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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
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n-governmental, in liaison with ISO, also take part in the work. ISO collaborates closel
ernational Electrotechnical Commission (IEC) on all matters of electrotechnical standardization:

brnational Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Pa
b main task of technical committees is to prepare International Standards. Draft International
ppted by the technical committees are circulated to the member bodies for voting. Publica

brnational Standard requires approval by at least 75 % of the member bodies.casting a vote.

exceptional circumstances, when a technical committee has collected-data of a different king
ch is normally published as an International Standard (“state of thé:art”, for example), it may d

siniple majority vote of its participating members to publish a Technical Report. A Technical Repor
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brmative in nature and does not have to be reviewed until the ‘data it provides are considere
ger valid or useful.

ention is drawn to the possibility that some of the elemeénts of this document may be the subjed
nts. ISO shall not be held responsible for identifying.any or all such patent rights.

D/TR 10400 was prepared by Technical Committee ISO/TC 67, Materials, equipment an
ictures for petroleum, petrochemical and natural gas industries, Subcommittee SC 5, Casing,
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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 may be subjected to
the anticipated resistance of the tubular to each load. Either or both the load and resistance may be modified

by a desig

Both deter]
in this Ted

n factor.

calculate 3 single performance property value. The synthesis method treats the same variables as rand

and thus

arrives at a statistical distribution of a performance property. A performanceydistribution

combinatign with a defined lower percentile determines the final design equation.

Both the W
standardiz
Technical

Ministic and probabilistic (synthesis method) approaches to performance properties are addresged
hnical Report. The deterministic approach uses specific geometric and material property valueg to

bm
in

ell design process itself and the definition of anticipated loads are currently‘outside the scopq of
ption for the petroleum and natural gas industries. Neither of these aspects is addressed in this
Report. Rather, this text serves to identify useful equations for obtainingthe resistance of a tubylar

to specifigd loads, independent of their origin. This Technical Report provides limit state equations (gee

annexes)
material p
geometric

Whenever
reader.

and material parameters.

possible, decisions on specific constants to use in a desigh equation are left to the discretion of

which are useful for determining the resistance of an individual’sample whose geometry gnd
operties are given, and design equations which are useful for-ell design based on conservative

the

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

s Technical Report illustrates the equations and templates necessary to calculate the vag
perties given in International Standards, including

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.

equations related to performance properties, extensive background information is also providedg
ir development and use.

uations presented here are intended for use with pipe manufactured in accordance with 1SC
| 5CT, ISO 11961 or API 5Py and ISO 3183 or API 5L, as applicable. These equations and tem
extended to other pipe with;due caution. Pipe cold-worked during production is included in the sq
Chnical Report (e.g. cold rotary straightened pipe). Pipe modified by cold working after productio
pandable tubulars and-coiled tubing, is beyond the scope of this Technical Report.

plication of performance property equations in this Technical Report to line pipe and other pipe i
their use as ‘easing/tubing in a well or laboratory test, and requires due caution to match the

rious pipe

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

regarding

11960 or
hlates may
ope of this
n, such as

5 restricted
heat-treat

cess, straightening process, yield strength, etc., with the closest appropriate casing/tubing produict. Similar
tion should be exercised when using the performance equations for drill pipe.

ameters in

lance. The

de3|gn equat|ons in th|s Techmcal Report are not to be understood as a manufacturmg warrantee.
Manufacturers are typically licensed to produce tubular products in accordance with manufacturing
specifications which control the dimensions and physical properties of their product. Design equations, 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 Technical Report is not a design code. It only provides equations and templates for calculating the
properties of tubulars intended for use in downhole applications. This Technical Report 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

his

torical practice, local regulatory requirements, and specific well conditions.
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All equations and listed values for performance properties in this Technical Report assume a benign
environment and material properties conforming to ISO 11960 or API5CT, 1SO 11961 or API5D and
ISO 3183 or API 5L. Other environments may require additional analyses, such as that outlined in Annex D.

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

Throughout this Technical Report tensile stresses are positive.

2 Conformance

2.1 Normative references

In the intgrests of worldwide application of this Technical Report, ISO/TC 67 has decided; after detailed
technical gnalysis, that certain of the normative documents listed in Clause 3 and prepared.by ISO/TC 67| or
other ISO|Technical Committees are interchangeable in the context of the relevant requirement with the
relevant dpcument prepared by the American Petroleum Institute (API), the American<Society for Testing and
Materials (ASTM) or the American National Standards Institute (ANSI). These latter\documents are cited in
the running text following the ISO reference and preceded by or, for examplg,~ISO XXXX or API YYY]Y”.
Application of an alternative normative document cited in this manner will leadto technical results differgnt
from the upe of the preceding ISO reference. However, both results are acceptable and these documents gre
thus consiglered interchangeable in practice.

2.2 Units of measurement
In this Teg¢hnical Report, data are expressed in both the International System (SI) of units and the United
States Cugtomary (USC) system of units. For a specific order item, it is intended that only one system of units
be used, without combining data expressed in the other system.
For data gxpressed in the Sl, a comma is used as_the decimal separator and a space as the thousands

separator.|For data expressed in the USC systemi-a dot (on the line) is used as the decimal separator ang a
space as the thousands separator.

3 Normative references
The following referenced documents are indispensable for the application of this document. For daled
referenced, only the editionscited applies. For undated references, the latest edition of the referenged
document (including any amiéndments) applies.

ISO 3183:2007, Petrolesim and natural gas industries — Steel pipe for pipeline transportation systems

ISO 10409, Petroleum and natural gas industries — Care and use of casing and tubing

ISO 11960:2004, Petroleum and natural gas industries — Steel pipes for use as casing or tubing for wells

ISO 11961, Petroleum and natural gas industries — Steel drill pipe
ISO 13679, Petroleum and natural gas industries — Procedures for testing casing and tubing connections

ANSI-NACE International Standard TMO0177, Laboratory Testing of Metals for Resistance to Sulfide Stress
Cracking and Stress Corrosion Cracking in H,S Environments

API 5B, Threading, Gauging and Thread Inspection of Casing, Tubing, and Line Pipe Threads (US Customary
Units)

API RP 579, Recommended Practice for Fitness-for-Service, January 2000

2 © 1SO 2007 — All rights reserved
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API RP 5C1, Recommended Practice for Care and Use of Casing and Tubing

API RP 5C5, Recommended Practice on Procedures for Testing Casing and Tubing Connections
API 5CT, Specification for Casing and Tubing

API 5D, Specification for Drill Pipe

API 5L:2004, Specification for Line Pipe

BS 7910, Guide to methods for assessing the acceptability of flaws in metallic structures

4 | Terms and definitions

Fof the purposes of this document, the following terms and definitions apply.

4.1
Cauchy stress
true stress

forfe applied to the surface of a body divided by the current area of that sGrface

4,

cogfficient of variance

dimensionless measure of the dispersion of a random variable})calculated by dividing the standar
bythe mean

il deviation

4.

depign equation

eqgpation which, based on production measurement§ or specifications, provides a performance progerty useful
in glesign calculations

NQTE A design equation can be defined by applying reasonable extremes to the variables in a limit state| equation to
arrfve at a conservative value of expected performance. When statistically derived, the design equation corregponds to a
defined lower percentile of the resistance prebability distribution curve.

4.4

deterministic

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

NQTE Pipe performiance properties generally depend on one or more controlling parameters. A deterministic
equation uses specific.geometric and material property values to calculate a single performance property value. For
degign formulations{this value is the expected minimum.

4.

dugtile rupture

failure ofia-tube due to internal pressure and/or axial tension in the plastic deformation range

4.

e

Euler's constant

2,718 281 828

4.7

effective stress

combination of pressure and axial stress used in this Technical Report to simplify equations

NOTE Effective stress as used in this Technical Report does not introduce a distinct, physically defined stress
quantity. Effective stress is a dependent quantity, which is determined as a combination of axial stress, internal pressure,

external pressure and pipe dimensions, and provides a convenient grouping of these terms in some equations. The

effective stress is sometimes called the Lubinski fictitious stress.

© 1SO 2007 — All rights reserved


https://standardsiso.com/api/?name=0ced06d1363af78a83458b09cc0e9985

ISO/TR 10400:2007(E)

4.8

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

4.9

engineering stress
force applied to the surface of a body divided by the original area of that surface

410
fracture p

internal prgssure at which a tube fails due to propagation of an imperfection

4.1

inspection threshold

maximum

412
J-integral
measure 0

413
label 1
dimension

414

label 2
dimension

415

size of a crack-like imperfection which is defined to be acceptable by the inspection System

f the intensity of the stress-strain field near the tip of a crack

ess designation for the size or specified outside diameter thatdmnay be used when ordering pipe

ess designation for the mass per unit length or wall-thickness that may be used when ordering pi

limit state| equation

equation W
estimate o

NOTE
for the toler,

4.16

logarithm
dimension
of the curr

NOTE
strain.

4.17
mass

hich, when used with the measured geometry and material properties of a sample, produces
f the failure value of that sample

A limit state equation describes the perférmance of an individual sample as closely as possible, without reg
hnces to which the sample was built.

¢ strain

an

ard

ess measure of the stiretch of a deforming line element, defined as the natural logarithm of the ratio

bnt length of the line\élement to its original length

Alternatively, the-logarithmic strain can be estimated as the natural logarithm of one plus the enginee

ing

label used

to-represent wall thickness of tube cross section for a given pipe size

418

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

419

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

NOTE

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 principal stresses.

The largest

of these three stresses is called the maximum principal stress.

© 1SO 2007 — All rights reserved
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probabilistic method
approach which uses distributions of geometric and material property values to calculate a distribution of
performance property values

4.21
synthesis method
probability approach which addresses the uncertainty and likely values of pipe performance properties by
using distributions of geometric and material property values

pefformance property. The performance distribution in combination with a defined lower percentile determir]

degign equation.

4.22

template
prqcedural guide consisting of equations, test methods and measurements \for establishi

pefformance properties

4.23

pefmanent, inelastic deformation

4.26

yigld stress bias
rat|o of actual yield stress to specified minimum yield stress

bution of a
es the final

ng design

5 | Symbols

A hand-tight standoff

Ae empirical constant in historical API collapse equation

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

AQ*PU' critical dimension on guided bend test jig, denoted as dimension 4 in ISO 3183 or API 5L

4je area of the coupling cross section; 4;; = W/4 (W2 - d;?)

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

4, area of the pipe cross section; 4, = n/4 (D? - d?)

4y ave  average area of the pipe cross section; 4, 4ye = /4 [Daye? = (Daye — 2 1 ave)?]

A cross-sectional area of the tensile test specimen in square millimetres (square inches), based on

specified outside diameter or nominal specimen width and specified wall thickness, rounded to the

nearest 10 mm?2 (0.01 in2), or 490 mm?2 (0.75 in2) whichever is smaller

© 1SO 2007 — All rights reserved


https://standardsiso.com/api/?name=0ced06d1363af78a83458b09cc0e9985

ISO/TR 10400:2007(E)

an

aip

maximum diameter at the extreme-line pin seal tangent point

for a limit state equation, the maximum actual depth of a crack-like imperfection; for a design
equation, the maximum depth of a crack-like imperfection that could likely pass the manufacturer’s
inspection system

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 in a 12,7 mm (0.500in) wall thickness pipe,
ayn = 0,635 mm (0.025 in)

O]

berage value of #/D ratios used in the regression

pecified inside diameter of the extreme-line connection, in accordance with API 5B

[72]

D

Mmpirical constant in historical API collapse equation

maximum bearing face diameter, special bevel, in accordance with ISO 11960,0r.API 5CT

=

eibull shape parameter

D

Mmpirical constant in historical API collapse equation

-

andom variable that represents model uncertainty

—

ybe curvature, the inverse of the radius of curvature to the centreline of the pipe

n

becified pipe outside diameter

QO

berage outside diameter after cutting

O]

verage pipe outside diameter

O]

verage outside diameter before cutting

riside diameter of extreme-line bex upset, in accordance with AP| 5B
maximum pipe outside diameter

minimum pipe outsidediameter

D

xtreme-line pincritical section outside diameter; Dy =H, + o— ¢
major diameter, in accordance with API 5B

p|pe‘inside diameter, d = D — 2¢

inside diameter of the critical section of the extreme-line box; dy, = I, + 2h, — A+ 0
inside diameter of pin upset, in accordance with ISO 11960 or API 5CT
extreme-line specified joint inside diameter, made up

inside diameter at end of upset pipe

inside diameter based on k5 £, d\yq =

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

© 1SO 2007 — All rights reserved
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Young’'s modulus

pitch diameter, at centre of coupling
pitch diameter, at end of coupling
pitch diameter, at plane of seal

pitch diameter, at end of pipe

diarmatar ot tha kb -t

E
¢n
©

ISO/TR 10400:2007(E)

Fyhpi

~

P
=<'

L

Jn

Ju
Juc
fun‘n

fun‘nc

Jund np

pitch-chameteratthe-hand-tight planein-accordance-with-A
pitch diameter, in accordance with API 5B

eccentricity

mass gain due to end finishing

axial force

effective axial force

empirical constant in historical API collapse equation

axial force at yield, historical APl equation

degrees of freedom = N; — 1

joint probability density function of the variables in x

root truncation of the pipe thread of APIline pipe threads, as follows:
0,030 mm (0.001 2 in) for 27 TP,

0,046 mm (0.001 8 in) for 18 TR,

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

tensile strength of a-representative tensile specimen

tensile strepgth-of a representative tensile specimen from the coupling
specified-minimum tensile strength

specified minimum tensile strength of the coupling

specified minimum tensile strength of the pipe body

Jup
Jy
Jyax
Jye
Jymn

fymnc

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

equivalent yield strength in the presence of axial stress

equivalent yield stress in the presence of axial stress

specified minimum yield strength

specified minimum yield strength of the coupling

© 1SO 2007 — All rights reserved
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fymnp

Sy

specified minimum yield strength of the pipe body

specified maximum yield strength

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

influence coefficient for fracture limit state FAD curve

ir+'l nnnnnn fioiant for feantien loait ottt T AN
o CTTCC—CoOTCTTCTICT T O mTattarcT it otatc T 7\

PRTZWI-N
cTOrve

rifluence coefficient for fracture limit state FAD curve

rifluence coefficient for fracture limit state FAD curve

rifluence coefficient for fracture limit state FAD curve

gngth of imperfect threads, in accordance with API 5B

imit state function

the thread height of a round-thread equivalent Vee thread, as follows:
815 mm (0.032 1 in) for 27 TPI,

222 mm (0.048 1 in) for 18 TP,

755 mm (0.069 1 in) for 14 TP,

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

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

749 6 mm (0.108 25 in) for 8 TPI

NN 205

decrement factor, as given in Table F.9
aldecrement factor

maximum extreme-line root diameter at last perfect pin thread

O

Littress thread height: 1,575.for Sl units, 0.062 for USC units

n

ress-strain curve shape.factor

=

¢und thread height

inimum boxthread height for extreme-line casing, as follows:
52 mm (0060 in) for 6 TPI
03 mm-0.080 in) for 5 TPI

N = 3

moment of inertia of the pipe cross section: /= w/64 (D4 — 44)

2t

average moment of inertia of the pipe cross section; I = n/64 (D% — (D cave)?)

ave ave

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) for sizes between Label 1: 5
and Label 1: 13-3/8, inclusive; and 9,52 mm (0.375 in) for sizes greater than Label 1: 13-3/8
minimum extreme-line crest diameter of box thread at Plane H

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

fracture resistance of the material
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fracture resistance of the material in a particular environment

polar moment of inertia of the pipe cross section; Jp = n/32 (D* — d%)
stress intensity ratio based on the J-Integral

stress intensity factor at the crack tip

fracture toughness of a material in a particular environment

ratio of |

e fles

afntarnal nracciirn ctraca tna vaald ctea bl A IaY/io WA £)
raltuv vririierriar HIU\)\)UI\/ G OUOO U yl\;lu A1} lytll, VT PI Ul\h{/ymnp L}
stress intensity ratio
variable intermediate term in ISO 13679 or APl RP 5C5 representation of von Mises yield ¢
burst strength factor, having the numerical value 1,0 for quenched dnd”tempered (
structure) or 13Cr products and 2,0 for as-rolled and normalized products based on av.
data; and the default value set to 2,0 where the value has not beenimeasured. The valug
be established for a specific pipe material based on testing
variable intermediate term in ISO 13679 or APl RP 5C5 representation of von Mises yield ¢
variable intermediate term in ISO 13679 or APl RP 5C5%epresentation of von Mises yield ¢

constant used in elastic collapse equation

correction factor based on pipe deformation(and material strain hardening, having the
value [(1/2)™71 + (1~3)n+1)]

bias factor for elastic collapse

down-rating factor for design elastic collapse

elongation constant, equal.to-1942,57 for Sl units and 625 000 for USC units
calibration factor for dltimate elastic collapse, 1,089

factor used to determine minimum wall thickness for transverse impact specimens:
1,00 for full-siz€’specimens

0,75 for thre€-quarter size specimens

0,50 for-one-half size specimens

length' conversion factor, equal to 0,001 for Sl units and 1/12 for USC units

mass correction factor, 1,000 for carbon steel, 0,989 for martensitic chromium steel

riterion

martensitic
pilable test
e of k, can

riterion

riterion

numerical

wall

wpe

stress conversion factor, equal to 1,18 x 10~ MPa~" for Sl units and 8.12 x 10~/ psi~' for USC units

upper quadrant geometry factor in 1ISO 13679 or API RP 5C5 representation of von Mises yield

criterion

lower quadrant geometry factor in 1SO 13679 or APl RP 5C5 representation of von Mises yield

criterion

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

tolerance of -12,5 %, k4 = 0,875

mass per unit length conversion factor, equal to 0,024 661 5 for Sl units and 10.69 for USC units
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ky bias factor for yield collapse

ky des down-rating factor for design yield collapse

kyuis  calibration factor for ultimate yield collapse, 0,991 1

L length

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

Lt length of pipe including end finish

Lt engaged thread length, [= L, — M] for nominal make-up, in accordance with API 5B

L, Igngth from end of pipe to start of taper, in accordance with ISO 11960 or API 5CT

Ly, Igngth of pin upset, in accordance with ISO 11960 or API 5CT

LJ- Igngth of a standard piece of pipe

L Igad ratio

Ly Igngth from the end of the pipe to the hand-tight plane, in accordance-with API 5B

L, Igngth of perfect threads, in accordance with API 5B

M specified outside diameter of the extreme-line connection;leéngth from the face of the coupling to the
hand-tight plane for line pipe and for round thread casirgrand tubing, in accordance with APl 5B

My, bpnding moment

me cpupling mass

mep cpupling mass of buttress thread casing

mgsp  CPuUpling mass removed by special bevel

Megh cpupling mass with special bevel

Mgy, Igngth of box upset taper,/in accordance with ISO 11960 or APl 5CT

Meyy ekternal upset mass

Mgy ekternal-interal upset mass

Mgt integratjoint mass removed by threading and recessing

Miny internal upset mass

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

Mt pin mass removed by threading

Mypy extreme-line pin upset mass

extreme-line pin upset mass

Xpu
Myt extreme-line mass removed by threading and recessing
My mass removed by threading
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mu model uncertainty

N number of thread turns make-up

N coupling length, in accordance with ISO 11960 or APl 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

Oy minimum diameter at the extreme-line box seal tangent point
ov ovality
Py 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
De collapse pressure
Dei collapse pressure in the presence of internal pressure

DPdds design collapse pressure

Dddsi design collapse pressure corrected for internal pressure

Pads e  collapse pressure corrected for axial streSs and internal pressure
Pe elastic collapse term

Ped elastic collapse pressure difference

Pelies  design elastic collapse.term

Pelit  ultimate elastic collapse term

PE pressure for elastic collapse

Dht hydrostatie’test pressure

Di intécnal pressure

DiF internal pressure at fracture

DiL internal pressure at leak

PR internal pressure at ductile rupture of an end-capped pipe

PiRa pir adjusted for axial load and external pressure
pivapl  internal pressure at yield for a thin tube
Dive internal pressure at yield for coupling

PiyLc  internal pressure at yield for a capped-end thick tube
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PiYLo
Po
Po ult
pp
Ppav
pr

Pult

Py Tresca
Py ult

Py vme
0

7

rs

SiD

12

internal pressure at yield for an open-ended thick tube

external pressure

ultimate external pressure for collapse

pressure for plastic collapse

pressure for average plastic collapse

caolapca

C

<

o <

—

i

—

C

<

o

4

q

-

o

2]

[2]

QD

pre

essure-fortransitencelapse

timate collapse pressure

eld collapse term

eld collapse pressure difference

Psign yield collapse term

rough-wall von Mises yield pressure difference
ressure for yield strength collapse

Fesca yield pressure for collapse

timate yield collapse term

bn Mises yield pressure for collapse

ameter of coupling recess, in accordance with APl 5B

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

residual stress (compression at ID.face is negative)

stance between flattening _plates

andard error of estimate) of the regression equation

r8 TPI
andard deyiation of #/D ratios used in the regression

bplied torque

ot truncation ofthe’pipe thread of round threads, 0,36 mm (0.014 in) for 10 TPI, 0,43 mm (0.017|i

taper (on diameter)

specified pipe wall thickness

actual average pipe wall thickness disregarding crack-like imperfections

actual average pipe wall thickness

maximum pipe wall thickness

minimum pipe wall thickness

© 1SO 2007 — All rights reserved


https://standardsiso.com/api/?name=0ced06d1363af78a83458b09cc0e9985

ISO/TR 10400:2007(E)

actual maximum pipe wall thickness disregarding crack-like imperfections

actual minimum pipe wall thickness disregarding crack-like imperfections

tolerance interval corresponding to a confidence level of p that the proportion of the population not

included does not exceed
specified coupling outside diameter, in accordance with ISO 11960 or API 5CT

fractile corresponding to confidence level p

erlg

el

8in

fractile, the deviation from the mean of a standardized normal cumulative distribution/th
the fraction 1 — g, of the population

calculated mass of a piece of pipe of length L

upset and threaded mass per unit length

plain-end mass per unit length

threaded and coupled mass per unit length

upset mass per unit length

vector of random variables

correction factor for variation in #D from average

taper drop in extreme-line pin perfect thread length

6,43 mm (0.253 in) for 6 TPI

5,79 mm (0.228 in) for 5 TPI

sensitivity factor

first-order reliability index

extreme-line taper rise ‘between Plane H and Plane J, as follows:
0,89 mm (0.035 in) for 6 TPI

0,81 mm (0.032 jn)fer 5 TPI

one-half of the-maximum extreme-line seal interference, = (4, — 0,)/2
engineéring strain

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

logarithmic strain

at includes

5 % below

&mn

Il'l ec
Hay
/Ll ov

Hrs

strain at which specified minimum yield strength is determined

mean

mean calculated eccentricity as a percent, [eccentricity = 100 (7. max — o min)’c ave)
mean calculatedfy as a percent

mean calculated ovality as a percent, [ovality = 100 (D,2x = Dnin)/DPavel

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

© 1SO 2007 — All rights reserved
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1% Poisson’s ratio
V4 circumference of a circle divided by its diameter, assigned a value of 3,141 6
& probability of failure
one-half of the extreme-line maximum thread interference, 6 = (H, — 1,)/2
Hp the proportion of the population not included
o standard-deviation
oy, cpmponent of axial stress not due to bending
oy cpmponent of axial stress due to bending
o true (Cauchy) stress
O efuivalent stress
Ot effective stress
G fipre stress corresponding to the percent of specified yield strength/as given in Table 12
Oh cfrcumferential or hoop stress
Opmx ~ Njaximum principal stress
o, radial stress
Ores rgsidual stress
Cin threshold stress
Oye efjuivalent yield strength in the presence of axial tension
Oymne  €uivalent minimum yield strength in the presence of axial tension
Tha tqrsional (shear) stress
6 Triaxial yield of pipe body
6.1 Gerneral
The criteripn-for triaxial pipe body yield is that proposed by von Mises. The elastic state leading to incipi
yield consists of the superposition of
a) radial and circumferential stress as determined by the Lamé Equations for a thick cylinder,

b) uniform axial stress due to all sources except bending,

c) axial bending stress for a Timoshenko beam,

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

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

14
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6.2 Assumptions and limitations

6.2.1 General

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

6.2.2 Concentric, circular cross-sectional geometry

The equations for radial stress, circumferential or hoop stress, bending and torsion presume the pipe cross
section to consist of inner and outer surfaces that are circular and concentric.

