 Sensitivity factors

Figure F.15 shows sensitivity factors (also called alpha values) versus dataspace position, for a TRL
of 0,005[100]. They are a measure of the sensitivity of failure probability to each input variablel[66][95]
[117], and may therefore be employed by manufacturers and users to gauge the effect of changes in
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