6.2
Th
An
6.2

Fo
ne

6.2

Pa
to

ing
6.3

T

=y

.3 Isotropic yield
b yield strength of the material of which the pipe is composed is assumed to be independent o

axial sample and a circumferential sample are assumed to possess identical elasticimoduli and \
poth tension and compression.

.4 No residual stress

[ determination of the onset of yield, residual stresses due to manufaciufing processes are assu
yligible, and are ignored.

.5 Cross-sectional instability (collapse) and axial instabijlity (column buckling)
ticularly in instances where p,, > p;, it is possible for the pipe cross section to collapse due to inst
yield. For external pressure greater than internal pressure, see Clause 8 on collapse. Similarly, i

possible for the pipe to buckle as a column prior toyield, and the bending stress due to buckling
uded in the yield check.

b Data requirements

e following input data are required to.complete the calculation for triaxial yield of the pipe body:
tube curvature, the inverse of the radius of curvature to the centreline of the pipe;
specified pipe outside-diameter;

Young's modulus;

axial force;

specified minimum yield strength;

I factor to account for the specified manufacturing tolerance of the pipe wall. For exan

f direction.
ield stress

med to be

nbility prior
[ O < 0, it
should be

hple, for a

tolerance of -12,5 %, k), = 0,875;

internal pressure;
external pressure;
applied torque;

specified pipe wall thickness.

© 1SO 2007 — All rights reserved
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6.4 Design equation for triaxial yield of pipe body
The onset of yield is defined as

T = fymn (1)
where g, < fymp corresponds to elastic behaviour, and

Jymn s the specified minimum yield strength;

O

A S the equivalent siress.

The equivalent stress is defined as

O =[Pi2 + 012 + (0, + 0,)2 — 0,01 — 00y + O) — OH(04 + Gp) + 37,52]1/2 )
with

0; = [(pidwai’® = PoD?) = (1 = Po)dyai?D?(4r2)/(D? = dyg?) ©)

0h = pidwar® = PoD?) + (i = Po)dwai?DA(Ar)ND? = d i) 4)

Oy = HylA,, ®)

o, =Y Myl =+ Ecr (6)

Tha = '"r/Jp (7)
where

A s the area of the pipe cross section, 45.& /4 (D? - d?);

c s the tube curvature, the inverse of the radius of curvature to the centreline of the pipe;
D s the specified pipe outside-diameter;

d s the pipe inside diameter, d = D - 21;

s the inside diameter based on kg, 1, dyq =D — 2kyq ©

E s Young’'s modulus;

F, |s the axialforce;

I scthe ' moment of inertia of the pipe cross section, 7 = n/64 (D* — d*);

Jp  is the polar moment of inertia of the pipe cross section, J, = 1/32 (D* — d%);

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

tolerance of 12,5 %, k4, = 0,875;
M,, is the bending moment;
Di is the internal pressure;

Do is the external pressure;
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r is the radial coordinate, (d/2) < r < (D/2) for o, op and g5, (dyq /2) < r < (D/2) for o, and oy,;
T is the applied torque;

t is the specified pipe wall thickness;

o, isthe component of axial stress not due to bending;

o, Iisthe component of axial stress due to bending;

o,—is-the-eqtivalentstress;

o, s the circumferential or hoop stress;
is the radial stress;

Tha I8 the torsional (shear) stress.

The +sign in Equation (6) indicates that the component of axial stress due to bending can be positive
(tepsion) 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 curvatufe than the
centreline of the pipe experience tensile bending stress.

The variable ¢ has units of radian/length, which are not the<norm for the petroleum industry. |The more
common measure of ¢ in the industry is °/30 m (°/100\ft). If, therefore, the required units|for ¢ are
radians/metre, and c is expressed in °/30 m (°/100 ft), the right-hand side of Equation (6) should bg multiplied
by [the constant ©t/(180 x 30) = 5,817 8 x 10~4 rad-m/°=30'm [r/(180 x 100) = 1,645 3 x 104 rad-ft/°+100 ft].

In the presence of bending, Equation (2) should be’evaluated four times, i.e. at the inner and oufer radii on
both the tensile and compressive sides of the cross section. In the presence of torsion, Equation (2) should be
evaluated two times, i.e. at the inner and outer radii. In the absence of both bending and torsion, Eguation (2)
should be evaluated once, at the minimum-value of the radius. In all cases, the maximum computed value of
o, [should be used in Equation (1).

The purpose of the design equation’is to determine the stress state which results in the onset of| pipe yield
whien the properties of the pipéyare at their worst-case, minimum allowable values. The wall thickness of the

pipe at all times accounts far the extreme allowable thin-wall eccentricity which comes about naturally as part
of the pipe manufacturing process.

6.5 Application.of design equation for triaxial yield of pipe body to line pipe

The pipe bodyyyield strength of line pipe can be calculated by means of equations presented in this clause,
minding the limitations given in 6.2.

6.6 ~ Example calculations

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

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

© 1SO 2007 — All rights reserved 17
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6.6.1.1  Yield design equation, special case for capped-end conditions

Initial yield of a capped-end thick tube is a special case of Equations (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.)

A design equation for initial yield of the pipe body with capped-end conditions and using the Lamé Equations
for the radial and hoop stresses should be formulated from Equation (2), evaluated at the inner diameter. The
resulting design equation is

Pivie =Lymn{B D + dyo V(D2 — dyyq?)? + dH(D? — d?)2 — 2d2d, 2I[(D? — d?) (D? — dy 21} 172

where
D
d

d

wall
fymn

wall

PivyLc

t

There is n

internal prgssure on the (closed) ends of the pipe. The moreigeneral case, where axial stress is generated

other than

Equations|(1) and (2).

6.6.1.2 [Yield design equation, special case(for internal pressure with zero axial load

Initial yield

stress, external pressure, bending and tersion are zero.

A design €

the radial |and hoop stresses should be formulated from Equation (2) evaluated at the inner diameter. T

resulting d

PiYLo 7
where

D

is the specified pipe outside diameter;

is the pipe inside diameter, d =D - 21;

is the inside diameter based on k), £, dyay = D — 2kyan &
is the specified minimum yield strength;

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

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

o0 adjustment to Equation (8) for axial tension, as<all axial tension is generated by the action

the action of internal pressure on the ends ofithe pipe, is addressed by the triaxial yield criteri

of an open-ended thick tube is a’special case of Equations (1) and (2) when the uniform a

quation for initial yield of the pipe body with open-end conditions and using the Lamé Equations
Esign equation is

:fymn(DZ - dwallz)/(3 D4+ dwall4)1/2

is the\specified pipe outside diameter;

(8)

for

of
by

al

for
'he

©)

d

wall

fymn
k

wall

PiYLo

t

iatha tnaida digmacotar hooad o 1 PR ) D 2] 42
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is the specified minimum yield strength;

is the factor to account for the specified manufacturing tolerance of the pipe wall. For example,
a tolerance of -12,5 %, k4 = 0,875;

is the internal pressure at yield for an open-end thick tube;

is the specified pipe wall thickness.

for

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

Equations

18

(1) and (2).
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6.6.2 Initial yield pressure of pipe body, historical APl equation

6.6.2.1 General

The Barlow Equation for pipe yield, which is the historical APl equation, is based on a one-dimensional (not
triaxial) approximate equation of the von Mises yield condition, combined with an approximate expression for
the hoop stress in the pipe. In essence, the Barlow Equation approximates the hoop stress and then equates
this approximation to the yield strength. This approximation is less accurate than the Lamé Equation of yield
discussed in 6.6.1. Because the Barlow Equation neglects axial stress, there is no distinction between pipe
with capped ends, pipe with open ends or pipe with tension end load.

6.6

Inifial yield of a thin tube is defined by the following expression:

wh

Th

it may be derived (by methods other thanthat'used by Barlow) (see 6.2).

6.6

6.6

Pip
pre
mi

.2.2  Historical, one-dimensional yield pressure design equation

Pivapl = [2ymn(kwant)/ D]

ere
D is the specified pipe outside diameter;
Jymn  is the specified minimum yield strength;
kyan is the factor to account for the specified manufactufing’tolerance of the pipe wall. For e

a tolerance of -12,5 %, k4 = 0,875;
Pivapl is the internal pressure at yield for a thin tube;
t is the specified pipe wall thickness.

s equation is subject to the same assumptions and limitations as the more general expressions

.3 Pipe body yield strength, historical APl equation

3.1  General
e body yield strength\is the axial load required to yield the pipe in the absence of internal an

ssure, bending and-forsion. It is taken as the product of the cross-sectional area and the
nimum yield strength for the particular grade of pipe:

Fyap1 = fyamin4p

where
A o is the area of the pipp crass section, AP =ml/4 (D2 — /’]2)'
D is the specified pipe outside diameter;
d is the pipe inside diameter, d =D - 21;

Fypap s the axial force at yield, historical API equation;

fymn

is the specified minimum yield strength;

is the specified pipe wall thickness.

© 1SO 2007 — All rights reserved
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6.6.4 Yie

Id in the absence of bending and torsion

If bending and torsion are zero, Equation (2) reduces to

Op =02 + 012 + 0,2 — 6,0}, — 0,0, — 0,0,]12 (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 (9.625 in), of wall

thickness t3; . —T = 0;875" , m?3
(0.283 3 I}/in3). Compute the yield state of the uppermost cross section of the tube when the tube s'\at a
depth of 3[000 m (9 842.5 ft). The tube has a minimum vyield stress of 551,6 MPa (80 000 psi).
Table 1 presents the results of the calculation in both Sl and USC units.
Table 1 — Example calculations — Yield in the absence of bending anditorsion
Term SI usc
Value | Units Value | Units
Load
Fy 1995717 N 448 655 Ib
i 31,73 MPa 4 601 psi
Po 31,73 MPa 4 604 psi
c 0 °/30 m (0] °/100 ft
T 0 N-m 0 ft-Ib
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 30 000 000 psi
Calculations
d 216,80 mm 8.535 in
dyall 220,26 mm 8.671 in
Ap 10 028 mm? 15.55 in?
A 66 920 762 mm?* 160.8 in4
Ty 133 841 524 mm4 321.6 in4
Oy 199,01 MPa 28 859 psi
Inner radius
Oh 0 MPa 0 psi
Oh -31,73 MPa -4 602 psi
a, 3173 MPa _4 602 psi
Tha 0 MPa 0 psi
Oe» Op+ 230,74 MPa 33 461 psi
Oe» Op— 230,74 MPa 33 461 psi
Outer radius
Oh 0 MPa 0 psi
Oh -31,73 MPa -4 602 psi
oy -31,73 MPa -4 602 psi
Tha 0 MPa 0 psi
Oe» Op+ 230,74 MPa 33 461 psi
Oe» Op— 230,74 MPa 33 461 psi

20
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Since both bending and torsion are zero in this example, there is no need to calculate o at both the inner and
outer radii of the tube, as yield will always occur at the inner radius. The calculations have been included here

for

completeness.

As the equivalent stress is less than the yield stress, the tube does not yield at its uppermost cross section.

7

7.1

Ductile rupture of the pipe body

General

Th
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c)

Th

e equations for ductile rupture pertain to the actual failure of the pipe body due to internal press

yield equations of Clause 6 are intended to describe the onset of permanent plastic deformati
s of pressure integrity, the rupture equations are intended to describe the ultimate pre§sure cap
e at a pressure which fails the pipe body with loss of internal pressure integrity.

b equations for ductile rupture depend on the minimum physical wall thickness; the pipe outer diz
ximum depth of imperfections which have a reasonable probability of passing through the
cess undetected, the fracture toughness of the material, the work hardening of the materi
Mmate tensile strength of the pipe. Yield strength has no direct impact oa-the ductile rupture press
pugh the correlation of the work hardening parameter 7.

b ductile rupture equations can be derived from the mechanics 6f pipe equilibrium combined wi
bipe plasticity and a model of the effect of imperfections. The selection of the basic equation, the
he basic equation to ISO/API tubular products, and the vetification of the equation with actual te
cussed in detail in Annex B. The ductile rupture limit stateand design equations consist of three
hcepts:

an equation for equilibrium-plasticity based rupture of a pipe with known physical wall thic
diameter;
detected by the manufacturing and-ifispection system;

a criterion for minimum toughnéss at which ductile rupture applies.

pip
int

mgasurements of sample pipes to numerically calculated crack-tip intensities (J-Integrals) as a
imperfection depth.This is explained in detail in Annex B.

7.

These<equations are applicable only when the pipe material in its environment has sufficient toy
mget-a minimum criterion such that the deformation of the pipe, in its environment, through to

e under fatigue loading.~The subtraction to the pipe wall for the presence of imperfection
rrelated role of pipe-toughness are based on a fracture mechanics approach relating Jj.

Assumptions and limitations

ure. While
bn and not
heity of the

meter, the
inspection
bl and the
ure except

th a model
application
st data are
interlinked

kness and

reduction in performance due to wall loss in proportion to depths of imperfections which may not be

bse equations are applicable/to direct pressure and axial loading, but do not describe the capacity of the

s and the
toughness
function of

ghness to

rupture is

ductiterand ot brittte; everrimthe presence of smrattimperfections:

Bending stresses (for instance, due to buckling or bending due to curvature of the well trajectory) are not
included in the equation for ductile rupture pressure. Hence, the ductile rupture equation may not apply to pipe

wh

ich is buckled (nor to pipe in a dogleg).
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7.3 Data requirements

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

ay  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 in a 12,7 mm (0.500in) wall thickness pipe,
ay = 0,635 mm (0.025 in);

D 5pecified pipe outside diameter;

Jumn #pecified minimum tensile strength;
ky purst 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
fata; and the default value set to 2,0 where the value has not been measured. The value of k, ¢an
be established for a specific pipe material based on testing;

kyan Tactor to account for the specified manufacturing tolerance of the¢pipe wall. For example, fof a
olerance of 12,5 %, k4, = 0,875;

n Himensionless hardening index used to obtain a curve fit (seeB.2.3.3) of the true stress-strain cufve
Herived from the uniaxial tensile test;

t specified pipe wall thickness.

7.3.2 Determination of the hardening index

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

Table 2 — Suggested valuesfor-hardening index in ductile rupture equation

API grade n

H40 0,14
J55 0,12
K55 0,12
M65 0,12
N80 0,10

L80 Type 1 0,10
L80 Chrome | 0,10

C90 0,10
C95 0,09
T95 0,09
P110 0,08
Q125 0,07

If the grade of the material is unknown but is not high-hardening, the hardening index can alternatively be
determined from the following correlation.
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n=0,1693 - k, f,
ere f, has units of MPa (psi) and

fy is the yield strength of a representative tensile specimen;

k, is the stress conversion factor, equal to 1,18 x 10~4 MPa~" for Sl units and 8.12 x 107 psi
units;

(13)

-1 for USC

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

Th
rel
hig
no

7.3

7.3

Th
Crs
reg
ma3
rug
ma3
ha

When k, has not been determined for the pipe 'material, use a k, value of 2,0. The value of k]

me
of
ca

7.3

T

=y

curve derived from the uniaxial tensile test.

e effort expended to determine n should be weighed against the fact that the equation for\ductile
btively insensitive to this quantity for commonly used Oil Country Tubular Goods (OETG). Ho
h-hardening material such as duplex steel is used, it is important to determine n td
n-conservative rupture strength prediction. Values of » for these materials can be as\high as 0,30

.3 Determination of the burst strength factor, i,

3.1 General

e burst strength factor k, quantifies the impact that the material toughness has on ductile rupty
ck of depth ay is present. The value of k, does not need to be(determined for each pipe order; in
ommended that k, be determined for a fixed tubular produet line with a fixed process control f
terial with high material toughness, &, will be 1,0 or lower;*and the influence the crack has on
ture pressure will be no greater than the depth of the“crack. However, for a pipe material
terial toughness, k, can be larger, say 2,0, so that the“penalty from having the crack is as thoug
| twice its actual depth.

asured to be 1,0 for quenched and tempefed (martensitic structure) pipe and for 13Cr products.
k, can be established for a specific pipe-material based on testing. One of two methods prese
h be used to calculate £,.

3.2  Analytical method fordetermining &,

e following procedure should be used.
Construct a finite.’€lement model of a pipe with three separate cases of crack depth: zero
12,5 %. Model-the crack as an infinitely long, longitudinal crack on the ID of the pipe. In the fin
model, use_ the/specified pipe wall thickness (do not reduce the pipe wall for manufacturing e
and a typical-stress-strain curve for the material being analysed.

Use.thefinite element model to simulate applying internal pressure to the pipe model in order t

the value of the J-integral of the pipe as a function of internal pressure (see B.7.2 for examples]).

rupture is
wever, if a
avoid a

re when a
stead, it is
plan. For a
the ductile
with lower
n the crack

has been
The value
hted below

5%, and
te element
ccentricity)

b calculate

Experimentally measure the critical J; value of the pipe material in air. J, Is a parameter similar to K,
but based on a different type of test. See ASTM E1152-95 ['] for the precisely defined test methodology.

Terminate each of the finite element J-integral curves at the critical value of J;, measured in th

e test. The

internal pressure corresponding to this terminal point (where the J-integral equals J,.) represents the

rupture pressure in the presence of the crack, for a material with toughness reflected by J,..

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 J;. measurement. Next, set this ratio equal to

(1-kzalt) where alt is the ratio of the crack depth to the specified pipe wall thickness (i.e. 5 % in
Solve this equation for the value of k.
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f) Repeat the above calculation using the finite element model results for the crack with 12,5 % depth.

g) Average the two values of k, from steps e) and f) and use the average in the rupture equation.

7.3.3.3

Experimental method for determining &,

An alternative way to measure k, in lieu of the J;, measurement and the finite element calculation is to
conduct full-scale pipe burst tests using a pipe with no measurable crack-like imperfection, another pipe with a
crack-like imperfection of 5 % depth, and another pipe with a crack-like imperfection of 12,5 % depth. Then
construct the ratios of the rupture pressures as described above and calculate k,. The limitation and difficulty

with this aj ; —fike: M
notch is npt adequate for this purpose. This means that the crack-like imperfection needs to be generated
either as part of the pipe manufacturing process or else through fatigue precracking. In general,. the finite
element approach combined with the J;, measurement is easier to pursue.
7.3.3.4 (Sensitivity of &,
It turns oyt that &, is a weakly sensitive parameter in regard to the grade of the pipeS that is, &, primdrily
depends gn the manufacturing process and does not vary much by grade within~a fixed process. Thig is
understanglable since &, only represents a potential amplification of the pipe’s response to the presence of the
crack while being loaded to rupture. Because of this, it is recommended thatk; only be determined for a
specific grade of product and not for specific sizes or orders of product.
7.4 Deslign equation for capped-end ductile rupture
Minimum ductile rupture of a tube is defined by:
PiR = 2kgrSumnlkwan? — kaan)/[D — (kyant — kaan)] ([14)
where
ay |s the imperfection depth associated with a specified inspection threshold, i.e. the maximum depth
pf a crack-like imperfection that could reasonably be missed by the pipe inspection system. For
example, for a 5 % imperfection, threshold inspection in a 12,7 mm (0.500 in) wall thickness pipe,
iy = 0,635 mm (0.025 in);
D s the specified pipe outside diameter;
Jumn |8 the specified minimum tensile strength;
ky s the burst strength factor, having the numerical value 1,0 for quenched and tempered (Martengitic
structure) or13Cr products and 2,0 for as-rolled and normalized products based on available test
Hata; andthe default value set to 2,0 where the value has not been measured. The value of k, ¢an
be established for a specific pipe material based on testing;
kg, |s“the correction factor based on pipe deformation and material strain hardening, having the
numericar vatue (172173
kwai is the factor to account for the specified manufacturing tolerance of the pipe wall. For example, for a
tolerance of 12,5 %, k4, = 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;

pr internal pressure at ductile rupture of an end-capped pipe;

t specified pipe wall thickness.

24
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The value selected for ky renders pr the average of rupture pressures predicted using Tresca’s yield
condition and von Mises’ yield condition.

The factor £, addresses minimum pipe body wall thickness without considering imperfections. This value
may be adjusted if minimum wall is guaranteed by a particular process or purchasing agreement.

Crack-like imperfections are accounted for by ay. The term kyay represents a further reduction in minimum
wall thickness associated with crack-like imperfections which are outside the sensitivity 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

th frnqllnnr‘y of occurrence of thrp-hnﬂ'nmnd impnrfnr\finne npprnnnhing the rinpi'h of the inspection
threshold.

For the deterministic calculation of rupture pressure, it is necessary to calculate a conservative ductile rupture
design pressure. In this case, the frequency of occurrence of the imperfection is set.t0 100 % and the
imperfection depth equals the inspection threshold.

For the probabilistic calculation of rupture pressure (see Annex B), the depth ofithe imperfection Ftill equals
thg depth of the inspection threshold, but the calculation takes account of the actual frequency of ¢ccurrence

of
the

7.5

7.1

Th
axi

spgcial case of a more general situation where a pipe may reach a maximum internal pressure loa

rug

compression. The combined loads together determine when the pipe is going to yield and how it wil

de
ex

Tresca yield surface in terms of axial Stress, radial stress and hoop stress.

Mg
ten
the

Be
to
as

€q

combined loading test data is given in B.6.2.

Fo
de

inspection threshold.

) Adjustment for the effect of axial tension and external pressure

General

e ductile rupture strength Equation (14) was developgd for the situation of an end-capped pipe,
al tension is determined by the internal pressure ‘asting on the closed inner pipe surface areg

ture load, under the simultaneous action of‘arbitrary external pressure and arbitrary axial
orm towards the point of rupture. A fundamental criterion when this rupture load is attained (¢

pressed, but this will now be a more(involved equation governed by the formulation of the vo

reover, rupture is the prevailing*failure mechanism only if the axial tension is not too large. For
sion and smaller internal over-pressure, a maximum axial load (a precursor to necking and axial
pipe) is reached before the maximum pressure phenomenon occurs.

ow, equations for-both rupture and necking under combined loads are described, together with
bociated with(leffective axial stress” defined in A.1.3.2.4. For effective axial tension, these a
Lations are\wery accurate when compared to the exact theoretical equation [24]; performan

[ négative values of effective axial tension, i.e. effective axial compression, the pipe can buckle a

hin wall and the actual frequency of occurrence of sharp-bottomed impeffections with depth comparable to

where the
. This is a
d, that is a
tension or
plastically
an still be
h Mises or

large axial
splitting of

a criterion

identify which phenomenon occurs first. The equation is given in terms of “effective axial tension”

bproximate
Ce against

5 a column,

pending on the quality of lateral support. If buckling is adequately suppressed, the equation

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 equation.
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7.5.2 Design equation for ductile rupture under combined loads

In the presence of external pressure and axial tension or compression different from capped-end conditions,
the general equation for ductile rupture is

PiRa =Po + Min[1/2(py; + Pres 1), P (15)
with

PM = Prefm [1 = kg (Fef/Fus)?)'"? (16)
where

Fa=1t(D-1) o, (|17)

26

Feﬁ:: Fa +p0 TCI(D - t) —Pm t(D - t)/[(kwall t— ka GN) (D - kwall t+ ka GN)] /4 [D -2 (kwall . C 2 ka ClN)]Z (18)

Fus =t t (D =1) fumn (19)
Puts = fumn (kwail 1 = kg an)[D = (kyay £ = kg a)] (20)
Dref = V2 (Dref M + Pres T)> USEd in Fig. 1 (R1)
Pretm [ (2N3)MN (172)7 piys (R2)
Pret 7T (112)" pyss (£3)
kg=(@¢1" - 1)31n (P4)

ay |s the imperfection depth associated, with a specified inspection threshold, i.e. the maximum depth
pf a crack-like imperfection that:could reasonably be missed by the pipe inspection system. For
example, for a 5 % imperfection threshold inspection in a 12,7 mm (0.500 in) wall thickness pipe,
iy = 0,635 mm (0.025 in);

D s the specified pipe outside diameter;

F, |s the axial force;
Jumn |8 the specified minimum tensile strength;
Fqi [s thepeffective axial load, i.e. for perfect pipes the axial load additional to the end-cap forges

ndueed by internal and external pressures;

ky  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 &, can
be established for a specific pipe material based on testing;

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

tolerance of -12,5 %, k= 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;

pr Is the internal pressure at ductile rupture of an end-capped pipe;
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Pira 1S Pir adjusted for axial load and external pressure;

Po

t

is the external pressure;

is the specified pipe wall thickness.

Equation (15) is illustrated in Figure 1, together with the exact formulation.

Yi
1 ————
1
0,8 A
)/ / 2/j\
) /A \
0,6 .' // 4/
o/ 12 3 / )(
0,4 il o
0,2 “/" ] 4 \
T ¥ |
=0 | >
X -1,2 -1 -0,8 -0,6 -0,4 -0,2 0 0,2 0,4 0,6 0,8 1 X
Key
X | effective axial tension (Feg/Fyts)
Y | pressure differential (p; — po)/pref
1 | rupture (exact)
2 | rupture [Equation (15)]
3 | transition
4 | necking [Equation (26)]
5 | wrinkling
Figure 1 — lllustration of the effect of effective axial tension and external pressure on ductilp rupture
Under capped-end-conditions, the effective axial load is zero and Equation (15) reduces to Equation (14).
The rupturerequation is valid, i.e. rupture occurs before necking, when
Bl Futs < (V3/2)10 (25)
7.5.3 Design equation for ductile necking under combined loads
In the presence of internal and external pressure, the general equation for ductile necking is
Feg = Futs V1 = kn [0 = Po)Pres ] (26)
where
Fo=mt(D-1) oy (27)
27
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Fetf=Fa+pomnt(D—1)—ppt (D —(kyant — kg an) (D — kyg t + kg an)] W4 [D — 2 (kg t — kg aN)]2 (28)

Fus=m1(D—1) fumn (29)

Puts = 2 fumn (kwail £ = ka an)/[D = (kyan t — kg an)] (30)

Pretm = (2N3)H0(1/2) pis (31)

hyy = 410 — 310 (32)
Under zerp pressure conditions, the effective axial load equals the true axial load, and Equation (26)for the
maximum pxial load reduces to the ultimate tensile strength.

The necking equation is valid, i.e. necking occurs before rupture, when

(i = P/ presm < (1/2)10 (
7.5.4 Bopundary between rupture and necking
Comparing Equations (15) and (26) reveals that the necking criterion is reached earlier than the rupt
criterion when

Feil Flis = (312) (0 — Po)lPuts (

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

755 Ax

symmetric wrinkling under combined loads

Figure 1 shows that in the axial compression range,i.e. for negative values of the effective axial lo

Equation (

15) is conservative when compared to ‘hoth the exact rupture equation and the local pipe v

buckling limit, called wrinkling. Although it would-h€ easy to construct an equation such as Equation (16) v

a different
perceived

factor kg that would better fit the exact rupture curve in the effective axial compression range, i
such a separate equation would nothave great practical impact.

7.6 Example calculations

7.6.1 Du

ictile rupture of an_énd-capped pipe

For an end-capped pipe-tinder pressure load, the effective axial load is zero and Equations (13) and (14)

the same.
the closed
directly to

Compute
of P110
suggested

The follow

28

Moreover, if.burst tests are performed on end-capped pipes with an additional axial load applied
pipe ends)this is a situation where the effective axial load is given and Equation (15) can be us
calculate-the rupture pressure for any value of effective axial load.

33)

ure

34)

ad,
vall
ith
L is

are

ed

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

in Table 2 and assume an inspection threshold of 5 % of the wall thickness.

ing table presents the results of the calculation in both Sl and USC units.
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Table 3 — Example calculations — Ductile rupture of an end-capped pipe

Term Si usc
Value Units Value Units
Load
Fegf 0 N 0 Ib
Geometry
D 177,8 mm 7 in
t 11,51 mm 0.453 in
kwall 0,875 0.875
Material
E 206 842 MPa 30 000 000 psi
Jumn 862 MPa 125 000 psi
Calculations
n 0,08 0.08
ay 0,575 mm 0.022 7 in
kg 1 1
PiR 99,7 MPa 14 460 psi

7.64.2 Ductile rupture for a given true axial load

If the true axial load on the pipe is given, the pressure differential p), cannot be calculated di
Equation (15), because the effective axial load,is a function of py,. The solution can be found by sol
itefatively, or by rewriting Equation (15) as a gquadratic equation in the unknown py,.

Compute the ductile rupture pressure of*a 177,8 mm (7 in) tube with wall thickness 11,51 mm (0.45
of P110 material. The axial compressive load is 889 600 N (200 000 Ib). Use the hardening index
in Table 2 and assume an inspeetion threshold of 5 % of the wall thickness.

The following table presents'the results of the calculation in both Sl and USC units.

ISO/TR 10400:2007(E)

rectly from
ving for py,

3 in) made
suggested

© 1SO 2007 — All rights reserved

29


https://standardsiso.com/api/?name=0ced06d1363af78a83458b09cc0e9985

ISO/TR 1

0400:2007(E)

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

Term SI usc
Value Units Value Units
Load
Fy —-889 600 N —200 000 Ib
Po 0 MPa 0 psi
Geometry
D 177.,8 mm 7 in
t 11,51 mm 0.453 in
Kwall 0,875 0.875
ky 1 1
Material
E 206 842 MPa 30 000 000 psi
Jumn 862 MPa 125 000 psi
Calculations
n 0,08 0.08
an 0,575 8 mm 0.022 7 in
Fts 5180 423 N 1 164.663 Ib
Puts 97,22 MPa 14 100 psi
Pref T 91,98 MPa 13 340 psi
PrefM 107,43 MPa 15 581 psi
kr 0,939 01 0.939 01
M 92,47 MPa 13 412 psi
Pira 92,22 MPa 13 376 psi
8 External pressure resistance
8.1 General
The collappe design equation is intended for load cases when the external fluid pressure exceeds internal fluid
pressure. A convenient, theoretically rigorous equation for cross-sectional collapse of a tube that accounts|for
realistic inperfections does not currently exist. The approach taken here combines theoretical, numerical and
statistical fools:

The equations in Clause 8 are taken directly from Reference [2]. The collapse equations presented here were
originally developed in USC units, and should only be used in these units.

8.2 Assumptions and limitations
The following limitation applies to the design equations for external pressure resistance:

— the axial tension correction does not include the non-uniform axial stress component due to bending.
Including bending is a design issue left to the individual user.
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8.3 Data requirements

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.

8.] Design equation for collapse of pipe body
1

8.4. General

The minimum collapse strength for pipe with no axial force or internal pressure is.given by g series of

eqpations, depending on the specified minimum vyield strength and cross-sectionak.dimensions ¢f the tube
bogly.

8.4.2 Yield strength collapse pressure equation

The yield strength collapse pressure is not a true collapse pressure, but\rather the external pressurg, Pyps that
geperates minimum yield stress,fymn, on the inside wall of a tube ag calculated by Equation (35).

Pyp =2 fymn [(DI) = V(DI (35)
where

D is the specified pipe outside diameter;
Jymn s the specified minimum yield strength;
PYp is the pressure for yield strength collapse;
t is the specified pipe wall thickness.
Equation (35) for yield strength collapse pressure is applicable for D/t values up to the value of D/t

cofresponding to the intersection with the plastic collapse Equation (37). This intersection is calculated by
Equation (36) as follows:

(Dlt)yy ={[(4o<.2) 2+ 8(B,+ Celfymn)] V2 4 (4, - 2)}/[2(B, + Celfymn)] (36)
where

A& Yis the empirical constant in historical API collapse equation;

B, is the empirical constant in historical APT collapse equation;

C. s the empirical constant in historical API collapse equation;

Jymn s the specified minimum yield strength.

The parameters used to calculate collapse pressures depend on the pipe yield strength and on the axial load,
as explained in later subclauses.

The applicable D/t ratios for yield strength collapse are shown in Table 5.
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Table 5 — Yield collapse pressure equation range

Grade @ Dit range P
H40 16.40 and less
-50 15.24 and less

J55, 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

C95, 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 and\ess
-150 11.67and less
-155 1169 and less
-160 11.52 and less
-170 11.37 and less
-180 11.23 and less

a

information purposes.

b

(45) or (50), and (46) er (51).

Grades indicated without letter designation are not API grades but are
grades in use or grades being. considered for use and are shown for

The D/t range values\were calculated from Equations (36), (44) or (49),

8.4.3 PIgstic collapse pressure\equation

The minim

where

32

Pp =/

mn [/ (DIty<B.] - C,

um collapse pressure for the plastic range of collapse is calculated by Equation (37):

s'the empirical constant in historical API collapse equation;

B7)

D is the specified pipe outside diameter;

Jymn s the specified minimum yield strength;

is the pressure for plastic collapse;

is the specified pipe wall thickness.

is the empirical constant in historical API collapse equation;

is the empirical constant in historical API collapse equation;
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The equation for minimum plastic collapse pressure is applicable for D/t values ranging from (D/t)yp,
Equation (36) for yield strength collapse pressure, to the intersection with Equation (39) for transition collapse

pressure (D/t)pt. Values for (D/t)IDt are calculated by means of Equation (38):

(DIt = Uymn (A = FOVICo + fymn (B — Gl

where
4. is the empirical constant in historical API collapse equation;
B s ttreempiricat corstant i tistoricat APt cottapseequatiorT;
C, is the empirical constant in historical API collapse equation;

G

C

fymn is the specified minimum yield strength;

c Is the empirical constant in historical API collapse equation;

is the empirical constant in historical API collapse equation.

The factors and applicable D/t range for the plastic collapse equation are'shown in Table 6.

Table 6 — Equation factors and D/t range for plastic collapse

Grade 2 Ag B CC_ Dlt range P
psi

H40 2.950 0.046'5 754 16.40 to 27.01
-50 2.976 0:0515 1 056 15.24 t0 25.63
J55, K55 2.991 0.054 1 1206 14.81 to 25.01
-60 3.005 0.056 6 1 356 14.44 to 24 .42
-70 3.037 0.0617 1656 13.85 10 23.38
C75, E75 3.054 0.064 2 1806 13.60 to 22.91
L-N-80 3.071 0.066 7 1955 13.38 to 22.47
Ca0 3.106 0.0718 2254 13.01 t0 21.69
C95, T95, X95 3.124 0.074 3 2404 12.85 10 21.33
-100 3.143 0.076 8 2 553 12.70 to0 21.00
P105,"G105 3.162 0.0794 2702 12.57 t0 20.70
P110 3.181 0.0819 2 852 12.44 to 20.41
-120 3.219 0.0870 3151 12.21t0 19.88
Q125 3.239 0.0895 3 301 12.11 to0 19.63
-130 3.258 0.0920 3 451 12.02 to 19.40
S135 3.278 0.094 6 3601 11.92t0 19.18
-140 3.297 0.097 1 3751 11.84 t0 18.97
-150 3.336 0.102 1 4 053 11.67 to 18.57
-155 3.356 0.104 7 4 204 11.59 to 18.37
-160 3.375 0.107 2 4 356 11.52t0 18.19
-170 3.412 0.1123 4 660 11.37 to 17.82
-180 3.449 0.117 3 4 966 11.21to 17.47

a

b

Grades indicated without letter designation are not API grades but are grades in use or

grades being considered for use and are shown for information purposes.

The D/t range values and equation factors were calculated from Equations (36), (38), (44) or

(49), (45) or (50), (46) or (51), (47) or (52), and (48) or (53).
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8.4.4 Transition collapse pressure equation

The minimum collapse pressure for the plastic to elastic transition zone p+ is calculated by Equation (39):

PT=fymn [Fl(DIt) = Gl

where

D is the specified pipe outside diameter;

(39)

s the empirical constant in historical APl collapse equation;
s the specified minimum yield strength;

s the empirical constant in historical API collapse equation;

pt |s the pressure for transition collapse;

t s the specified pipe wall thickness.

The equatfon for p is applicable for D/t values from (D/t)pt, Equation (38) for plastic collapse pressure, to the

intersection (D/t),, with Equation (41) for elastic collapse. Values for (D/t),, are-calculated by Equation (40):

(DIt)e

where

A

C

B

C

The factor$ and applicable D/t range for the transition collapse pressure equation are shown in Table 7.

=[2 + B4/ [3(B/A,)]

s the empirical constant in historical API collapse.equation;

s the empirical constant in historical API collapse equation.

(#0)

34
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Table 7 — Equation factors and D/t range for transition collapse

Grade 2 F, G, Dit range ®
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 0.0403 23.38 t0 33.17

C75, E75 1.990 0.0418 22.91to0 32.05

L-N-80 1.998 0.043 4 22.47 to 31.02
C90 2.017 0.046 6 21.69t0 29.18

C95, T95, X95 2.029 0.048 2 21.33 t028:36
-100 2.040 0.0499 21.00 to 27.60
P105, G105 2.053 0.0515 2070 to 26.89
P110 2.066 0.0532 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 0.0615 19.18 t0 23.44
-140 2.146 0.063 2 18.97 t0 22.98
-150 2174 0.066 6 18.57 to 22.11
-155 2.188 0.068 3 18.37 t0 21.70
-160 2.202 0.0700 18.19t0 21.32
-170 2.231 0.073 4 17.82 to 20.60
-180 2.261 0.076 9 17.47 t0 19.93

a

b

Grades indicated without letter designation are not API grades but are grades in use or
grades being Considered for use and are shown for information purposes.

The D/tyrange values and equation factors were calculated from Equations (36), (38), (44)
or (49)(.(45) or (50), (46) or (51), (47) or (52), and (48) or (53).

8.4.5 Elasticcollapse pressure equation

The minimum collapse pressure for the elastic range of collapse is calculated by Equation (41):

pe = 46.95 x 108/[(D/f) (DIt = 1)?]

where

D is the specified pipe outside diameter;

pe is the pressure for elastic collapse;

t is the specified pipe wall thickness.

The applicable D/t range for elastic collapse is shown in Table 8.
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8.4.6 Co

The collap|
to an axial

fyax =

where

Table 8 — D/t range for elastic collapse

Grade @ Dit range ?
H40 42.64 and greater
-50 38.83 and greater
J55, 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
C95, T95, X95 28.36 and greater
-100 27.60 and greater
P105, G105 26.89 and greater
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 22798 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
@  Grades indicated without letter designation are not API grades but are
grades in use or'grades being considered for use and are shown for
information purpeses.
b Thelbl range values were calculated from Equations (40), (44) or (49),
and (45)"or (50).

llapse pressure under axial tension stress

stress equivalent grade according to Equation (42):

5e resistance of casing in the presence of an axial stress is calculated by modifying the yield strg¢ss

{[1 = 0.75(0,fymn)?1 12 = 0.5 4 lfymn} fymn

Jyax s the equivalent yield strength in the presence of axial stress;

fymn

O3

36

is the specified minimum yield strength;

is the component of axial stress not due to bending.

(42)
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Collapse resistance equation factors and D/t ranges for the axial stress equivalent grade are then calculated
by means of Equations (36), (38), (40), (44) or (49), (45) or (50), (46) or (51), (47) or (52), and (48) or (53).
Using equation factors for the axial stress equivalent grade, collapse resistance under axial stress is

cal

culated by means of Equations (35), (37), (41) and (39).

API collapse resistance equations are not valid for the yield strength of axial stress equivalent grade (fyax) less

tha

n 24 000 psi.

Equation (42) is based on the Hencky-von Mises maximum strain energy of distortion theory of yielding.

84
Th

Eq
pre

wh

Th
log

8.¢

8.5.

Th
€q

8.4.2 Sl units

-7 Effectof intermat pressureomcottapse
e external pressure equivalent of external pressure and internal pressure is determined, by
ssure acting on the outside diameter.
Pei =Pc+ (1 -21D)p,
ere
D is the specified pipe outside diameter;
pe is the collapse pressure;
Pei I8 the collapse pressure in the presence of internal pressure;
p; is the internal pressure;
t is the specified pipe wall thickness.

e value p, is the collapse resistance calculated neglecting internal pressure, but accounting fo
d as described in 8.4.6. Equation (43) wastaken from Reference [56].

) Equations for empirical constants

1 General

b following equations( may be used to calculate the empirical constants in the historical AR
Lations. There are two)versions of each equation, one each for Sl (8.5.2) and USC (8.5.3) units.

A, =28762+0,15489x 1073, +0,44809x 106 £, 20,162 11x 109, 3

By= 0,026 233 + 0,73402 x 10‘4]‘ymn

means of

uation (43). The equation is based on the internal pressure acting on the inside diameterland the external

(43)

I any axial

| collapse

(44)

(45)

wh

Ce=-3,2125+ 0,030 867 fym, — 0,15204 x 105 £, 2+ 0,778 10 x 1079 £ .3

(46)

Fo=3,237 x 10%[(3 By/A)(2 + BJAG)PK fymn [(3 Bo/A)(2 + ByJAs) = BJALN = (3 BJA)(2 + BoA,)?} (47)

G.=F,BJA.
ere
A. is the empirical constant in historical API collapse equation;

© 1SO 2007 — All rights reserved

(48)

37


https://standardsiso.com/api/?name=0ced06d1363af78a83458b09cc0e9985

ISO/TR 10400:2007(E)

. is the empirical constant in historical API collapse equation;
. is the empirical constant in historical API collapse equation;

. is the empirical constant in historical API collapse equation;

fymn is the specified minimum yield strength;

8.5.3 USKCTnits

Ag=2
B.=0
Co=-

. is the empirical constant in historical API collapse equation.

.876 2 + 0.106 79 x 10—5fymn +0.213 01 x 10—10fymn2 —0.531 32 x 10—16fymn3 (
026 233 +0.506 09 x 107 f; .\ (
465.93 + 0.030 867 fym, — 0.104 83 x 10—7fymn2 +0.369 89 x 10—13fymn3 (

Fo=46.95x 108 [(3 B/4,)/(2 + BJA)PH Symn (B BJAN(2 + Bi/A) — BJAN ~(3'BJA(2 + B /A% (
. BolA, (
s the empirical constant in historical API collapse equation;

fymn
G

C

8.6 App

The collap
represents
relations ¢
recommen
reduce col

s the empirical constant in historical API collapse equation;
s the empirical constant in historical API collapse equation;
s the empirical constant in historical AR| collapse equation;
s the specified minimum yield strength;

s the empirical constant in historical API collapse equation.

lication of collapse pressure equations to line pipe
se pressure equations presented in this clause are empirical relations derived from tests on p
utside the srange of yield strengths and D/t ratios contained in ISO 11960 or API5CT is

ded. These)equations do not apply to cold expanded pipe because Bauschinger effects significa
apse résistance.

pe

tive of the casing and tubing inventories listed in 1ISO 11960 or API 5CT. Application of the¢se

not
ntly

Some line

pipe grades listed in API 5L have a rough casing equivalent in 1ISO 11960 or API 5CT. HoweV

er,

the API 5L

inventory of line pipe contains D/t ratios that often exceed casing D/t ratios significantly.

For line pipe having a yield strength and D/t falling within the limits of the sizes and thicknesses listed in
ISO 11960 or API 5CT, application of the equations in this clause should yield reasonable estimates of
minimum collapse pressure. Nevertheless, as with the application of any of the equations in this document,

sound eng

38

ineering judgment should prevail.
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8.7 Example calculations

Calculate the collapse pressure of size Label 1: 7, mass Label 2: 26, grade P110 casing with axial stress of
11 000 psi and internal pressure 1 000 psi. Wall thickness is 0.362 in.

The following table presents the results of the calculation in both Sl and USC units.

Table 9 — Example calculation — Collapse resistance with internal pressure and tension

_ sl usc
e Value Units Value Units
Load
(o 75,842 MPa 11 000 psi
pi 6,895 MPa 1000 psi
Geometry
D 177,80 mm 7.000 in
t 9,19 mm 0.362 in
Dlt 19,35
Material
Fymn 758 MPa 110 000 psi
Calculations
Fyax 7177 MPRa 104 087 psi
R 3.158
By 0.078 9
Ce 18,444 MPa 2675 psi
F, 2.051
G, 0.0512
Equation Plastic
Ve 421 MPa 6 110 psi
Pei 48,3 MPa 7 010 psi
9 | Joint strength
9.1 .General
Joint strength 1S @ measure of the structural integrity of a threaded connection, and does not include

consideration of leak resistance. For casing applications, where installation of the tubular string is considered
permanent, the limit load can be based on either yield or fracture/pull-out of the connector. For tubing
applications, where the tubular string can be repeatedly recovered from and re-installed in the wellbore, the
limit load is usually based on yield of the connector.

In this and other clauses, the following abbreviations may be employed:

— BC, buttress thread and coupling;

— BC SC, buttress thread with special clearance coupling;

© ISO 2007 — Al rights reserved 39


https://standardsiso.com/api/?name=0ced06d1363af78a83458b09cc0e9985

ISO/TR 1

0400:2007(E)

— EU, external upset end;

— EU SC, external upset end with special clearance coupling;

— LG, long thread and coupling (round thread);

— NU, non-upset end;

— STC,

— XC, ekireme-line casing.

short thread and coupling (round thread);

9.2 APIl|casing connection tensile joint strength
9.21 Gehperal
The following tensile joint strength performance properties apply to casing connections manufactured| in

accordancke with APl 5B and ISO 11960 or API 5CT.

9.2.2 Round thread casing joint strength

9.2.21

General

Round thr¢ad casing joint strength is calculated as the minimum of fracture of the pipe under the last perfect

thread, of
dimension

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

5, the strength of the coupling can be less than that ofthe pipe body. The coupling fracture stren

IAssumptions and limitations

a joint failing by thread jumpout or pullout, or of fracture in the coupling. With certain coupling

gth

The round thread casing joint strength equation.ignores the possible presence of internal and exteral

pressure.
equations
USC units

9.2.2.3

The follow|ng input data are required to complete the calculation for round thread casing joint strength:

D

fumnp

fymnp

L

et

t

The effect of casing curvature on_joint strength is also ignored. The coefficients in some of

and then convert the result to S| units.

Data requirements

specified pipe autside diameter, inches;
specified minimum tensile strength of the pipe body, psi;

specified minimum yield strength of the pipe body, psi;

the

were originally developed in USC._units. It is suggested that users perform these calculationq in

engaged thread length, [= L, — M] for nominal make-up, in accordance with API 5B, inches;

specified pipe wall thickness, inches.

The following input data are required to complete the calculation for round thread coupling fracture strength:

A
Eq

fumc

40

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

actual tensile strength of a representative tensile specimen from the coupling, psi;
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H is the thread height of a round thread equivalent Vee thread, 2,199 6 mm (0.086 60 in) for 10 TPI,
2,749 6 mm (0.1082 5 in) for 8 TPI;
L, length from the end of the pipe to the hand-tight plane, in accordance with API 5B;
Stn 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;

Ty taper (on diameter), 0,062 5 mm/mm (0.062 5 in/in);
9.2.2.4 Design equations
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:

Pi= 0.95 Ajp fumnp (fracture strength) (54)
or

P;=0.95 Aj,Lef[(0.74D70-99,  )(0.5Lgg + 0.14D) + fymnp/(Ley +/0.44D)] - (pull-out strength) (55)
or

Pi= 0.95 AjcfumC (coupling fracture strength) (56)
where

Ajp = 4 [(D - 0.142 5)2 — d2] (57)

Ajg=m/4 (W2 - dq2) (58)

di=Eq— (L1 +A)Tq+H- 25 (59)
angl

A is the hand«tight standoff;

Ajc is the aréa 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;

s isthepipe-insidediameter;7—=DP—="2¢inches;

d, is the diameter at the root of the coupling thread at the end of the pipe in the power-tight position;

Eq is the pitch diameter at the hand-tight plane, in accordance with API 5B;

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

Jume I8 the specified minimum tensile strength of the coupling, psi;

fymnp is the specified minimum yield strength of the pipe body, psi;
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is the thread height of a round thread equivalent Vee thread, 2,199 6 mm (0.0866 0 in) for 10 TPI,

2,749 6 mm (0.1082 5 in) for 8 TP,

is the engaged thread length, [= L, — M] for nominal make-up, in accordance with API 5B, inches;

is the length from the end of the pipe to the hand-tight plane, in accordance with API 5B;

is the joint strength, pounds;

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

~{0-047 in)-for 8-TRL:

is the specified pipe wall thickness, inches;
is the taper (on diameter), 0,062 5 mm/mm (0.062 5 in/in);

is the specified coupling outside diameter, in accordance with ISO 11960 or APINCT.
ktress thread casing joint strength

General

Buttress thread casing joint strength is calculated as the minimum of the‘pipe strength and of the coupl

fracture st
tight positi

9.2.3.2

The buttre

ength calculated at the root of the coupling thread coinciderntwith the end of the pipe in the pow
DN.

IAssumptions and limitations

5s thread casing joint strength equations are based on the following assumptions:

— the byttress thread does not fail by pull-out. Nete) that this assumption is contradicted by some test d

for lar

— the €f

— the €f

jer D/t ratios;
ect of internal and external pressure’is ignored;

ect of casing curvature is ignored;

— the cqefficients in some of (the' equations were originally developed in USC units. It is suggested t

users

9.23.3
The follow
D
E7
Jumne
Jumnp

fymnp

42

perform these calculations in USC units and then convert the result to Sl units.

Data requirements
ng input\data are required to complete the calculation for buttress thread casing joint strength:

specified pipe outside diameter, inches;

ng
er-

ata

hat

pitch diameter, in accordance with API 5B;

specified minimum tensile strength of the coupling, psi;
specified minimum tensile strength of the pipe body, psi;
specified minimum yield strength of the pipe body, psi;

buttress thread height: 1,575 for Sl units, 0.062 for USC units;
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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) for sizes between Label 1: 5

and Label 1: 13-3/8, inclusive, and 9,52 mm (0.375 in) for sizes greater than Label 1: 13-3/8;

L, length of perfect threads, in accordance with API 5B;

t specified pipe wall thickness;

Ty taper (on diameter);

9.2.3.4 Design equation
Bultress thread casing joint strength is calculated by taking the minimum of the pipe thread strength and the
coyipling thread strength:

Pi= 0.95Apfumnp[1 .008 — 0.039 6(1.083 —fymnp/fumnp)D] (pipe thread strength) (60)
or

Pi= 0.95Ajcfumnc (coupling thread strength) (61)
where

4jc  is the area of the coupling cross section, 4;; = /4 (W2 — d42), square inches;

Ay is the area of the pipe cross section, Ap = T4 (D2 — d2), square inches;

D is the specified pipe outside diametef, \inches;

d is the pipe inside diameter, d =D —21;

d4 is the diameter at the root.of the coupling thread at the end of the pipe in the power-tight position,

inches;

Jumnc is the specified minimum tensile strength of the coupling, psi;

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

fymnp is the Specified minimum yield strength of the pipe body, psi;

Py isthe joint strength, Ibs;

t is the specified pipe wall thickness;

# ot e " - - T SO—H960orAPHSET—mthes:
and

dy=E7— (L7 +1Ig) Ty + hg (62)
where

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

hg is the buttress thread height: 1,575 for Sl units, 0.062 for USC units;
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9.24 EXxq

9.24.1

Extreme-li
pipe, the p

9.2.4.2
The extre
pressure.

equations
USC units

9.24.3

The follow

is the 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) for sizes between

Label 1: 5 and Label 1: 13-3/8, inclusive, and 9,52 mm (0.375in) for sizes greater than

Label 1: 13-3/8;

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

is the taper (on diameter), 0,062 5 mm/mm (0.062 5 in/in) for sizes less than or equal to
Label 1: 13-3/8, and 0,083 3 mm/mm (0.083 3 in/in) for sizes greater than Label 1: 13-3/8.
Teme-timecasingjoimtstremgth
General
ne casing joint strength is based on the dimensions of a critical cross section which\can be in the
n or the coupling, depending on the dimensions of a specific connection.
Assumptions and limitations
me-line casing joint strength equation ignores the possible preseree of internal and external
The effect of casing curvature on joint strength is also ignored. The"coefficients in some of the
were originally developed in USC units. It is suggested that users perform these calculationg in
and then convert the result to Sl units.
Data requirements

ng input data are required to complete the calculation-for extreme-line casing joint strength:
maximum diameter at the extreme-line pin seaftangent point;

specified pipe outside diameter;

extreme-line specified joint inside diameter, made up;

specified minimum tensile strength;

maximum extreme-line root diameter at last perfect pin thread;

minimum box thread height for extreme-line casing;

minimum extreme-line crest diameter of box thread at Plane H;

specified outside diameter of the extreme-line connection; 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
APl 5B;

44

minimum diameter at the extreme-line box seal tangent point;
taper drop in extreme-line pin perfect thread length;

extreme-line taper rise between Plane H and Plane J.
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Design equation

Extreme-line casing joint strength is defined by the following expression:

(63)

5B;

Pj = Acyitfumn
where
Jumn 18 the specified minimum tensile strength;
Acq 1S e of
/4 (M2 - dy2) if box is critical,
/4 (D2 — djz) if pin is critical,
n/4 (D? — d2) if pipe is critical;
where
Ay is the maximum diameter at the extreme-line pin seal tangent paint;
D is the specified pipe outside diameter;
Dy, is the extreme-line pin critical section outside diametet, Dy, = H,y + o— @,
d is the pipe inside diameter, d = D — 2
dy, is the inside diameter of the critical section:¢f-the extreme-line box, dy = I, + 2h, — A+ 6,
dj is the extreme-line specified joint inside’diameter, made up;
H, is the maximum extreme-line root'diameter at last perfect pin thread;
hy is the minimum box thread-height for extreme-line casing, as follows:
1,52 mm (0.060 in) for 6, TPI,
2,03 mm (0.080 in) fors TPI;
I, is the minimum extreme-line crest diameter of box thread at Plane H;
M is the specified outside diameter of the extreme-line connection, in accordance with API
Oy is thesminimum diameter at the extreme-line box seal tangent point;
Py is the joint strength;
A is the taper drop in extreme-line pin perfect thread length
6,43 mm (0.253 in) for 6 TPI
5,79 mm (0.228 in) for 5 TP,
o is the extreme-line taper rise between Plane H and Plane J, as follows:
0,89 mm (0.035 in) for 6 TPI
0,81 mm (0.032 in) for 5 TPI;
o is one-half of the maximum extreme-line seal interference, p= (4, — 0,)/2;
6 is one-half of the extreme-line maximum thread interference, 6= (H, — 1,)/2.
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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 APl 5B and ISO 11960 or API 5CT.

9.3.2 Non-upset tubing joint strength

9.3.21 Introduction

Non-upset|tubing joint strength is calculated as the product of the yield strength and the area of the pipe-crgss
section unfler the last perfect thread. The areas of the critical sections of regular tubing couplings and.spedal-
clearance pouplings are, in all instances, greater than the governing critical areas of the pipe part)of the joint
and do nof affect the strength of the joint.

9.3.2.2 [Assumptions and limitations

The non-upset tubing joint strength equation ignores the possible presence of internal and external pressyre.
The effect|of tubing curvature on joint strength is also ignored.

9.3.2.3 [Data requirements
The follow|ng input data are required to complete the calculation for nen:upset tubing joint strength:
D specified pipe outside diameter;

D, |major diameter, in accordance with API 5B;

Jymn [specified minimum yield strength;
hg round thread height, 1,312 2 mm (0.055 60 in) for 10 TPI, 1,809 8 mm (0.071 25 in) for 8 TPI;
t specified pipe wall thickness.

9.3.2.4 [Design equation

The joint sfrength in tension of @an-upset tubing is defined by the following expression:

Py = fykan {0/4 [(D4 — 2he)? - d?]} (p4)

D s the Specified pipe outside diameter;

d s the pipe inside diameter, d = D - 7,
D, is the major diameter, in accordance with API 5B;

Jymn s the specified minimum yield strength;

h is the round thread height, 1,312 2 mm (0.055 60 in) for 10 TPI, 1,809 8 mm (0.071 25 in) for 8 TPI;

S

P; is the joint strength;

t is the specified pipe wall thickness.
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9.3.3 Upset tubing joint strength

9.3.3.1 General

Upset tubing joint strength is calculated as the product of the yield strength and the area of the body of the
pipe. The area of the section under the last perfect thread of API upset tubing is greater than the area of the
body of the pipe. The areas of the critical sections of regular tubing couplings, special-clearance couplings,
and the box of integral-joint tubing are, in all instances, greater than the governing critical areas of the pipe
part of the joint and do not affect the strength of the joint.

9.3-3:2—Assumptionmrsand-timitations

The upset tubing joint strength equation ignores the possible presence of internal and externalypressure. The
effect of tubing curvature on joint strength is also ignored.

9.3.3.3 Data requirements

The following input data are required to complete the calculation for upset tubing\joint strength:
D specified pipe outside diameter;

Jymn specified minimum yield strength;

t specified pipe wall thickness.

9.3.3.4 Design equation

The joint strength in tension of upset tubing is defined.by the following expression:
P; = fymn /4 (D? - d2)] (65)
where

d is the pipe inside diameter,d="D — 2t
D is the specified pipe outside diameter;
Fymn is the specified minimum yield strength;
P is the joint strength;

t is the specified pipe wall thickness.

9.4 Linejpipe connection joint strength

Equations for the joint strength of threaded line pipe were developed and presented to the APl Coinmittee on
Standardization of Tubular Goods by W. O. Clinedinst at the 1976 Standardization Conference. The data and
equations are reproduced in Reference [3].

10 Pressure performance for couplings

10.1 General

Internal pressure capacity for threaded and coupled pipe is the same as for plain-end pipe, except where a
lower pressure is required to avoid yielding the coupling or leakage due to insufficient internal pressure leak
resistance at the £, or E; plane as calculated below. For integral joint tubing, the box is considered the
coupling.
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10.2 Inte

rnal yield pressure of round thread and buttress couplings

The internal yield pressure for the coupling is calculated from

Pive =fymnc (W—d)lw

where

fymnc i

s the specified minimum yield strength of the coupling;

(66)

dy

Pivc
w

For round

S The diameter at the root of the coupling thread at the end of the pipe in the power-tight position,
s the internal pressure at yield for coupling;

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

thread casing and tubing,

1—(L1 +A)Td+H—2Srn

—~~

s the hand-tight standoff, mm (in);
s the pitch diameter at the hand-tight plane, in accordance.with API 5B;

s the thread height of a round thread equivalent Veéedhread, 2,199 6 mm (0.086 60 in) for 10 T}
D749 6 mm (0.108 25 in) for 8 TPI;

s the length from the end of the pipe to the hand-tight plane, in accordance with API 5B;

s the root truncation of the pipe thread of round threads, 0,36 mm (0.014 in) for 10 TPI, 0,43 1
0.017 in) for 8 TPI;

s the taper (on diameter), 0,062 5.mm/mm (0.062 5 in/in).
s thread casing,

7 — (L7 + Ig)Ty + hg

—~~

bitch dianiéter, in accordance with API 5B, millimetres or inches;

puttress thread height, 1,575 for Sl units, 0.062 for USC units;

PI,

nm

engin mrom the T1ace Ol the DULressS tnread coupling 1o the DasSe Or ne triangie In the nand-t

ht

position, 10,16 mm (0.400 in) for Label 1: 4-1/2, 12,70 mm (0.500 in) for sizes between Label 1: 5
and Label 1: 13-3/8, inclusive, and 9,52 mm (0.375 in) for sizes greater than Label 1: 13-3/8;

L; length of perfect threads, in accordance with API 5B, millimetres or inches;

T,

o

0,083 3 mm/mm (0.083 3 in/in) for sizes greater than Label 1: 13-3/8.

48

taper (on diameter), 0,062 5 mm/mm (0.062 5 in/in) for sizes less than or equal to Label 1: 13-3/8,
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10.3 Internal pressure leak resistance of round thread or buttress couplings

The internal pressure leak resistance at the £, or E; plane is calculated from Equation (69). Equation (69) is
based on the seal being at the £, plane for round threads and the E; plane for buttress threads where the
coupling is the weakest and the internal pressure leak resistance the lowest. Also, Equation (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 = ETgNp(W2 —EG2)12E W2

wh

Th

cre

E is Young’'s modulus;
is the pitch diameter, at plane of seal
E, for round thread
E for buttress thread casing;
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 is the thread pitch
3,175 mm (0.125 in) for 8-round thread casing and tubing
2,540 mm (0.100 in) for 10-round thread tubing
5,080 mm (0.200 in) for buttress thread casing;
pi. is the internal pressure at leak;
Ty4 is the taper (on diameter)
0,062 5 for round thread casing and\tubing
0,062 5 for buttress casing smallerthan 16
0,083 3 for buttress thread casing 16 and larger;
W s the specified coupling outside diameter, in accordance with ISO 11960 or API 5CT;
where
A is the hand-tight standoff, mm (in);
E, is the pitchvdiameter at the hand-tight plane, in accordance with API 5B;

E; is«{he pitch diameter, in accordance with API 5B.

b interface pressure between the pin and box as a result of make-up is

p1=ETyNp(W? — E2)(ES — d?)IE2(W2 - d?)

where

E is Young’'s modulus;

is the pitch diameter, at plane of seal
E, for round thread

E; for buttress thread casing;

d is the pipe inside diameter, d = D - 21,
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N is the number of thread turns make-up
A for round thread casing and tubing (APl 5B)
A + 1,5 for buttress thread casing smaller than 16
A + 1 for buttress thread casing 16 and larger;
p is the thread pitch
3,175 mm (0.125 in) for 8-round thread casing and tubing
2,540 mm (0.100 in) for 10-round thread tubing
5,080 mm (0.200 in) for buttress thread casing;
Td is-the faper (r\n rliqmnfnr)
0{062 5 for round thread casing and tubing
0{062 5 for buttress casing smaller than 16
0}083 3 for buttress thread casing 16 and larger;
W id the specified coupling outside diameter, in accordance with ISO 11960 or API 5CT;
where
A i the hand-tight standoff;
E, igthe pitch diameter at the hand-tight plane, in accordance with API 5B;
E; igthe pitch diameter, in accordance with API 5B;
D igthe specified pipe outside diameter;

t

i the specified pipe wall thickness.

Subsequet to make-up, internal pressure, p;, causes a chiange in the interface pressure by an amount p:

71)

Po = pld2(W2 — EQ2)EZ(W2 - d?)
where
Eg i the pitch diameter, at plane_ of seal
E}, for round thread
E}, for buttress thread casing;
d igthe pipe inside djameter, d = D —2¢;
p; i the internal pressure;
W ig the specified coupling outside diameter, in accordance with ISO 11960 or API 5CT;
wherg
E, s the pitch diameter at the hand-tight plane, in accordance with AP| 5B;
E; is the pitch diameter, in accordance with API 5B;
D s the specified pipe outside diameter;
t is the specified pipe wall thickness.
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Since the external box diameter is always greater than the contact diameter, which in turn is always greater
than the internal pipe diameter, p, will always be less than p,. Therefore, when the total interface pressure
p1 + po equals the internal pressure p;, the connection has reached the leak resistance limit p. In other words,

if p

i were greater than p, + p,, leakage would occur:

p1tpo=pi=p

(72)

Substituting the appropriate values for p, and p, into Equation (72) and simplifying produces Equation (69).

11

11

NO
in (

Th
m3

11

No
thr,

Calculated masses

1 General

TE The dimensional symbols and corresponding numerical values used in the equations for calculatio
Clause 11 are given in APl 5B and ISO 11960 or API 5CT [see also ISO 3183].

b densities of martensitic chromium steels (L80, Types 9Cr and 13Cr) ar€ different than carbo
ss correction factor of 0,989 may be used for these types.

2 Nominal masses

minal mass is used in connection with pipe having end finish.such as threads and couplings,
baded ends, upset ends, etc., primarily for the purpose of.identification in ordering. It is also use

in the design of casing and tubing strings as the basis for determining joint safety factors in tension.

No
thr,

pa

minal mass is approximately equal to the calculated.theoretical mass per foot of a 6,10 m (20 f
baded and coupled pipe, based on the dimensiens of the joint in use for the class of produc
ticular diameter and wall thickness were introduced. Some nominal masses are based on sh

joimts that were in use before this specification~was adopted. The same nominal masses are use

thr
offi
cal

In
im
ad

11

A

[«

P

wh

ad joints, long thread joints, buttress thread joints, extreme-line joints, and the various proprig
ered to the oil industry. Nominal masses for upset drill pipe for weld-on tool joints are bas
culated mass-per-foot values of the-original threaded and coupled drill pipe.

determining the nominal mass. from calculated masses, it would appear that historical rou
blemented with no definite procedure. Rounding increments of 0,01, 0,05, 0,1 and 0,5 should b
jing isolated new nominal masses, selecting the increment most compatible with adjacent nomin

3 Calculated plain-end mass

in-end mass<per unit length for ISO 11960 or API 5CT [see also ISO 3183] is calculated by

Wpe =kinKype (D — 1) 1

p

ere

h of masses

h steels. A

upset and
i generally

) length of
when the
arp thread
d for short
etary joints
ed on the

nding was
e used for
bl masses.

(73)

D is the specified pipe outside diameter, in millimetres or inches;

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

’

m
kwpe is the mass per unit length conversion factor, equal to 0,024 661 5 for Sl units and 10.69 for 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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11.4 Calculated finished-end mass

International Standards use the calculated mass gain (or loss) due to end finishing, e, to calculate the
theoretical mass of a length of pipe; values of e, given in International Standards are calculated from
Equation (74). For plain-end pipe, e, = 0.

em =1 (w-— wpe)

where

Wpe

(74)

) H ol n [ ] H | }
o UIT TTTdoso ydalll UUT U THU TIhorty, 1M Anuyrartic Ul puurivs,

s the length of a standard piece of pipe, in metres or feet;

w,) based on length L, in kilograms per metre or pounds per foot;

s the plain-end mass per unit length, in kilograms per metre or pounds per foet!

The finishgd-end mass of a joint is calculated using Equation (75),

W=+ peLef +km em (
where

ey i% the mass gain due to end finishing, in kilograms or pounds;

ky, i$ the mass correction factor: 1,000 for carbon steel;:0,989 for martensitic chromium steel;

Lgs i$ the length of pipe including end finish, in metres or feet;

W_ is the calculated mass of a piece of pipe of.length L, in kilograms or pounds;

Wpe i$ the plain-end mass per unit length; inkilograms per metre or pounds per foot.

11.5 Calg¢ulated threaded and coupled mass

11.5.1 Gehperal

The calcul

s the calculated threaded and coupled mass (w,.), upset and threaded mass (wij), ordpset mass

75)

hted threaded and-coupled mass per unit length is based on a length measured from the outer face

of the coupling to the end af‘the pipe, as shown in Figure 2. The mill end of the coupling is assumed to[be
installed td the power-tight-axial position.

Wi = I[Lj — kgt (N + 2J)/2] Wpe + Mass of coupling — mass removed in threading two pipe ends}/LJ- (¥e)
where

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

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

API 5B, in millimetres or inches;

LJ- is the length of a standard piece of pipe, in metres or feet;

N_ s the coupling length, in accordance with ISO 11960 or API 5CT, in millimetres or inches;

wy. i the threaded and coupled mass per unit length;

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

52
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- Li >

J N2

RN A

OSSN A rrrrrree
LJ - klsl(NL/Z + J)

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

N_| coupling length, in accordance with ISO 11960 or API 5CT, in millimetres or inches

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

Figure 2 — Threaded and coupled pipe

11]5.2 Direct calculation of ¢, — threaded and coupled pipe

em = kg (N2 +J) Wpe + Mass of coupling — mass remoyved in threading two pipe ends (77)
where

ey is the mass gain due to end finishing, in kilograms or pounds;

ki is the length conversion factor, equalto 0,001 for Sl units and 1/12 for USC units;

J is the distance from end of pipe to centre of coupling in power-tight position, in accorflance with
API 5B, in millimetres or inches;

N_ s the coupling length, in accordance with ISO 11960 or API 5CT, in millimetres or inches;
pe 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.

gasing

11.6.1 General

The equations originally used by Armco Steel Corporation for calculating the upset and threaded mass values
for extreme-line casing shown in the 1963 editions of API casing standards are no longer available due to
destruction of some of their records. Calculations using the equations shown here and in 11.9.2, 11.9.4 and
11.10.5 for extreme-line casing result in values substantially in agreement, but not always identical, with those
shown in the 1963 API standards.

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

5

Key

Lj length §TStandard piece of pipe, N Metres of 1eet

Figure 3 — Upset pipe

Wij = Woe + (mass of upsets — mass removed in threading two ends)/Lj ¥8)
where

LJ- length of a standard piece of pipe, meters or feet;

Wi ypset and threaded mass per unit length, kilograms per meter or poufds per foot;

Wpe plain-end mass per unit length, kilograms per meter or pounds peffoot.

11.6.2 Dinect calculation of ¢, — upset and threaded pipe
m = Mass of upsets — mass removed threading two pipe ghds (F9)
where

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

mass removed in threading is determined according to the appropriate part of 11.9 below.
11.7 Calg¢ulated upset mass

11.7.1 Geperal

Calculated upset mass of upset drill pipe for weld-on tool joints is necessary for determination of ¢,,, the mass
gain due t¢ end finishing by upsetting.

The calculpted upset'mass, w,,, is based on a 6,10 m (20 ft) length measured end to end, including the upsets
as shown |n Figure-4:

Key
L;j length of standard piece of pipe, in metres or feet

Figure 4 — Upset pipe — Both ends
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Wy = Wpe + (mass of upsets)/Lj (80)
where

Lj is the length of a standard piece of pipe, in metres or feet;

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

w, is the upset mass per unit length, kilograms per metre or pounds per foot.
11]7.2 Direct calculation of ¢., — upset pipe

ey, = mass of upsets (81)
where mass of upsets is determined according to the appropriate part of 11.10 below.
11{8 Calculated coupling mass
1118.1 General
Coupling masses are calculated as shown in 11.8.2 for line pipe and(found thread casing and tubjng, and in
11]8.3 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 masses for line pipe are calculated oncthe basis of the dimensions shown in the 1943 edition of
APl 5L, which are identical with those shown inthe 1971 edition [see also ISO 3183].
Coupling masses for round thread casinglare calculated on the basis of the dimensions shown in the 1942
stgndards except for Label 1: 18-5/8 _short and Label 1: 20 long round thread casing, which are| based on
hapd-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
mgde one thread turn larger than those in the 1942 standards. Recalculation on the basis of the 1971
hapd-tight dimensions waould result in slightly different coupling masses.
Non-upset tubing‘coupling masses are based on 1942 coupling dimensions, except for the Lab¢l 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.
External‘\upset tubing coupling masses are based on 1942 coupling dimensions except for the Label 1: 1.050
angl dtabel 1: 1.315 sizes, which were based on coupling dimensions added in 1954. For regulgr diameter
couptings;,—thedimensionsused—imcatcutatingmassesare—identicat-withthose—imthe—+97+—standards. The

special clearance coupling masses are based on the diameters introduced in the 1958 standards, which are
identical with 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 masses for these couplings are shown in the standards.

Masses for line pipe couplings and round thread casing and tubing couplings are calculated from
Equations (83) to (91), with reference to Figures 5 and 6.
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11.8.2.2 Couplings without special bevel mass allowance

N./2

A
Y

 J
A

X%
$Q
BE,

SF,

Key
N_ coupling length, in accordance with ISO 11960 or API 5CT, in millimetres or inches

M specifigd outside diameter of the extreme-line connection, length from the face ofthe coupling to the hand-tight plane
for line pipe|and for round thread casing and tubing, in accordance with API 5B

W specifigd coupling outside diameter, in accordance with ISO 11960 or API 5CT
O diametgr of coupling recess, in accordance with APl 5B

Eq pitch dismeter at the hand-tight plane, in accordance with AP| 5B

E. pitch dipmeter, at centre of coupling

I, 11, III represent Volumes 1, 11, III respectively [see Equations (84), (85) and (87)]

Figure 5 < Pipe coupling

me = (.566 6 k,, (Vol. III) (B2)
Eg=Hy — (NJ/2-M) Ty (B3)
Vol. T 0.785 4MQ? B4
Vol. I|= 0.261 8 (N /2 <M)(E{2 + E{E. + E.?) (B5)
Vol. (I1+ IT + 1IT) =10:785 4N, W2/2 (B6)
Vol. Il = Va1 + 1T + I1I) — Vol. I — Vol. 1I. (B7)
where
ky, is the mass correction factor: 1.000 for carbon steel, 0.989 for martensitic chromium steel;

is the coupling mass;
T4 is the taper, 0.062 5.

Calculations for coupling masses are expressed in pounds. The final calculated mass is rounded to two
decimals with no intermediate rounding in the calculations.
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11.8.2.3 Coupling mass removed by special bevel

oW

$B;

Key
W | specified coupling outside diameter, in accordance with ISO 11960 or API 5CT

Bs | maximum bearing face diameter, in accordance with dimension 5 in ISO 11960 or APl 5CT
6 | angle of bevel

IV represents Volume IV [see Equation (89)]

Figure 6 — Coupling with special bevel

Eqpation (88), which is used to calculate the mass allowance for, the special bevel on special| clearance
couiplings for external upset tubing, is approximate. The exact eqdation for Vol. IV is shown as Equdtion (89).

Vol. IV =0.785 4 (W - By) (W2 - B2)/2 tan @ (88)

Vol. IV = (W - By) [0.785W2 — 0.261 8 (B2 + By W +W2))/tan & (89)
The coupling mass removed by special bevel, mg, is calculated as

Mg, = 0.566 6 &, (Vol. IV) (90)
where k., is the mass correction factor.1.000 for carbon steel, 0.989 for martensitic chromium steel.
11)8.2.4 Coupling mass with special bevel
The mass of a coupling\with special bevel is calculated by subtracting the coupling mass remoyed by the
special bevel, Equation-(90) above, from the mass of the coupling without a special bevel, Eqyation (82).
Calculations for coupling masses are in pounds. The final calculated mass is rounded to two decimpls with no
intermediate rounding in the calculations.

Mgy T~ Mersh (91)
where

mg is the coupling mass;

mgsp 18 the coupling mass removed by special bevel,

megp, IS the coupling mass with special bevel.
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11.8.3 Calculated coupling mass for buttress thread casing

Coupling masses for buttress thread casing are calculated by Equations (92) to (97), with reference to
Figure 7.

N./2

A
Y

SF,,
oF,

Key
N_ coupling length, in accordance with ISO 11960 or API 5CT, in millimetres.or'inches
W specifigd coupling outside diameter, in accordance with ISO 11960 or<AP|1 5CT

E. pitch dipmeter, at centre of coupling

Eq pitch dipmeter, at end of coupling

I, I represeint Volumes I and II respectively [see Equations (94)*and (96)]

Figure 7 — Mass calculations for buttress thread couplings

Eg=H; — (L7 +J) Ty (P2)
Ego=f7+ (g+X) Ty (P3)
where
E; igthe pitch diameter, in accordance with API 5B;
g if the length of imperfect threads, in accordance with API 5B;
J i the distance from end of pipe to centre of coupling in power-tight position, in accordance with
APL5B;
L, 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;
T4 s the 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 (N /2)(Eg? + EgoEg + EG2) (94)
Vol. (I + II) = 0.785 4 (N /2)W? (95)
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Vol. I =Vol. (I+ II) - Vol. 1

The coupling mass of buttress thread casing, mg, is calculated as

meg = 0.566 6 ky, (Vol. TI)

where k., is the mass correction factor: 1.000 for carbon steel, 0.989 for martensitic chromium steel.

(96)

(97)

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

11

11

Th

9 Calculated mass removed during threading

9.1 General

in fhreading and recessing box ends for extreme-line is calculated in accordancewith 11.9.3.

1

—

Th
Fig

Ke
Ly

Dy
acq

9.2 Calculated mass removed during threading pipe or pin ends

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

upset outside~diameter of upset pipe and pipe outside diameter of non-upset pipe and buttress threa
ordance with API 5B

lengthvof imperfect threads, in accordance with API 5B

length of perfect threads, in accordance with AP 5B

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

b mass removed by threading pipe or pin ends is calculated from Equations (98) to (108) with re
ures 8 to 10.
B g R Ly _
A
A A/ﬂ/ 7\
I Il
I -
- s

y

s removed

tference to

H casing, in

pitch diameter, in accordance with APl 5B
pitch diameter, at end of pipe

I, 11, 11T represent Volumes 1, 11, III respectively [see Equations (99), (100), (102)]

Figure 8 — Round threads and line pipe threads
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< Ll‘ »
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I I A
N
s| &

?H,

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

D, upset qutside diameter of upset pipe and pipe outside diameter of non-upset pipe and/buttress thread casing} in

accordance|with API 5B

g length ¢f imperfect threads, in accordance with API 5B
L7 length ¢f perfect threads, in accordance with APl 5B
E7 pitch digmeter, in accordance with AP| 5B

Eg pitch dimeter, at end of pipe

I, 11, III represent Volumes 1, 11, III respectively [see Equations (99), (100),+(102)]

Figure 9 — Buttressthreads

Eg=H; - Ly Ty (P8)
where

T4 =|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 Figurep 8 and 9:

Vol. T 0.261 8g (D42 +DyE7 + E72) (P9)

Vol. = 0.261 8 (ks < g) (E/2 + E7Ey + Eg?) (1p0)

Vol. (I + 11 +IH)'= 0.785 4L,D,? (101)

Vol. TIL=Yol. (I +1I + 1I1) — Vol. I — Vol. I (1D2)
The mass removed by threading, m, is calculated as

my = 0.283 3 k,, (Vol. III) (103)

where k,, is the mass correction factor: 1.000 for carbon steel, 0.989 for martensitic chromium steel.
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A
 J
A
 J

oM
G

PH,

Key
M | specified outside diameter of the extreme-line connection, in accordance with API 5B

G | internal dimension of extreme-line connection pin beyond thread run-out, in accordance with API 5B
Ey | pitch diameter, at end of pipe

X | internal dimension of extreme-line connection entrance threads, in accordaneg-with APl 5B

Y | internal dimension of extreme-line connection entrance threads, in accordanee with API 5B

I, T}, 1T represent Volumes 1, 11, III respectively [see Equations (104), (105), (107)]

Figure 10 — Extremesline pin thread

Fof Figure 10:

X =0.360 for sizes Label 1: 5-1/2 through\Label 1: 7-5/8
= 0.404 for sizes Label 1: 8-5/8 through Label 1: 10-3/4.

Y =3.230 for sizes Label 1: 5-1/2:through Label 1: 7-5/8
=5.658 5 for sizes Label 1: 8<5/8 through Label 1: 10-3/4.

Ey =G -0.529 for sizes(Label 1: 5-1/2 through Label 1: 7-5/8
= G — 0.583 for sized’Label 1: 8-5/8 through Label 1: 10-3/4.

Vol. I =0.785 4XG2 (104)
Vol. I = 0.264-8Y (G2 + GE, + E¢?) (105)
Vol. (=11 + I11) = 0.785 4 (X + Y)M2 (106)
Mol 1T = Vol. (I + II + III) — Vol. I — Vol. I (107)

The pin mass removed by threading, Mt is calculated as
mp = 0.283 3 kpy (Vol. TII) (108)

where k,, is the mass correction factor: 1.000 for carbon steel, 0.989 for martensitic chromium steel.
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11.9.3 Calculated mass removed during threading integral joint tubing box ends

The mass removed by threading and recessing the box ends of integral joint tubing is calculated from
Equations (109) to (115), with reference to Figure 11.

A
 J

Y
A

113 Y

¢
DL,
OF,

(D -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
O diametgr of coupling recess, in accordance with APl 5B

Eq pitch dipmeter at the hand-tight plane, in accordance with AP| 5B

E. pitch dipmeter, at centre of coupling

D specifigd pipe outside diameter, in accordance with ISO 1196Qor API 5CT

t  specifigd pipe wall thickness, in accordance with ISO 11960<«r API 5CT

I, II, I, TV fepresent Volumes I, 11, III TV respectively [see\Equations (111) to (114)]

Figure 1 — Integral joint tubing

Lo=Lj+J+4 (1p9)
EC=E1_LCTd (110)
where

J igthe end.of pipe to thread run-out in box power-tight.

Vol. (I1+ HI) < 0.785 4MQ? (1)
Vol. (I1 + IV) = 0.261 8L, (E4 + E4E, + E?) (112)
Vol. (Il + IV) = 0.785 4 (M + L,)(D — 1)? (113)
Vol. (I+1I) = Vol. (I +11II) + Vol. (I + IV) — Vol. (Il + IV) (114)

The integral joint mass removed by threading and recessing, m;,, is calculated as
mi = 0.283 3 ky, [Vol. (I +1I)] (115)

where k,, is the mass correction factor: 1,000 for carbon steel, 0,989 for martensitic chromium steel.
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11.9.4 Calculated mass removed during threading extreme-line casing box ends

The mass removed by threading and recessing the box ends of extreme-line casing is calculated from
Equations (116) to (123), with reference to Figure 12.

. 7 . X - Y L Z N
R TSI,
A
Yo I M I
Vv vio[ v Vil A
R x
> s| 3 S 3
Key
J | internal dimension of extreme-line connection, in accordance with APT"5B
W | internal dimension of extreme-line connection, in accordance with"‘API 5B
K | pitch diameter at the hand-tight plane
N | for undefined symbols other than the Roman numerals representing areas, see API 5B for extreme-line dimensions
P | for undefined symbols other than the Roman numerals representing areas, see API 5B for extreme-line dimensions
D | specified pipe outside diameter
X | internal dimension of extreme-line connection, in.accordance with APl 5B
Y | internal dimension of extreme-line connectionfin accordance with API 5B
Z | internal dimension of extreme-line connection, in accordance with API 5B
I, 11, III, IV, V, VI, VII, VIII represent Volumes I, II, III, IV, V, VI, VII, VIII respectively [see Equptions (117)
to (122)]
Figure 12 — Extreme-line casing
where
Z=0.5(P.¥D) (116)
Vol \(F+ V) = 0.261 8W(J2+JK+ K2) (117)
ol-H+—H=0-2648 l(uz A+ Nz) (118)
Vol. (IIT + VII) = 0.261 8Y(N2 + NP + P2) (119)
Vol. (IV + VIII = 0.261 8Z(P2 + PD + D?) (120)
Vol. (V + VI + VII + VIII) = 0.785 4(W + X + Y + Z)D? (121)
Vol. (I + 1 + IIT + 1V) = Vol. (I + V) + Vol. (Il + VI) + Vol. (IIT + VII) + Vol. (IV + VIII) — Vol. (V + VI + VII
+ VIII) (122)
The extreme-line mass removed by threading and recessing, m,, is calculated as
63
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My = 0.283 3 kpy, [Vol. (I+ 11+ 1T + TV)] (123)
where &, is the mass correction factor: 1,000 for carbon steel, 0,989 for martensitic chromium steel.
NOTE Calculations for mass removed in threading, or threading and recessing, are expressed in pounds and are

carried to four decimals.
11.10 Calculated mass of upsets

11.10.1 General

The mass|added when upsetting pipe or pin ends is calculated in accordance with 11.10.2 to 11.10:4) The

mass added for upsets for extreme-line casing is calculated in accordance with 11.10.5.

11.10.2 Calculated mass of external upsets

The mass jadded by an external upset is calculated by Equations (124) to (128), with reférence to Figure 13

eu

A
 J
A
 J

8D,

Key
D, major diameter, in accordance with AP 5B

D specifigd pipe outside diameter

Le, length from end of pipe to start-of-taper, in accordance with ISO 11960 or API 5CT
mey, length ¢f box upset taper, in.aecordance with ISO 11960 or API 5CT

I, II, I, TV fepresent Volumes 1, 11, III TV respectively [see Equations (124) to (127)]

Figure 13 — External upset

]

Vol. (1) = 0.785 4L, D42 (1P4)

Vol. (I + IV) = 0.261 8my,, (D42 + DyD + D?) (125)

Vol. (Il + IV) = 0.785 4 (Lg,, + mg,)D? (126)

Vol. (I +1II) = Vol. (I1+ II) + Vol. (IIl + IV) — Vol. (Il + IV) (127)
The external upset mass, my,, is calculated as

Mgy, = 0.283 3 kpy, [Vol. (I +1II)] (128)

64
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where k, is 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 decimals.

11.10.3 Calculated mass of internal upsets

ISO/TR 10400:2007(E)

The mass added by an internal upset is calculated by Equations (129) to (133), with reference to Figure 14.

Liu Miy

A
Y
A

 J

A

¢dou
84,

Key
d | pipe inside diameter

dy| inside diameter at end of upset pipe

Li, | length of pin upset, in accordance with ISO 11960 or. API 5CT

dy, | inside diameter of pin upset, in accordance with 1ISO11960 or API 5CT
mjy| length of pin upset taper, in accordance with,|S® 11960 or APl 5CT

I, 11, 11T represent Volumes 1, 11, III respectively/[see Equations (129) to (132)]

Figure 14 — Internal upset

Vol. I =0.261 8L;,(dyy? +doydiy + di?)
Vol. IT = 0.261 8my\(d? + ddy, + d;?)
Vol. (I + Ik+411) = 0.785 4d2(L;, + my,,)

Vol Ji= Vol. (I +1II + III) — Vol. I — Vol. I

Theinternal upset mass, m;,,,, is calculated as

i, = 0.283 3 k,, (Vol. 1)

where k, 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.

© 1SO 2007 — All rights reserved
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11.10.4 Calculated mass of external-internal upsets

The mass added by an external-internal upset is calculated as the sum of the mass of an external upset
calculated from Equation (128), and the mass of an internal upset calculated from Equation (133).

The external-internal upset mass, m,,, is calculated as

Mejy = Miny + Mexy (134)
where
meyy [ the external upset mass;

mi,, |8 the internal upset mass.

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

11.10.5 Calculated mass of extreme-line upsets

The mass jadded by the box and pin upsets for extreme-line casing is calculatedfrom Equations (135) to (144)
with reference to Figures 15 and 16.

eu

Y

A
 J
A

$D
¢d

B

aM

Y

Y
A

D  specified pipe outsidediameter

d  pipe ingide diaméter

me, lengthjof box.upset taper, in accordance with ISO 11960 or APl 5CT

mj, lengthlof pinupset taper, in accordance with ISO 11960 or API 5CT

Liu Iength fpin ulnqp’r in accaordance with ISO 11960 or API 5CT

Le, length from end of pipe to start of taper, in accordance with ISO 11960 or API 5CT
B specified inside diameter of the extreme-line connection, in accordance with API 5B

M  specified outside diameter of the extreme-line connection; 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

I, I represent Volumes I, 1I respectively [see Equations (137) and (138)]

Figure 15 — Pin upset
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Mg, = 6(M — D)
miu = 6(d - B)

Lg, =8.000 — mg,, for Label 1: 5-1/2 through Label 1: 7-5/8
=10.500 — my,, for Label 1: 8-5/8 through Label 1: 10-3/4
L, =6.625 for Label 1: 5-1/2 through Label 1: 7-5/8

u

= 8.000 for Label 1: 8-5/8 through Label 1: 10-3/4

Th

wh

Ke

M
for

D

b extreme-line pin upset mass, m

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

y

line pipe-and for round thread casing and tubing, in accordance with API 5B

Leu fe Igt rfromrend o pipe tostarto tap5|y Taccordarnce wittrtSO-t1960or APH5CT

Vol. 1=0.785 4Ly ,M? + 0.261 8my,, (D? + DM + M?) — 0.785 4 (Ly, + mg,)D?
Vol. I1 = 0.785 4 (L;, + mj,)d? — 0.785 4L, B2 — 0.261 8m, (d? + dB + B?)
is calculated as

Xpu’

My = 0.283 3 kyy [Vol. (I +11)]

eu ey

A
Y
A
Y

(135)

(136)

(137)

(138)

(139)

i 7

oM
8D,
¢d

A
Y
A
Y

specifiedwodtside diameter of the extreme-line connection; length from the face of the coupling to the han

inside diameter of extreme-line box upset, in accordance with AP| 5B

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

Ly
Miy
D
d

length of pin upset, in accordance with ISO 11960 or APl 5CT
length of pin upset taper, in accordance with ISO 11960 or API 5CT
specified pipe outside diameter

pipe inside diameter

I, 1T represent Volumes 1, 1I respectively [see Equations (142) and (143)]

Figure 16 — Box upset

© 1SO 2007 — All rights reserved
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Mg, = 6(M - D) (140)
mj, = 6(d — D) (141)
Ly, =8.000 —m,, for Label 1: 5-1/2 through Label 1: 7-5/8

=10.500 — myg,, for Label 1: 8-5/8 through Label 1: 10-3/4
L,, =7.000 for Label 1: 5-1/2 through Label 1: 7-5/8

= 8.375 for Label 1: 8-5/8 through Label 1: 10-3/4
Vol. 1| 0.785 4L, ,M? + 0.261 8mg,, (M2 + MD + D?) — 0.785 4 (Ly, + mg,)D? (142)
Vol. = 0.785 4 (L;, + m;,)d? — 0.785 4L, ,D;2 — 0.261 8m; (D + Did + d?) (143)

The extreme-line pin upset mass, m,y,,, is calculated as

Mypy, F 0.283 3 ki, (Vol. T+ Vol. II) (1

where ki, i

NOTE

5 the mass correction factor: 1.000 for carbon steel, 0.989 for martensitie’chromium steel.

Calculations for the masses of the extreme-line box and pin upsets.-aré expressed in pounds and carrie

four decimgs.

12 Elonpgation
The minimum elongation over 50,8 mm (2 in) is calculated-from

Eo1 = My A0 fmn? (
where

Ag s the cross-sectional area of the tensile test specimen, in square millimetres (square inches), bag

el

Jumn
k,

el

The equaqon for elongation was adopted at the June 1967 API Standardization Conference as reporteq i

bn specified outside diameter*0r nominal specimen width and specified wall thickness, rounded
he nearest 10 mm?2 (0.01(in2), or 490 mm?2 (0.75 in2), whichever is smaller;

s the minimum gauge Tength extension in 50,8 mm (2.0 in), expressed in percent rounded to
hearest 0,5 % below*10 % and to the nearest unit percent for 10 % and larger;

s the specified minimum tensile strength, in MPa (psi);

s the elongation constant, equal to 1 942,57 for S| units and 625 000 for USC units.

to

ed
to

he

API CircularPS=1340:

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 equations
shown in Table 10.

68
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Table 10 — Casing and tubing flattening tests — Distance between plates

ISO/TR 10400:2007(E)

Th
Th
Co
AP
ad

13

Th

(3)
(1) (2) Maximum distance
Grade Dit ratio between plates
in
H40 16 and over 0,5D
less than 16 D(0,830 — 0,020 6 DIt)
J55 and K55 16 and over 0,65D
3,93 to 16 D(0,980 — 0,020 6 DI¢)
less than 3,93 D(1,104 — 0,051 8 DI¢)
N80 2 9to 28 D(1,074 — 0,017 4 DIt)
L80 9to 28 D(1,074 - 0,019 4 D/1)
co54 9to 28 D(1,080 — 0,017 8 B/t)
Q125" All D(1,092 — 0,044 0 D7)
@  |f the flattening test of C95 or N8O fails at 12 or 6 o’clock, theflattening should
continue until the remaining portion of the specimen fails at'the’3 or 9 o’clock
position. Premature failure at the 12 or 6 o’clock position should not be considered
basis for rejection.
b See ISO 11960 or API 5CT. Flattening should bea minimum of 0,85D.

[able 10,

D is the specified pipe outside diameter, in millimetres or inches;

t is the specified pipe wall thickness, in\millimetres or inches.
e flattening test equation for Grade :H40 was adopted at the May 1939 API Standardization C
b equations for Grades J55, K55, N80 and C95 were adopted at the June 1972 API Stan
hference as reported in API Circular PS-1440. The equation for Grade L80 was adopted at the

| Standardization Conferencé:as reported in API Circular PS-1487. The equation for Grade
ppted at the June 1984 APRI'\Standardization Conference as reported in API Circular PS-1736.

2 Flattening tests-for line pipe

e maximum distance between plates for flattening tests for line pipe is calculated from the equati

Table 11.

Table 11 — Line pipe flattening tests — Distance between plates

{4\ {2\

onference.
Hardization
June 1974
Q125 was

bns shown

h —

Grade Maximum distance

between plates
in

Less than X-52 3,071/(0,07+3¢/D)

3,051/(0,05+31/D)

X-52 and higher

© 1SO 2007 — All rights reserved
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In Table 11,

D

t

is

the specified pipe outside diameter, in millimetres or inches;

is the specified pipe wall thickness, in millimetres or inches.

Flattening tests for line pipe are addressed in API5L. The flattening test equations 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 Hydn

ostatic test pressures

14.1 Hydrostatic test pressures for plain-end pipe, extreme-line casing and integral‘joint

tubing

The hydro
according
Label 1:
arbitrarily.

The hydro

Pht =4

where

D

Of

Alternative
purchaser

2

e e

e

ot

fo the following equation, except for grade A25 line pipe, grades A and B liné.pipe in sizes less t

3/8, and threaded and coupled line pipe in sizes Label 1: 6-5/8 and less) which were determir
static test pressure, p,;, expressed in kilopascals or pounds per square inch, is calculated as
o; tID (1

the specified pipe outside diameter, in millimetres\or inches;
the specified pipe wall thickness, in millimetres or inches;

the fibre stress corresponding to the percent of specified yield strength as given in Table 12, in K
psi.

test pressures should be used\when specified on the purchase agreement and when agreed by
and manufacturer per ISO_11960 or API 5CT.

14.2 Hydrostatic test pressure for threaded and coupled pipe

The hydro
lower pres
insufficient

The test p
80 % of th
resistance

static test presstrefor threaded and coupled pipe is the same as for plain-end pipe, except wher|
sure is required to avoid leakage due to insufficient internal yield pressure of the coupling
internal pressure leak resistance at the £ or E; plane as calculated in Clause 10.

static test pressures for plain-end pipe, extreme-line casing, and integral-joint-tubing are calculated

an
ed

Pa

the

essure~should be based on the lowest of the test pressure determined for plain-end pipe in 14.1

Standardlzatron Conference as shown in API C|rcularPS 1360

70

einternal coupling yield pressure result from Equatron (66) |n 10.2, or the internal pressure le
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Table 12 — Factors for test pressure equations

Fibre stress as a percent of Maximum test pressure @
specified minimum yield strength kPa (psi)
(1) (2) (3) (4) (5) (6)
Grade Label 1 Standard test | Alternative test Standard Alternative
pressures pressures
Aand B 2-3/8 - 3112 60 75 (127 520400) (127 520400)
19300 19300
Aand B Over 3-172 60 75 (2 800) (2 800)
X Grades | 4-1/2 and under 60 75 (230060800) (230060800)
X Grades 5-9/16 75 b (230060800) b
X Grades 6-5/8 and 8-5/8 75 b (230060800) b
X Grades 10-3/4 - 18 85 b (230060800) b
X Grades 20 and larger 90 b (230060800) b
H40, J55 and 20 680 68 950
K55 9-5/8 and under 80 80 (3 000) (10 000
H40, J55 and 10-3/4 60 80 20 680 68 950
K55 and larger (3 000) (10 000
. 20 680 68 950
M65 All sizes 60 80 (3 000) (10 000
. 68 950 ¢
b b
L80 and N80 All sizes 80 (10 000)
. 68 950 ¢
b b
C90 All sizes 80 (10 000)
. 68 950 ¢
b b
C95 All-sizes 80 (10 000)
. 68 950 ¢
b b
T95 All sizes 80 (10 000)
. 68 950 ¢ d
P110 All sizes 80 80 (10 000)
. 68 950 ¢ d
Q125 All sizes 80 80 (10 000)
. Higher test pressures are permissible by agreement between purchaser and manufacturer.
b—NG alemnative 1est pressure.
¢ 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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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 and tubing as determined from Equation (55).

In the study of make-up torque, the API Task Group on APl RP 5C1 observed that the API round thread joint
pull-out strength equation 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 equation for 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 APl modified thread compound was

used.

This methpd for calculating make-up torque was adopted at the June 1970 API Standardization Conference

as reportefl in API Circular PS-1398. Subsequently, optimum and maximum torques were dropped.for la
diameter (pizes Label 1: 16 to Label 1: 20) casing. Minimum torque was changed to 1 % of pult~out streng

This was 3

Action was

eliminate minimum and maximum torque values (formerly 75 % and 125 % of the optimum make-up torq

respective

16 Guided bend tests for submerged arc-welded line pipe

16.1 Gen

Dimension
Equation (

The critica
calculated

Agbtj
where

D

t

€eng

where the
Rp = Agpyy/4

dopted at the June 1980 API Standardization Conference as reported in API CirculapPS-1637.
taken by the APl Committee on Standardization of Tubular Goods at the Febtuary 1991 meeting

y) and emphasize position on make-up.

eral

s for the jig for guided bend tests for submerged”’arc-welded line pipe are calculated fr
147) with reference to Figure 17.

I dimension on guided bend test jig, Agbtj, denoted as dimension 4 in 1ISO 3183 or API 5L
as

[1,15 (D = 20)/[€gngDlt — 260ng — 1) “

s the specified pipe outside diameter;
s the specified pipe ‘wall thickness;
s the engineering' strain;

value of &, depends on grade and additional dimensions (in units of inches) are defined
b, B =dgoy + 21+ 0.125in, Rg = B/2; see Table 13.

Fge
th.

to

by

72
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Dimensions in inches (millimetres)

 J

7t + 1/16max., =7/8
(1+ + 1,6max., 222,2)

4
T ~
T T $
2 (50,8) Py 12
o (12,7) B B N 3t
14416 1) ~ - - > % 2t <>
| L) o
| A ‘/
= = Z o
= < <
= ~Y
1/8 (3,2)
|
4
\\ &
2t / ¢
4
v ‘
S
A
201
5f+ 2 <
(St + 50,8) 24t
Key
A H Agpyj as defined in Equation (147)

E Agbtj +2t+0.0125in

specified pipe wall thickness (=1 in)
As required.

Tapped mounting hole.
Shoulders hardened“and greased hardened rollers may be substituted.

Figure 17 — Guided bend test jig

Table 13 — Values of strain for guided bend test

© 1SO 2007 — All rights reserved

Grade SErain
E5mg

A 0,167 5
B 0,137 5
X42 0,137 5
X46 0,1325
X52 0,127 5
X56 0,120 0
X60 0,1125
X65 0,1100
X70 0,1025
X80 0,090 0
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16.2 Background

16.2.1 Values of ¢,

Values for Egng are based on Equation (148) 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 APl Circular PS-1440. The values calculated by means of
Equation (148) 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.

The engingering strain, &, IS calculaied as

ng’
€eng =|3 000 (0.64)0-2/f, 0 (148)

where fnd p is the specified minimum tensile strength of the pipe body, expressed in pounds pér.square inch.

16.2.2 Values of 4

The valueg of dimension Ag,; in Annex E of ISO 3183:2007 or Appendix G of API.5L:2004 are calculated from
Equation (147) and rounded as shown in Table 14.

Table 14 — Standard values for dimension 4, in.,guided bend test

Unit Dimension 4

254 | 30,5 | 356 | 40,6 | 48,3 | 55,9 | 66,00 | 78,7 | 94,0 | 111,8 | 132,1
157,5 [ 188,0 | 223,5 | 266,7 | 320,0 | 383,51.459,7 | 551,2 | 660,4 | 792,5
1.0 1.2 1.4 1.6 1.9 22 2.6 3.1 3.7 4.4 5.2
6.2 7.4 8.8 | 10.5 | 12.6~| 151 | 181 | 21.7 | 26.0 | 31.2

mm

Derivation |of the guided bend test equation is.covered in Reference [7].

17 Determination of minimum impact specimen size for APl couplings and pipe

17.1 Critjcal thickness

The Charpy V-Notch (CV¥N) absorbed energy requirements for APl couplings are based on the coupling
thickness gt the critieal thickness. The critical thickness for API couplings is defined as the thickness at the
root of thel thread_atvthe middle of the coupling, based on the specified coupling diameter and the specified
thread dimensions: The critical thickness for all API couplings is provided in Table 15 for various pipe; the
critical thickness is the specified wall thickness.
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Table 15 — 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)

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 8,18 8,86 8,56
(4.500) (0.435) (0.493) (0.259) (0.322) (0.349) (0.337)
127,00 6,76 9,14 9,96 9,45
(5.000) (0.266) (0.360) (0.392) (0.372)
139,70 6,81 9,04 9,88 9,40
(5.500) (0.268) (0.356) (0.389) (0.370)
168,28 6,96 11,91 12,90 12,32
(6.625) (0.274) (0.469) (0.508) (0.485)
177,80 7,11 10,67 11,63 10,92
(7.000) (0.280) (0.420) (0.458) (0.430)
193,68 8,71 13,61 12,01 13,87
(7.625) (0.343) (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
(107750) (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)
508,00 16,94 17,09 16,10
(20.000) (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.

© 1SO 2007 — All rights reserved
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17.2 Calculated coupling blank thickness

The appropriate thread height is added to the critical thickness provided in Table 15, 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 16.

76

Table 16 — 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
Gy i i Gy i i Gy Gy

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 11,15 12,19 11,84
(4.500) | (0.578) | (0.645) (0.367) | (0.439) | (0.480) | (0.466)
127,00 9,52 12,27 13,44 12,88
(5.000) (0.375) | (0.483) | (0.529) | (0.507)
139,70 9,58 12,12 13,36 12,80
(5.500) (0.377) | (0.477) | (0.526) | (0.504)
168,28 9,75 15,42 16,81 16,15
(6.625) (0.384) | (0.607) | (0.662) | (0.636)
177,80 9,93 14,00 15,37 14,55
(7.000) (0.391) | (0.551) | (0.605) | (0.573)
193,68 11,91 17,35 18,69 17,91
(7.625) (0.469) | (0.683) | (0.736) | (0.705)

219,08 m 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
(10.750) (0473) | (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)

© 1SO 2007 — All rights reserved
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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 Equation (149) and provided in Table 17.

Table 17 — Transverse impact specimen size required for APl couplings

(1) (2) (3) @ | & |
Coupling Calculated wall thickness required to
outside machine fransverse Charpy impact
. diameter specimens 2
Label 1 Connection mm mm
(in) (in)
Full size 3/4 size 112 size
NU 107,95 18,54 16,05 13,54
3.1/2 (4.250) (0.730) (0.632) (0.533)
EU 114,30 18,06 15,57 13,06
(4.500) (0.711) (0613) (0.514)
NU 120,65 17,65 15,14 12,65
4 (4.750) (0.695) (0.596) (0.498)
EU 127,00 17,27 14,78 12,27
(5.000) (0.680) (0.582) (0.483)
NU 132,08 17,02 14,50 12,01
(5.200) (0,670) (0.571) (0.473)
141,30 16,59 14,10 11,58
4112 EU (5.563) (0.653) (0.555) (0.456)
127,00 17,27 14,78 12,27
STCLC/BC (5.000) (0.680) (0.582) (0.483)
141,30 16,59 14,10 11,58
5 STCILC/BC (6.563) (0.653) (0.555) (0.456)
153,67 16,10 13,61 11,10
5-172 STCILC/BE (6.050) (0.634) (0.536) (0.437)
187,71 15,14 12,62 10,13
6-5/8 STCAREC (7.390) (0.596) (0.497) (0.399)
194,46 14,99 12,50 9,98
/ STCILC/BC (7.656) (0.590) (0.492) (0.393)
215,90 14,58 12,07 9,58
7518 STCLC/BC (8.500) (0.574) (0.475) (0.377)
244,48 14,15 11,66 9,14
S STCLC/BC (9.625) (0.557) (0.459) (0.360)
269,88 13,84 11,35 8,84
9-5/8 STCLCBC | 10 625) (0.545) (0.447) (0.348)
298,45 13,56 11,07 8,56
10-3/4 STC/BC (11.750) (0.534) (0.436) (0.337)
323,85 13,36 10,87 8,36
11-3/4 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)
431,80 12,78 10,29 7,77
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 STCLCBC | 51 000) (0.490) (0.391) (0.293)
@  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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Minimum wall thickness (inches) = (W/2) — [(W/2)2 - 1.172 2]%-5 + 0.040 in + k; (0.393 7)

where

k:

1,00 for full-size specimens
0,75 for three-quarter size specimens

0,50 for one-half size specimens;

is the factor used to determine minimum wall thickness for transverse impact specimens

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

(149)

17.4 Cals

The calcul
test speci

culated wall thickness for longitudinal specimens

determined according to Equation (150) and provided in Table 18.

ated wall thickness necessary for full-size, three-quarter size, and one-half size longitadinal imp
mens for APl couplings, including a 0.020-in OD and a 0.020-in ID machining \allowance,

Table 18 — Longitudinal impact specimen size required for API couplings

(1)

(2)

(3)

(4)

(5)

(6)

act

78

Coupling Calculated wall thickness
outside required to machine longitudinal
. diameter Charpy,impact specimens 2
Label 1 Connection mm mm
(in) (in)
Full size 3/4 size 1/2 size
NU 33,35 11,79 9,27 6,78
1050 (1.313) (0.464) (0.365) (0.267)
' EU 42,16 11,61 9,12 6,63
(1.660) (0.457) (0.359) (0.261)
42,16 11,61 9,12 6,63
1.315 NU (1.660) (0.457) (0.359) (0.261)
NU 52,17 11,51 8,99 6,50
1660 (2.054) (0.453) (0.354) (0.256)
' EU 55,88 11,46 8,97 6,48
(2.200) (0.451) (0.353) (0.255)
NU 55,88 11,46 8,97 6,48
1900 (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
2.875 0.447 0.349 0.250
>.3/8 ( ) ( ) ( ) ( )
EU 77,80 133 8,84 6;35
(3.063) (0.446) (0.348) (0.250)
NU 88,90 11,30 8,78 6,30
0.7/8 (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
3172 (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)
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Table 18 (continued)

wh

17

Th
red
tha
thi
Se
ac
ori

=

(1) (2) (3) (4) (5) (6)
Coupling Calculated wall thickness
outside required to machine longitudinal
diameter Charpy impact specimens 2
Label 1 Connection mm mm
(in) (in)
Full size 3/4 size 1/2 size
120 65 1423 871 5,22
) NY (4.750) (0.442) (0.343) (0.245)
EU 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
4112 EU (5.563) (0.441) (0.342) (0.244)
127,00 11,20 8;71 6,22
STCILC/BC (5.000) (0.441) (0.343) (0.245)
a8  Wall thicknesses provide a 0,51 mm (0.020 in) OD and 0,51 mm/0.020 in) ID machining allowance.

ere

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 5

5 Minimum specimen size for APl couplings

bntation-and size as required in ISO 11960 or API 5CT.

Minimum wall thickness (inches) = (W/2) — [(W/2)2 — 0387 5]%-% + 0.040 in + &; (0.393 7)

is the factor used to determine minimum.wall thickness for transverse impact specimens

CT.

b calculated wall thickhess of the coupling blank (see 17.2) is compared to the calculated wal
uired for an impact {est specimen (see Table 16 and Table 17). The minimum size impact test
t should be selected from Table 16 or Table 17 is the largest impact test specimen having a calc
tkness that isdess than the calculated wall thickness of the coupling blank for the connection
e Table 19,Xfor the minimum acceptable size transverse specimens and Table 20 for the
ceptable-size longitudinal specimens. Table 19 and Table 20 are used to determine the impact

(150)

thickness
specimen
ulated wall
of interest.
minimum
specimen
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Table 19 — Minimum size transverse Charpy impact test specimens for various API couplings

(1) @ | & | @ | & | ©® | o [ ®
Minimum permissible size transverse Charpy impact test specimens @
Label 1 Special
NU EU EU clearance © BC LC STC
BC
3-1/2 1/2 1/2 1/2 — — — —
4 3/4 3/4 — — — — —
4-1/2 3/4 3/4 — b b b b
g — — — 1/2 1/2 1/2 1/2
5-1/2 — — — 1/2 1/2 1/2 1/2
6-9/8 — — — Full Full Full FEull
1 — — — 3/4 3/4 Full 3/4
7-9/8 — — — Full Full Full Full
8-9/8 — — — Full Full Full Full
9-5/8 — — — Full Full Full Full
10-B/4 — — — Full Full — Full
11-B/4 — — — — Full — Full
13-B/8 — — —_ — Full — Full
16 — — — — Eull — Full
18-p/8 — — —_ — Full — Full
20 — — — — Full Full Full
NOTE Transverse specimens are not possible for couplings for pipe'sizes smaller than 3.50 in.
@  Th 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 assumes that special clearance couplings are machined from standard couplings.

Table 20 — 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-h

size or larger are not possible

™ @ | @] @ | & | ©® | o [ ®
Minimum:-permissible size longitudinal Charpy impact test specimens 2@
Labl 1 Special
NU EU EU clearance © BC LC STC
BC
1.060 D 12 — — — — —
1.3[15 112 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 3/4 Full Full
NOTE N/A = Transverse impact test specimens should be used for all tubing connections for pipe Label 1: 3-1/2 OD

and larger and for all casing Label 1: 5 OD and larger.

@  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 not thick enough to test based on calculations. However, if the coupling material is slightly thicker than calculated, it
will be possible to machine a half-size longitudinal test specimen.

¢ The Charpy impact specimen size assumes that special clearance couplings are machined from standard couplings.
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17.6 Impact specimen size for pipe

Procedures specified in 17.3 and 17.4 are used to determine the wall thickness necessary for impact test
specimens for pipe except that the OD term is the specified pipe OD. Tables specifying the calculated wall
thickness necessary to machine full-size, three-quarter-size, and one-half size transverse and longitudinal
impact test specimens are provided in Clause 4 and SR16 of ISO 11960 or API 5CT.

17.7 Larger size specimens

In some cases it can be possible to machine larger impact test specimens if

a

~

b

~

17

Fo
ab
Th

1,3

CV

Th
rat
lev

the coupling blank is thicker than that calculated in 17.2,
the full 0.020-in-OD and 0.020-in-ID machining allowances are not utilized, or

the impact test specimens are partially rounded due to the OD curvature of the original tubu
(see 1ISO 11960 or API 5CT).

8 Reference information

sorbed energy requirements, see Reference [6]. The transverse, requirement is based on this

N for high strength steel.

her than the maximum specified yield strength used for couplings. This choice is made since
el of the pipe is typically expected to be less than'the stress level of the couplings.

ar product

[ a discussion of fracture mechanics and the equations used in ISO 11960 or API 5CT to determine the

reference.

b longitudinal requirement is based on the transverse requiremeénts, and a longitudinal-to-transvefse ratio of
3 for Grades J55 and K55 and 2,0 for higher strength grades! See Reference [5] for the correlation of K, to

e requirement for pipe in SR16 of ISO 11960 or APICSCT is based on the minimum specified yield strength

the stress

© 1SO 2007 — All rights reserved
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Annex A
(informative)

Discussion of equations for triaxial yield of pipe body

ial yield of pipe hody

A.1.1 General

The criteri
yield consi

a) radial
b) unifor
c) axialt

d) torsio

bn for triaxial pipe body yield is that proposed by von Mises. The elastic state leading-to incipi
sts of the superposition of

and circumferential stress as determined by the Lamé Equations for a thick cylinder,
M axial stress due to all sources except bending,
ending stress for a Timoshenko beam,

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

A1.2 Eq

A1.21

Yield, as

ations for elastic pipe stresses

eneral

fined in this subclause, assumes a materialfor which the elastic limit, the proportional limit and

yield stres$ coincide. Further, yield of the material marks the boundary between elastic and inelastic behavi
This bounflary has no relation to standardized ‘definitions of minimum vyield strength. Standard definitio]
such as the minimum vyield strength as specified-in ISO 11960 or API 5CT, are more appropriately discuss

the
bUr.
ns,
ed

in conjunction with the design equation.
The limit sfate for pipe body yield addresses the stress state at which yield is about to occur. That is, the pipe
body is still entirely elastic, with one ormore locations just reaching yield. Therefore, the stresses defining the
yield limit gtate in the pipe body can be defined with equations based on linear elastic behaviour.
A.1.2.2 Lamé Equations
Given a tupe exposediterinternal and external pressure, the radial stress, o;, and the circumferential (or hopp)
normal stress, o, in‘the tube are given by:
o, = [(pi@2~ poD?) — (p; — po)d2D?(4r2))/(D? - d?) (A.1)
o = [(pidz - pODZ) +(p - po)dzDz/(4r2)]/(D2 - d?) (A.2)

where

D s the specified pipe outside diameter;

d is the pipe inside diameter, d = D — 2f;

p; is the internal pressure;

82
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Do is the external pressure;
r is the radial coordinate, (d/2) < r < (DI2);

t 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

wh

In

axi
wej
axi
axi

A.

Th

wh

PSS, G, i.e. the component of axial stress not due to bending, assumed uniform across any'cross

0y = Fyld,
ere
4, s the area of the pipe cross section, 4, = n/4 (D2 - d?);

D is the specified pipe outside diameter;
d is the pipe inside diameter, d = D — 2¢,
t is the specified pipe wall thickness;

F

5 is the axial force.

al stress is known, and F is determined fromthe axial stress. For example, if the pipe is cen
I, then stretching and contracting in the_axial direction are not allowed. The axial stress, and
al force, is then partially a function of . changes in pressure and temperature. That is, the axial
al force are secondary, rather than primary variables. The relation in Equation (A.3) still applies.

.2.4 Bending stress

b axial stress componentdue’solely to bending is given by

Op = £ Mr/l = £ Ecr

ere

¢ is.thetube curvature, the inverse of the radius of curvature to the centreline of the pipe;

DA_is the specified pipe outside diameter;

m|shoulders,

Llting axial
section, is

(A.3)

some cases, F, is known and the axial stress.is‘determined from Equation (A.3). In other instances, the

ented in a
hence the
stress and

(A.4)

d Is the pipe inside diameter, d =D — 2¢,

E is Young’s modulus;

I is the moment of inertia of the pipe cross section; I = /64 (D* — d4);
My, is the bending moment;

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

t is the specified pipe wall thickness.

© 1SO 2007 — All rights reserved
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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 ¢ are radians per metre, and c is
expressed in °/30m, the right hand side of Equation (A.4) should be multiplied by the constant
(180 x 30) = 5,817 8 x 1074,

A1.2.5

The torsiofal shear stress, g,,, acting in the circumferential direction on the pipe cross section is

Tha =
where

D i
d ig
Jp ig
r g
T s
t g

A.1.3 Tripxial yield limit state equation

Torsional stress

if the specified pipe outside diameter;
if the pipe inside diameter; d =D - 21,

if the polar moment of inertia of the pipe cross section; J;, = ©32'(D* — a%);

i the applied torque;

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

the specified pipe wall thickness.

(rJ, (A.

A.1.3.1 General
Given thelinternal and external pressures, axial force, and bending and torsional moments, the equivalent
stress, o,,|is defined as

Op = [P2 + Oh2 + (04 + G2 = 6,0, — 004 + Gp) — On(0y + Op) + 37,5212 (A.6)
where

o, if the radial stress, and ¢y, the circumferential or hoop stress, given by Equations (A.1) and (A.2)

respectively;

o, isthe componentof axial stress not due 1o bending, given by Equation (A-3);

o, Iisthe component of axial stress due to bending, given by Equation (A.4);

7,4 IS the torsional (shear) stress, given by Equation (A.5).
The onset of yield is defined as

O =Jy (A.7)
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where o, < f,, corresponds to elastic behaviour, and

o, 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 (g, # 0), Equation (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 O'b

A.1.3.2 Special cases of the yield criterion

A.1.3.21 Pipe exposed to axial stress alone

In the absence of internal and external pressure, bending and torsion, Equation (A.6)reduces to
02 = 0,2 (A.8)
where
O,

w 1S the component of axial stress not due to bending;

o, s the equivalent stress.

Yigld of the pipe occurs when the axial stress equals ify, wherefy is the yield strength of a repfesentative
tensile specimen.

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

In the absence of bending and torsion, Equation (A.6) reduces to

Op = [02 + 012 + 0,2 — 6,01, — G,0,=\01,0,]12 (A.9)
where
o, s the equivalent stress;

o, Iisthe componentof axial stress not due to bending;
o, Iis the circumferential or hoop stress;
o, is theradial stress.

Supstituting Equations (A.1) and (A.2) into (A.9), and using the yield criterion in Equation (A.7), gt the inner
radius-of the pipe body,

fy2 = [(pia’2 —poDz)/(D2 —d?)]2 + 3(p; —p0)2D4/(D2 —d?)? + 0'32 - 2[(pid2 —poDz)/(D2 - d?)|o (A.10)
or

12 =103~ (pid? = peD*(D? ~ d2)]? + 3 [(p; — po) D(D? ~ d?)]? (A.11)
where

D is the specified pipe outside diameter;

d is the pipe inside diameter; d = D — 2¢,
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fy is the yield strength of a representative tensile specimen;
p; is the internal pressure;

Do is the external pressure;

t s the specified pipe wall thickness;

o, s the component of axial stress not due to bending;

which is th
Figure A.1].
YA
1
<. -1 -
X 1 X
-1
Yy
Key
X (oa+pilfy
Y 172 [(DR)(DIt = D]I(pi - po)ly]
Figure A.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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4/

Key
X | axial load, kN
Y | pressure, MPa

KFigure A.2 — von Mises yield criterion for a.tube loaded by internal and external pressure gnd axial
stress, ISO 13679 or API RP 5C5 representation

The equation for the upper two quadrants-(p, = 0) is

D1 = (kg & k2 — 4hakc]V2)/(20a) (A.12)
where
kp = k2 + ke + 4 (A.13)
kg = (1 - ko (A.14)
ko= G52 /2 (A.15)
kop = (D? + d?)I(D? — d?) (A.16)

The equation for the lower two quadrants (p; = 0) is

Do = (kg * [kg2 — 4kpkc]V2)/(2Kk ) (A.17)
where

ka = kpo? (A.18)

kg =kpo g (A.19)
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ko= 0,2~ 1,2 (A.20)

koo = 2D?/(D? — d?) (A.21)
In both instances,

D s the specified pipe outside diameter;

d is the pipe inside diameter; d = D — 2f;

fy if the yield strength of a representative tensile specimen;
p; i the internal pressure;

Do i the external pressure;

t  ig the specified pipe wall thickness;

i the component of axial stress not due to bending.

A.1.3.2.4 | Effective stress representation of yield surface

It is somet|mes convenient to express pipe equations in terms of the effeCtive stress, oy, which is defined gs

Oett = {0 — (pid? = poDA(D? - &P) (A.p2)
where

D igthe specified pipe outside diameter;

d igthe pipe inside diameter; d = D - 21;

p; igthe internal pressure;

Do 9 the external pressure;

t  igthe specified pipe wallthickness;

o, igthe component of-axial stress not due to bending.

In this caseg, the equivalent of Equation (A.11) is

12 = Geii? #80p; — po)?DH(D? — d2)? (A.R3)

wheref id the yinld Qfmngfh of a mprncpn’rn’ri\/n tensile Qpnhimnn, for which the gmphirql rnpmennquinn i a
circle (see Figure A.3).
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Th

.1.3.3 Assumptions and limitations

.1.3.3.1.1 Concentric,.circular cross-sectional geometry

and effective stress

.3.3.1  General

uations (A.6) and (A.7) are based on the assumptions given in A.1.3.3.1.1 to A.1.3.3.1.4.

e equations forsradial stress, circumferential or hoop stress, bending and torsion presume the
ction to consistlof inner and outer surfaces that are circular and concentric.

.3.3.1.2.lsotropic yield

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

Figure A.3 — von Mises yield criterion expressed in terms of internal and external presgure

pipe cross

f direction.
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stresses in both tension and compression.

A.1.3.3.1.3 No residual stress

and vyield

For determination of the onset of yield, residual stresses due to manufacturing processes are assumed to be
negligible, and are ignored.
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A.1.3.3.1.4 Cross-sectional instability (collapse) and axial instability (column buckling)
Particularly in instances where p, > p;, 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. Similarly, if o <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 API 5CT,
ISO 1196 TTor APt 5D 1tSO-3183or APtS5t—for pipe—wittspectified Tminimmuomyietdstrengths—of 655 MPa
(95 000 pdi) or less have been arbitrarily established at 0,5 %.
The value$ for the elongation under load at which the yield strength is determined in ISO 11960-or |API 5CT,
ISO 11961 or API 5D and ISO 3183 or API 5L for pipe with specified minimum yield strengths\greater than
655 MPa [95 000 psi) are determined with Equation (A.24), where &mn is the strain at~which specifjed
minimum Yield strength is determined.

&mn T (fymn/E) + 0,002 (A.R4)
where

fymn s the specified minimum yield strength;

E s Young’s modulus, taken to be 193 x 103 MPa (28 x 106.psi).

The calculpted values of g, are rounded to the nearest 0,005,

A.1.4 Tripxial yield design equation

In all of the general and simplified forms of Equation.(A.7), a design equation is formulated with the followjng
substitutiops:

a) replade ¢ with k,,, ¢ in Equations (A.1)~and (A.2) for the radial and circumferential or hoop stressgs,
respectively, but not in Equations (A.3) to (A.5) for the axial and torsional stresses;

b) replade f, with /.

The purpose of the design equation is to determine the stress state which results in the onset of pipe yigeld
when the properties of the_pipe are at their worst-case, minimum allowable values. The wall thickness of the
pipe at all fimes accounts for the extreme allowable thin-wall eccentricity which comes about naturally as gart
of the pipe| manufacturing process.

A.2 InitiEI yield of pipe body, Lamé Equation for pipe when external pressure,
bending ion are zero

A.2.1 General

The Lamé Equations for the radial and hoop stresses of the pipe are based on the three-dimensional
equations of equilibrium for a linear elastic cross section. As such these equations are triaxial equations and
provide the most accurate calculation of pipe stresses. Two equations are provided: open-end with zero axial
stress, and closed-end with axial stress due to internal pressure acting on the end cap.
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A.2.2 Yield limit state equation, special case for capped-end conditions

Initial yield of a capped-end thick tube is a special case of Equations (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
Equation (A.22)].

The internal pressure at yield for a capped-end thick tube, p;y| ., is calculated as

Pivie =1y (D? = d?)(\3 D?) (A.25)

where

D is the specified pipe outside diameter;

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

fy is the yield strength of a representative tensile specimen;
t is the specified pipe wall thickness.

This equation is subject to the same assumptions and limitations as the\more general expressions from which
it ig derived (see A.1.3.3).

There is no adjustment to Equation (A.25) for axial tension, as.all’ axial tension is generated by the action of
internal pressure on the (closed) ends of the pipe. The more.general case, where axial stress is geperated by
otHer than the action of internal pressure on the ends of the' pipe, is addressed by the triaxial yield criterion,
Equations (A.6) and (A.7).

A.2.3 Yield design equation, special case for capped-end conditions

A design equation for initial yield of the pipe.body with capped-end conditions and using the Lamé| Equations
for|the radial and hoop stresses should béformulated from Equation (A.9) with the following substitytions:

a) [ replace ¢ with k,,, ¢ in Equations/(A.1) and (A.2) for the radial and circumferential or hoop stresses,
respectively, but not in Equation+(A.3) for the axial stress;
b) [ replace f, with /.

The resulting design equation for p,y ., internal pressure at yield for a capped-end thick tube, is

Pivie = fymnl(3 D* + d o M(D? = dy?)? + d*(D? — d2)2 — 2d2d,,,2I[(D? — d2) (D? — d\y2)]} 172 (A.26)
where

D is the specified pipe outside diameter;

a s the pipe inside diameter, d =D — 27,

dyq 18 the inside diameter based on k), £; dyq = D =2k

fymn is the specified minimum yield strength;

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

a tolerance of -12,5 %, k), = 0,875;
t 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 equation directly from Equation (A.25).
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A.2.4 Yield limit state equation, special case for open-end conditions with zero external
pressure and axial load

Initial yield of an open-ended thick tube is a special case of Equations (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, py| o, is

PivLo =Jy (D? = d?)/(3 D* + a4)1/2 (A.27)

where

D i the specified pipe outside diameter;

d igthe pipe inside diameter; d = D — 2¢;

fy if the yield strength of a representative tensile specimen;
t  ig the specified pipe wall thickness.

This equatjon is subject to the same assumptions and limitations as the more general expressions from which
it is derived (see A.1.3.3).

The morg general case where axial stress is non-zero is addressed by the triaxial yield criteripn,
Equations|(A.6) and (A.7).

A.2.5 Yigld design equation, special case for open-end.conditions with zero external
pressure|and axial load

A design gquation for initial yield of the pipe body with opeén-end conditions and using the Lamé Equations|for
the radial and hoop stresses should be formulated from~Equation (A.9) with the following substitutions:

a) replade ¢ with k,,, ¢ in Equations (A.1) and(A.2) for the radial and circumferential or hoop stresses,
respegtively;

b) replade f, with fy .

The resulting design equation for internal pressure at yield for an open-end thick tube, p;y| ., is
Pivio FSymn(D? = dyai> Y3 DA + dyy )12 (A.p8)

where
D s the specified pipe outside diameter;

d sthe pipe inside diameter; d = D — 21,

d

wall 1S the inside diameter based on k), £ dyan = D — 2kyan &

fymn is the specified minimum yield strength;

kyan 18 the factor to account for the specified manufacturing tolerance of the pipe wall. For example, for a
tolerance of -12,5 %; k4, = 0,875;
t is the specified pipe wall thickness.

Since axial stress is absent in this expression, the design equation can be derived directly from
Equation (A.27).
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A.3 Initial yield pressure of pipe body, historical APl equation

A.3.1 General

The Barlow Equation for pipe yield, which is the historical APl equation, is based on a one-dimensional (not
triaxial), approximate formulation of the von Mises yield condition, combined with an approximate expression
for the hoop stress in the pipe. In essence, the Barlow Equation approximates the hoop stress and then
equates this approximation to the yield strength. This approximation is less accurate than the Lamé Equation
of yield discussed in A.1. Because the Barlow Equation neglects axial stress, there is no distinction between
pipe with capped ends, pipe with open ends or pipe with tension end load.

A.B.2 Historical, one-dimensional yield pressure limit state equation

Higtorically, the API design equation for internal yield pressure is presented without reference to g limit state
equation.

A.B.3 Historical, one-dimensional yield pressure design equation

Iniial yield of a thin tube is defined by the following expression, where pyyap/ is the internal pressire at yield
for{a thin tube:

PivaPI = 2ymnkwall D (A.29)
where

D is the specified pipe outside diameter;
Jymn s the specified minimum yield strength;

kyan 18 the factor to account for the specified manufacturing tolerance of the pipe wall. For example, for a
tolerance of —12,5 %; k4 = 0,875;

t is the specified pipe wall thickness.

This equation is subject to the same assumptions and limitations as the more general expressions from which
it gan be derived (by methods'other than that used by Barlow) (see A.1.3.3).

A.B.4 Comparison of historical, one-dimensional yield pressure design equation with open-
end Lamé Equationfor internal pressure with zero axial load

Equations (A.28)and (A.29) are compared in Figure A.4 by plotting the difference between the Lamé and API
historical eqUations as a percentage of the Barlow Equation, e.g. [(pi//y)Lamé/(Pilfy)Bariow — 11 X 100 %, for the
rarjge of dianteter:thickness ratio values typical of oil field tubulars.

TwloGsignificant conclusions are:

a) for stated yield stress and cross-sectional dimensions, the Barlow design equation predicts a higher
internal pressure resistance than the Lamé Equation for open-ended pipe;

b) the difference between the limit pressures predicted by the two equations is less than 8 % for the range of
diameter:thickness ratios typical of oil field tubulars (D/t > 4,9).
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Figure A.4 — Comparison of API historical and Lamé/von Mises predictions of yield pressure with
zero axial load as a function of pipe body cross-sectional geometry, £, = 0,875
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B.1 _Introduction

Internal pressure resistance equations differentiate between yield (Annex A) and rupture of the-pip€
rupture, between ductile and brittle material response. Table B.1 outlines the treatment of internal pressure
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.2 Ductile rupture of pipe body
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Annex B
(informative)

Discussion of equations for ductile rupture

istance in the subclauses to follow.

Table B.1 — Equations for rating a pipe body for internal pressure‘resistance

Pertinent

Limit state Definition
annex

Failure of a tube in the plastic deformation range; which

EJU(tzﬂlrz is characteristic of pipe with adequate and lasting B
P toughness for the environment in which-itis used.
Fracture |Failure of a tube due to propagation of a crack. D

P.1 General

e equations for ductile rupture pertain to.the actual failure of the pipe body due to internal press
yield equations of Annex A are intended to describe the onset of permanent plastic deformati
s of pressure integrity, the rupture\eguations are intended to describe the ultimate pressure cap
e at a pressure which fails the pipe body with loss of internal pressure integrity.

bse equations are applicable’ only when the pipe material in its environment has sufficient tou
et a minimum criterion\such that the deformation of the pipe in its environment, through to
ctile and not brittle, even’in the presence of small imperfections.

b equations forductile rupture depend on the minimum physical wall thickness and the pipe oute

maximum depth of imperfections which have a reasonable probability of passing through the
cess undetected, the fracture toughness of the material, the work hardening of the materi
mate tensijle strength of the pipe. Yield strength has no direct impact on the ductile rupture press
pugh the correlation of the work-hardening parameter n.

body, and

ure. While
bn and not
heity of the

ghness to
rupture, is

r diameter,
inspection
bl and the
ire, except

Th

h a model

dlctile rnphlrn nqngﬁnnc can be derived from the mechanics of pipn nqnilihrillm combined wi

of pipe plasticity and a model of the effect of imperfections. These derivations are outside the scope of this
Technical Report (see References [25] and [32]).

The ductile rupture limit state and design equations consist of three interlinked concepts:

a)

b)

c)

an equation for equilibrium-plasticity-based rupture of a pipe with known physical wall thic
diameter;

subtraction of a penalty for wall loss in proportion to depths of imperfections which may not b
by the manufacturing and inspection system;

a criterion for minimum toughness at which ductile rupture applies.
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These equations 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 J,; 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 [24] and [35].

B.2.2 Capped-end ductile rupture limit state equation

B.2.2.1 GGeneral

Ductile rupture of a capped-end tube under internal pressure alone is given by the following expression] in
which p;r ip the internal pressure at rupture:

Dir = Yhkgitqf /(D — tyr) (8.1)
where

lgr = thin — ka@ (8.2)
and

a s, for a limit state equation, the actual maximum depth of<a crack-like imperfection; for a desjgn

pquation, the maximum depth of a crack-like imperfection:that could likely pass the manufacturer’s
nspection system;

D s the specified pipe outside diameter;

Jfu s the tensile strength of a representative tensile’specimen;
kg s the burst strength factor, having the .numerical value 1,0 for quenched and tempered (martenditic
structure) or 13Cr products and 2,0:fép as-rolled and normalized products based on available test
Hata; and the default value set to 2,0'where the value has not been measured. The value of k, ¢an

be established for a specific pipe 'material based on testing;

kg, |8 the correction factor based on pipe deformation and material strain hardening, having the
numerical value [(1/2)"1 3(1~3)n+1)];

n s 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;

tmin |8 the actual\minimum pipe wall thickness disregarding crack-like imperfections.

The value| selected for ky renders pr the average of rupture pressures predicted using Tresca’s yield
condition and 'von Mises’ yield condition for the case of an end-capped pipe. It accounts for the matefial
hardening land'the pipe deformation up to rupture.

B.2.2.2 Origin of the limit state equation

The limit state Equation (B.1) is based on the mechanics of equilibrium for capped-end pipe subjected to
internal pressure, combined with hardening plasticity. This limit state equation was selected from a review of
six candidate equations. The limit state equations were compared with full-scale pipe rupture data for a wide
assortment of pipe grades and pipe diameter-to-wall (D/¢) ratios. The candidate equations and the data used
to evaluate the equations 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 Equation (B.1) provided the best accuracy
across the different data sets. When all the data are combined, Equation (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.
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So far as can be determined, the test data used to calibrate the rupture equation did not hav
occurring, sharp-bottomed imperfections present. This is understandable considering the fre
occurrence of sharp-bottomed imperfections for pipe which have been inspected. Likewise, the fu
mechanics equation for the limit state starts without a penalty for imperfections. However, the equa

e naturally
quency of
ndamental
tion 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. The basis for the imperfection
explained in B.7.

The limit state Equation (B.1) includes the penalty for the maximum actual imperfection in
tate equation is used to make a deterministic calculation_of
gssure, the limit state equation should assume that a sharp-bottomed imperfection is present1(Q
e, and that the depth of the imperfection is equal to the inspection threshold.

[ a 218 A A

inspection threshold has more impact on the rupture pressure than the highfrequency imperfecti
shallow depth. Because of this, the probabilistic rupture calculation is dominated by the large in
(with depth equal to the inspection threshold) that rarely occurs.

He
an
im
sh
ing
sh

nce, the limit state Equation (B.1) for rupture should always include’ the correction for imperfec
j the probabilistic limit state equation should account for the“frequency at which the shary
perfection is likely to occur. For the deterministic calculation<ef the rupture pressure, the limit sta
buld assume that the imperfection frequency is 100 %, and that the imperfection depth will
pection threshold. For the probabilistic calculation of“the rupture pressure, the imperfection
buld be based on inspection data for pipe which already’has been subjected to the inspection sys

B.2.3 Assumptions and limitations

B.2.3.1 General

Equation (B.1) is based on the assumptions explained in B.2.3.2 and B.2.3.3.

L
r

B.2.3.2 Material with adequate‘toughness

In
ex

order for Equation (B-1).to be valid, the pipe material should have minimum toughness ¢
ceeding that embodiedyin ISO 11960 or API 5CT and its supplement SR16.

Alt
str:
lar

nough the fundamental derivation leading to Equation (B.1) does not depend on the shape of
hin curve, thédinal form of the equation assumes the true stress-strain curve can be adequate
per strains-of, say, between 2 % and the strain at maximum load by the relation for true (Cauchy)

a n
o-C - Cgln

penalty is

the pipe.
ident with
he rupture
0 % of the
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ion of wall
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tion depth,
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fe analysis
equal the
frequency
tem.
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the stress-
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stress, o

(B.3)

re

C=(2,718/n)*,

and

is the tensile strength of a representative tensile specimen;

Ju

n
curve derived from the uniaxial tensile test;

&, s the logarithmic strain.
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is the dimensionless hardening index used to obtain a curve fit (see B.2.3.3) of the true stress-strain
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B.2.3.3 Determination of the hardening index

A specimen from material with true stress-strain relation of the form given in Equation (B.3) would reach a
maximum load in a uniaxial tensile test at a logarithmic strain of n. The best method is to derive n from fitting
the actual true stress-strain curve with Equation (B.3) in the relevant strain range of % to the strain at
maximum load. Although less accurate, one could alternatively approximate » equal to the actual logarithmic
strain at the maximum load point of the tensile test. If the engineering strain at the maximum load is given, the
logarithmic strain, g,,, is

fn=IN(1 + £ng) (B.5)

where ¢

end i the engineering strain.

The relatiyely flat nature of the stress-strain curve in the plastic region of most OCTG grades makes
determinafion of » through this last method often rather difficult. As a third alternative, in the)absence of
stress-strajn information, the following values of n are suggested.

Table B.2 — Suggested values for hardening index in ductile rupturé‘equation

Grade n
H40 0,14
J55 0,12
K55 0,12
M65 0,12
N80 0,10

L80 Type 1 0,10
L80 Chrome 0,10

G990 0,10
C95 0,09
T95 0,09
P110 0,08
Q125 0,07

If the grade of the material’is unknown but is not high hardening, the hardening index can alternatively|be
determined from the carrelation given in Figure B.1. The effort expended to determine »n should be weighed
against the fact that'the equation for ductile rupture is relatively insensitive to this quantity for commonly uged
OCTG. Hgwever sif*a high-hardening material such as duplex steel is used, it is important to determine # to
avoid a noh-canservative rupture strength prediction. Values of » for these materials can be as high as 0,30

The parameter 7 has refatively smatt-effecton the vatue of pg, but shoutd hot be tgnored. At = 0,12 a 124 %
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,fymn, is conservative.
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Figure B.1 — Correlations for hardening index from typical experimental data for steel gradef listed in
Table B.2

B.2.4 Adjustment forthe effect of axial tension and external pressure

B.2.4.1 General

The ductile ruptute strength Equation (B.1) was developed for the situation of an end-capped pipe,| where the
axigl tensionis determined by the internal pressure acting on the closed inner pipe surface areq. This is a
spgcial case-6f a more general situation where a pipe can reach a maximum internal pressure loaf, that is a
rugture load, under the simultaneous action of arbitrary external pressure and arbitrary axial [tension or
pre55|on The combmed Ioads together determlne when the p|pe is gomg to y|eId and how |t WI| plastically
deto vards—the—point-ofrupture—Afundamer W . an still be
expressed but this will now be a more involved equatlon governed by the equation of the von Mlses 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 tension is not too large. For large axial
tension 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, equations for both rupture and necking under combined loads are described, together with a criterion
to identify which phenomenon occurs first. The equation 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
equations are very accurate when compared to the exact theoretical Equation (24); performance against
combined loading test data is given in B.6.2.
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For

negative values of effective axial tension, 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 equation 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 equation.

B.2.4.2 Ductile rupture under combined loads

In the presence of external pressure and axial tension or compression different from capped-end conditions,

the genergtequation-forductiteruptare-is
PiRa =|Po + MIN[172(pp + Pres 1) PM (B.6)
with
PM = Hrefm [1 = kR (FefFuis)?1"? 8.7)
where
Fy=1t(D-1) o, (4.8)
Fei=Fa+tpomt(D—1)=pyt (D= 0ty (D ty)] W4 (D - 2 ty,)? (B.9)
Fus=Imt(D-1) 1, (B.[10)
Puts = tar S/ (D — tgy) (B1)
Dref = 12 (Pref M + Pref 7)» US€d in Figure B.2 (B.12)
Pref M E (2N3)11 (172)M pys (B.[13)
Pres T F (12" Pt (B14)
kg=(@#1" - 1)31n (B.[15)
tqr = thin — kaa (B.[16)
and
a s, for a limit state equation, the actual maximum depth of a crack-like imperfection; for a desjgn
pquationythe maximum depth of a crack-like imperfection that could likely pass the manufacturer’s
nspection system;
D s tHe specified pipe outside diameter;

100

F, s the axial force;

Fq 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;

Ju is the tensile strength of a representative tensile specimen,;

kg 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 &, can
be established for a specific pipe material based on testing;
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is the dimensionless hardening index used to obtain a curve fit (see B.2.3.3) of the true stress-

Eq

" curve derived from the uniaxial tensile test;
pir I8 the internal pressure at ductile rupture of an end-capped pipe;
Pira 1S the pir adjusted for axial load and external pressure;
Do is the external pressure;
t is the average pipe wall thickness;
tmin 18 the minimum pipe wall thickness disregarding crack-like imperfections.

X

Key
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uation (B.6) is illustrated in Figure B.2, together with the exact equation.

--—0

effective axial tension (FeslFts)
pressure differential (p; & po)/pref

rupture (exact)

rupture [Equation(B.6)]
transition

necking {Equation (B.18)]

wrinkling

YA

/

0,6

strain

0,4

TN

Y
.#/

L oo
} ERAE] PN,
O
cee
-
— .

0,2

ecsssccccden
e
——

1
—
1
o
(o]
1
o
()]
1
o
~

-1,2

o : : : :
Figure B-:2—1lustration-of theeffect-ofeffectiveaxiak-tension————

and external pressure on ductile rupture

Under capped-end conditions, the effective axial load is zero and Equation (B.6) reduces to Equation (B.1).

The

rupture equation is valid, i.e. rupture occurs before necking, when

Fol F s < (V3/2)1-0
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B.2.4.3 Ductile necking under combined loads

In the presence of internal and external pressure the general equation for ductile necking is

Feft = Fus [1 = kn (91 = Po)Pres 1?12 (B.18)
where
Fao=mt(D-1) oy (B.19)
Fot=FaFPg RIND =11 Dy 1D = Mig (D — Ig)] WA (D — 2 1g,)2 (BRO)
Fus=Imt(D-1)f, (B.p1)
Puts =P tar ful (D = tay) (B.p2)
Pretm [ (2N3)N.(1/2)7 piys (B.p3)
g = 410 = 3(1-n) (B.p4)
Under zer¢ pressure conditions, the effective axial load equals the true axial Ioad, and Equation (B.18) for the
maximum pxial load reverts to the ultimate tensile strength.
The necking equation is valid, i.e. necking occurs before rupture, when
(P = Pp)prerm < (112)'0 (B.p5)
B.2.4.4 Boundary between rupture and necking
Comparing Equations (B.6) and (B.18) reveals that ¢he necking criterion is reached earlier than the ruptpre
criterion when
FeglFlis = (3/2) (pj = po)lPuts (B.p6)
and this crjterion (also shown in Figure™B:2) describes the boundary between rupture and necking.
B.2.4.5 Axisymmetric wrinklihg under combined loads
Figure B.2| shows that, in_the ‘axial compression range, i.e. for negative values of the effective axial lopd,
Equation (B.6) is conservative when compared to both the exact rupture equation and the local pipe wall

buckling li

perceived

B.2.5 Du

such a‘separate equation would not have great practical impact.

Mmit, called wrinkling. Although it would be easy to construct an equation such as (B.7) with a
different fgctor kg that‘would better fit the exact rupture curve in the effective axial compression range, i

L is

ictile rupture and necking design equations

Minimum ductile rupture and necking of a tube is defined by replacing #4, with k4 ¢ — k5 ay @and £, with £, in
the limit state Equations (B.1), (B.9) to (B.11), and (B.20) to (B.22):

PiR = 2kgefumn(kwai? = kaan)/[D — (kyayt — kaan)]

where

an

(B.27)

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 in a 12,7 mm (0.500 in) wall thickness pi

ay = 0,635 mm (0.025 in);

102
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D is the specified pipe outside diameter;

Jumn 18 the specified minimum tensile strength;

ks 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;

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

0, _ .
0,87R,

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

e factor k,, addresses minimum pipe body wall thickness without considering imperfections.
y be adjusted if minimum wall is guaranteed by a particular process or purchaSing agreement.

This value

Crack-like imperfections are accounted for by ay. The term kyay represents)a further reduction in minimum

wal
ins|
mi

thg
thr|

Fo
de
im
Fo
ins|
thg
thr|

B.

B.

Six
of

| thickness associated with crack-like imperfections which are outSide the sensitivity sett
pection equipment and assumed coincident with the location of migimum wall thickness. This
nimum wall thickness and a crack-like imperfection depends on the frequency of occurrence of th
frequency of occurrence of sharp-bottomed imperfections approaching the depth of the
eshold.

[ the deterministic calculation of rupture pressure, it is necessary to calculate a conservative duc
5ign pressure. In this case, the frequency of occurrence of the imperfection is set to 100
perfection depth equals the inspection threshold.

[ the probabilistic calculation of rupture pressure, the depth of the imperfection still equals the d
pection threshold, but the calculation takes)account of the actual frequency of occurrence of th

actual frequency of occurrence of shafp-bottomed imperfections with depth comparable to the
eshold.

3 Selection of a ductile rupture model

8.1 General

closed-form, afalytical models were evaluated as candidates for the ductile rupture model. In th
b sharp-bottomed imperfection, the closed form candidates were:

ad-hec:Barlow Equation

ng of the
stacking of
n wall and
inspection

tile rupture
o and the

bpth of the
n wall and
inspection

e absence

(B.28)

piR = 2fut/D

ad-hoc von Mises Equation

Pir =/,(D? = d2)I(N3D2)

Klever-Stewart Equation (see References [25] and [32])
PiR = 2kge/umin/ (D = fmin)

ad-hoc Paslay Equation (see Reference [29])
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PR = 2 min/(D — min) (B.31)

— ad-hoc Moore Equation

pir =/fy(D? = d?)I(D? + d?) (B.32)

— Nadai Equation

PR = 2f,In[DI(D - 2¢)]N3 (B.33)

where, in the above equations,
D s the specified pipe outside diameter;
d s the pipe inside diameter; d = D - 21;

Ju s the tensile strength of a representative tensile specimen;

kg |8 the correction factor based on pipe deformation and material strain‘hardening, having
humerical value [(1/2)"*1 + (1~43)n+1];
n s the dimensionless hardening index used to obtain a curve fit (see'B.2.3.3) of the true stress-sti

curve derived from the uniaxial tensile test;
pir |s the internal pressure at ductile rupture of an end-capped:pipe;
t s the specified pipe wall thickness;

t s the actual minimum pipe wall thickness, disregarding crack-like imperfections.

min
For the Klever-Stewart model, the value selected(for k. renders pr the average of rupture pressu
predicted ysing Tresca'’s yield condition and voniMises’ yield condition for end-capped pipes. It accounts
the materigl hardening and the pipe deformation.up to rupture.

Of the many alternative rupture models existing in the published literature, the above list provides suffici
diversity t¢ ensure an accurate final ;selection. The names corresponding to the models indicate either

the

ain

res
for

ent
the

developer [of the model or the advocate for considering the model. The term “ad-hoc” is used for the first {

been repldced by tensile strength” There is no fundamental mechanistic justification or derivation for the
hoc model[s; only an appeal-{o their generalization from the yield equations. Likewise, the fourth and
candidateg are ad-hoc models. Alternatively, the Klever-Stewart and Nadai Equations can be derived fr
fundamental physical principles, specifically different levels of approximation of the equations of equilibriy
Through their fundameéntal derivations, the Nadai and Klever-Stewart Equations depend on the pipe ten
strength. Tlhe Paslay*Equation can be shown to be a special case of the Klever-Stewart model.

models because they are generalizations of the Barlow and Mises yield equations, where yield strength }as

WO

d_
fth
om
m.
sile

ns

In the forms shown here these equatrons address mternal pressure wrthout external pressure All equatr(

The candidate models were compared with capped-end burst test data from full sized casing and tubing.

sion

On

the basis of that accuracy, a single rupture equation 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 » were used in
evaluating the model against rupture test data. Otherwise, the value of » 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 » used to evaluate the Klever-Stewart model

API grade Yield ;;ength "
H40 40 000 0,137
J55 55 000 0,125
K55 55 000 0,125
M65 65 000 0,117
N80 80 000 0,104
L80 80 000 0,104
C90 90 000 0,096
C95 95 000 05092
T95 95 000 0,092
P110 110 000 0,080

Q125 125000 0,068

B.4 Pipe rupture data sets used to validate the rupture models
Ore hundred six data points from full-scale pipe rupture tests under capped-end conditions were donated
from three industry sources in seven.different data sets as listed below. Five of the data sets contain pipe
failures with measured wall thickness/ while two of the data sets contain pipe failures with spgcified wall
thigkness. In general, the evaluations of model accuracy were not sensitive to the manner in which wall
thickness was reported. All tests' reported the specified pipe outside diameter and the measufed 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

—| GrantPrideco

— 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.d — C . f rupt lictions f lidat el

(1) (2) (3) (4) (5) (6)
Ad-hoc Ad-hoc Klever .
Data source Barlow Mises Stewart Paslay Moore Nadai
Actual/ Actual/ Actual/ Actual/ Actuall Actual
predicted predicted predicted predicted predicted predicted
Mean 1,071 1,021 0,991 0,973 0,984 1,172
Shell-Pipeline
Nominal Wall 28 data Stdev 0,059 0,085 0,036 0,035 0,038 0,117
COV, % 55 8,4 3,6 3,6 3,9 10,0
Mean 1,092 1,023 0,997 1,010 1,017 0,978
Hydril Dafa
Nominal Wall 11 data Stdev 0,052 0,052 0,060 0,061 0,058 0,079
COV, % 4.8 5,0 6,0 6,0 5,7 8,0
Shell Btedt1 Mean 1,125 1,052 1,014 1,042 1,050 1,043
Measurefd 18 data Stdev 0,051 0,080 0,029 0,030 0,032 0,102
Wall
COV, % 4,5 7,6 2,9 29 3,0 9,8
) Mean 1,150 1,052 1,046 1,086 1,090 1,086
Hydril Data
Measurefd 5 data Stdev 0,013 0,012 0,013 0,013 0,013 0,067
Wall
COV, % 1,1 1,1 1,2 1,2 1,2 6,2
Mean 1,075 0,979 1,021 1,003
Not-Worp
Pipe Data Bet 2 data Stdev 0,025 0,010 0,007 0,006
COV, % 2,3 1,0 0,7 0,6
Mean 0,990 0,982 0,940 1,044
Super Duplex Model Model
Data Se| 4 data Sidev 0,008 eliminated 0,009 0,008 eliminated 0,049
COV, % 0,8 0,9 0,9 4,7
Grant Prid¢co Mean 1,026 1,062
Measurefd 38 data Stdev 0,041 0,043
Wall
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
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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 equation 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 equation to represent the mean rupture

pressure of the population.

Table B.5 — lllustration of equation performance over population
(1) (2) (3) (4) (5) (6)
Ad-hoc Ad-hoc Klever Pasla Moore Nadai
Parameter Barlow Mises Stewart y
Actual/ Actual/ Actual/ Actual/ Actual/ Actual/
predicted predicted predicted predicted predicted predicted

Mean of 1,08 1,04 1,00 1,02 104 1,05
means
Stdev of 0,050 0,015 0,023 0,047 0,039 0,063
means
COV of 4,6 % 1,5 % 23% 4,6°% 3,8 % 59 %
means

Baged on the results in Tables B.4 and B.5, the Klever-Stewart Equation was selected to preglict ductile
rugture.

B.6 Comparison between the recommended rupture model and pipe rupture ¢data
urjder capped-end conditions

B.6.1 General

Taple B.6 compares the measured and predicted rupture pressure from the Klever-Stewart model when all the
capped-end test data from_ the sets listed in B.4 are combined into a single data set. The mean ratio of actual
to predicted is 1,004, the'standard deviation is 0,047, and the coefficient of variation is 4,7 %.

© 1SO 2007 — All rights reserved 107


https://standardsiso.com/api/?name=0ced06d1363af78a83458b09cc0e9985

ISO/TR 10400:2007(E)

Table B.6 — Statistical evaluation of Klever-Stewart rupture model for all data

Measured [ Measured Measured [ Measured Measured | Calculated
. i . . Actual
yield ultimate outer |minimum rupture | rupture
Test . . . burst/ Data
strength | tensile | »value |diameter wall Dit ratio | pressure | pressure .
number . predicted| set
strength thickness
. ; . ) . . burst
psi psi in in psi psi

1 97150 | 120350 | 0.182 | 10.709 | 0.535 20.00 | 12050 | 12217 | 0.986 5352;
2 97150 | 121945 | 0212 | 10.709 | 0.539 19.85 | 12108 | 12246 | 0.989 jf&:;
3 | [f9750 | 109765 | 0.202 | 10709 | 0539 | 19.85 | 10919 | 11091 | 0.984 dsl‘j;i:;
4 | 7150 | 122670 | 0.182 | 10.709 | 0.539 | 19.85 | 12166 | 12549 | 0.969 ;L:*;i:;
5 21800 | 142100 | 0.052 | 13.465 | 0.524 25.71 11687 | 12021 0.972 ”OtS‘gt’r”
6 34850 | 155150 | 0.06 2 9.922 0.606 16.36 | 20735 | 20996 | 0.988 ”Ots‘é"t’m
7 67 600 | 107000 | 0.11 7064 | 0352 | 2007 | 112709 11268 | 1.000 bﬁgg '1
8 00900 | 109400 | 0.09 3.530 0.254 13.90 |~17300 | 17319 | 0.999 bSt2:|1
9 31400 | 144200 | 0.06 7.805 0.575 1357 25210 | 23776 1.060 bStZ: '1
10 20700 | 131000 | 0.07 7068 | 0524 |\ M349 | 22090 | 21631 | 1.021 bﬁgg '1
11 88 600 | 105000 | 0.10 7.076 0.408 1734 | 13370 | 13038 1.025 bstzg '1
12 22600 | 133200 | 0.07 7076 (10407 | 1739 | 17190 | 16779 | 1.024 bﬁgg;
13 92 900 | 104000 | 0.09 9.724 0.388 25.06 8 860 8790 1.008 bstzg '1
14 | 88000 | 102000 | 0.1@ 90290 | 0531 | 1870 | 11830 | 11692 | 1.012 bﬁgg '1
15 | 87500 | 106200 [\“0.10 3502 | 0.567 618 | 42740 | 41611 | 1.027 bﬁg‘:z
16 00300 | 121200° | 0.09 2.649 0.154 17.20 | 16440 | 15270 1.077 bstzg '1
17 12 600<[~130 000 | 0.08 7070 | 0473 | 1495 | 19740 | 19143 | 1.031 bﬁgg;
18 31400 | 144200 | 0.06 7.805 0.577 13.53 | 24900 | 23865 1.043 hﬁﬂf '1
19 | 131400 | 144200 | 006 7089 | 0585 | 1212 | 25900 | 26889 | 0.963 bﬁgg&
20 84900 | 102000 | 0.10 11.134 | 0.560 10.88 | 11140 | 10942 1.018 bﬁg:&
21 97600 | 116000 | 0.09 2.776 0.333 8.34 33540 | 32232 1.041 bstgiz
22 | 72300 | 80700 | o0.11 2382 | 0124 | 1921 | 9140 | 8920 | 1.025 bﬁgg&
23 | 127000 | 147000 | 0.07 3.524 0.282 1250 | 25980 | 26451 0.982 bﬁg:&
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Measured

Measured

Measured

Measured

Measured

Calculated

. L . . Actual
yield ultimate outer [minimum rupture | rupture
Test . . . burst/ Data
strength | tensile n value | diameter wall Dit ratio | pressure | pressure .
number . predicted| set
strength thickness
. . . ) . . burst
psi psi in in psi psi
24 | 145000 | 149000 | 0.05 3514 | 0287 12.24 | 26800 | 27661 0.969 bst2§'|[|1
25 | 128700 | 140000 | 0.06 9625 | 0538 17.89 | 17770 | 17161 1.035 Gyﬁgh
26 | 128700 | 140000 | 0.06 9625 | 0.531 1843 | 17720 | 16925 | 4047 mg:l
27 | 119000 | 143000 | 0.07 16.000 | 0.857 1867 | 17700 | 166756~ 1.061 ,Clyv‘iz:l
28 | 119000 | 143000 | 0.07 16.000 | 0.870 18.39 | 17700 |. 16942 | 1.045 mg:l
29 | 119000 | 143000 | 0.07 16.000 | 0.870 1839 | 18160\ | 16942 | 1.072 ,\r/‘lyv‘iz:l
30 | 120670 | 134130 | 0.07 7.056 0.511 13.81 23080 | 21595 1.069| | grant
prideco
31 120670 | 134130 | 0.07 7.063 0.533 1325 | 22600 | 22576 1.001| | grant
prideco
32 | 120670 | 134130 | 0.07 7.054 0.528 1336 | 21870 | 22378 | 0977 p%;aencto
33 | 120670 | 134130 | 0.07 7.049 0.527 1338 | 21960 | 22349 | 0.983 p?i;ae”(fo
34 | 120670 | 134130 | 0.07 7.060 0.543 13.00 | 21030 | 23046 | 0913 p%;aencto
35 | 120670 | 134130 | 0.07 7.048 0.524 13.45 | 22080 | 22215 | 0.994 p?i;ae”(fo
36 | 129800 | 142700 | 0.06 7.695 0.490 1570 | 20190 | 20104 | 1.004 p%;aencto
37 | 129800 | 142 700(];~0.06 7.691 0.491 15.66 | 20060 | 20159 | 0.995 p?i[jae”(fo
38 | 129800 | 1427700 | 0.06 7.700 | 0.496 1552 | 20195 | 20353 | 0.992 p?i’aae”(fo
39 | 129800142700 | 0.06 7.694 | 0468 16.44 | 19900 | 19145 | 1.039 p%;aenc;to
40 | 429800 | 142700 | 0.06 7.694 0.476 16.16 | 20055 | 19494 | 1.029 p?i;ae”(fo
44+ | 129800 | 142700 | 0.06 7698 | 0.502 1533 | 20230 | 20622 | 0.981 p%;aenc:to
42 | 124000 | 132700 | 0.07 7663 | 0472 16.24 | 19208 | 17991 1.068 p?i’aae”(fo
43 | 124000 | 132700 | 0.07 7679 | 0474 | 1620 | 19338 | 18032 | 1.072 p%aencto
44 | 128700 | 144800 | 0.06 9746 | 0539 18.08 | 17985 | 17551 1.025 p%;aenc;to
45 | 128700 | 144800 | 0.06 9.729 0.533 1825 | 17975 | 17376 | 1.034 p?i;ae”(fo
46 | 128700 | 144800 | 0.06 9730 | 0535 1819 | 18025 | 17443 | 1.033 p%;aenc;to
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Table B.6 (continued)

Measured [ Measured Measured [ Measured Measured | Calculated
. i . . Actual
yield ultimate outer |minimum rupture | rupture
Test . . . burst/ Data
strength | tensile | »value |diameter wall Dit ratio | pressure | pressure .
number . predicted| set
strength thickness
' ¢ ) ) . . burst
psi psi in in psi psi

47 | 128700 | 144800 | 0.06 9724 | 0536 | 1814 | 18080 | 17489 | 1.034 pﬂ:fencto
48 | 128700 | 144800 | 006 | 9722 | 0525 | 1852 | 17835 | 17113 | 1.042 | 92

'JI TUCTL
49 28700 | 144800 | 0.06 9.738 | 0.542 17.97 | 18005 | 17669 | 1.019 p%aerfo
50 05900 | 125350 | 0.08 9.660 | 0.542 17.82 | 16500 | 15252 | 1.082 pﬂ:ja;fo
51 33900 | 144810 | 0.06 9953 | 0620 | 16.05 | 20853 | 19969, |™ 1.044 pﬂ;aerfo
52 33900 | 144810 | 0.06 9.931 0.620 16.02 | 20631 | 20016 | 1.031 pﬂ:ja;fo
53 24355 | 138976 | 0.07 11.831 | 0.509 2324 | 133005 12908 1.030 p?iijaerfo
54 24355 | 138976 | 0.07 11.837 | 0497 | 2382 |-12000 | 12583 | 1.025 pﬂ:fgfo
55 24355 | 138976 | 0.07 11.840 | 0.482 2456 12950 | 12184 | 1.063 pﬂ:jagfo
56 24355 | 138976 | 0.07 11.823 | 0527 | 2243 | 13550 | 13395 | 1.012 pﬂ;aerfo
57 27150 | 136000 | 0.07 13.456 | 0497 | 27.07 | 11523 | 10791 1.068 pﬂ:jagfo
58 27150 | 136000 | 0.07 | 13473 ({0509 | 2647 | 11740 | 11047 | 1.063 pﬂ;aerfo
59 27150 | 136000 | 0.07 | 43.443 | 0495 | 2716 | 11447 | 10756 | 1.064 pﬂ:fgfo
60 27150 | 136000 | 0.07 13.465 | 0489 | 2754 | 11840 | 10603 | 1.117 pﬂ;aerfo
61 27150 | 136000 |\“0.07 | 13451 | 0505 | 2664 | 11414 | 10975 | 1.040 pﬂ;aerfo
62 27150 | 1360000° | 0.07 13459 | 0504 | 2670 | 11914 | 10946 | 1.088 pﬂ:jagfo
63 | 03450 [\107400 | 009 | 13682 | 0626 | 21.86 | 11226 | 10475 | 1.072 pﬂ;aerfo
64 | lo4450 | 107400 | 0.09 13673 | 0617 | 2216 | 9744 | 10330 | 0.943 Dﬂ:ﬁ;fo
65 95450 | 107400 | 0.09 13.669 | 0.612 2233 | 10312 | 10251 1.006 pﬂ;ae“go

66 96450 | 170400 | 0.09 13.670 | 0.621 22.01 10750 | 10413 1.032 | 9rant
prideco

67 96258 | 113072 | 0.09 16.080 | 0.474 33.92 7 330 6 996 1.048 | 9rant
prideco
68 | 62700 | 86400 | 0.12 5562 | 0.750 742 | 25460 | 26976 | 0.944 p;’;‘;'r']e
69 | 62700 | 86400 | 0.12 5562 | 0.750 742 | 25800 | 26976 | 0.956 piig‘ﬁ'r!e
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Table B.6 (continued)

Measured [ Measured Measured [ Measured Measured | Calculated
. L . . Actual
yield ultimate outer [minimum rupture | rupture
Test . . . burst/ Data
strength | tensile n value | diameter wall Dit ratio | pressure | pressure .
number . predicted| set
strength thickness
. ; . . . . burst
psi psi in in psi psi

70 | 62700 | 86400 | 0.12 5562 | 0.750 742 | 25980 | 26976 | 0963 pi;*;‘ﬁ'r']e
71 | 62700 | 86400 | 0.12 5562 | 0.750 742 | 26320 | 26976 | 0.976 piz*;‘ﬁ'r']e
72 | 62700 | 86400 | 0.12 5562 | 0.750 742 | 26090 | 26976 | 0967 pi;';‘l"i'r']e

73 | 61600 | 76100 | 0.12 5562 | 0.750 742 | 24930 | 23747 1.050| | Shell
pipeline
74 | 65700 | 86200 | 0.12 6625 | 0562 | 1179 | 15900 | 16030 | 0.992 pi;';‘l"i'r']e
75 | 65700 | 86200 | 0.12 6625 | 0562 | 1179 | 15870\ | 16030 | 0.990 pi;*;‘ﬁ'r']e

76 | 47800 | 72800 | 0.13 6625 | 0562 | 11.79 |%43170 | 13418 | o0.982| | sShell
pipeline

77 | 47800 | 72800 | 0.13 6625 | 0562 | 1479 | 13270 | 13418 | 0.989| | Shell
pipeline

78 | 47700 | 73100 | 0.13 6625 | 0562 «}0 1179 | 12900 | 13472 | o0.958| | Shell
pipeline

79 | 47700 | 73100 | 013 6625 | 0562 | 1179 | 12940 | 13472 | o0.960| | Shell
pipeline

80 | 51160 | 77540 | 0.3 | 4500\ 0345 | 1304 | 12810 | 12823 | 0.999| | Shel
pipeline

81 | 51160 | 77540 | 013 | 4500 | 0345 | 13.04 | 12800 | 12823 | o0.998| | Shel
pipeline

82 | 51160 | 77540 | 043. | 4500 | 0345 | 13.04 | 12800 | 12823 | o0.998| | Shel
pipeline

83 | 74500 | 90500 (];-0.11 | 12750 | 0750 | 17.00 | 11370 | 11398 | o0.99s| | Shel
pipeline

84 | 74500 | od500 | 011 | 12750 | 0750 | 17.00 | 11140 | 11398 | o.977| | Shel
pipeline

85 | 74500190500 | 0.1 | 12750 | 0750 | 17.00 | 11250 | 11398 | o0.987| | Shel
pipeline

86 |-57660 | 78680 | 0.12 8625 | 0495 | 1742 | 8710 | 9572 | o0910| | Shel
pipeline

87+ | 57660 | 78680 | 0.12 8625 | 0495 | 1742 | 8550 | 9572 | o0so3| | Shell
pipeline

88 | 57660 | 78680 | 0.12 8625 | 0495 | 1742 | 8e40 | 9572 | o903 | shell
pipeline

80 | 43990 | 73740 | 0.3 8625 | 0507 | 1701 | 8760 | 9140 | o958 | Shell
pipeline

90 | 43900 | 73740 | 0.13 8625 | 0507 | 1701 | 8770 | 9140 | oo9s0 | Shell
pipeline

91 | 43900 | 73740 | 013 8625 | 0507 | 1701 | 883 | 9140 | oo9es | Shell
pipeline
92 | 78920 | 95010 | 0.11 8625 | 0875 986 | 21720 | 21663 | 1.003 pi;*;‘ﬁ'r']e
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Table B.6 (continued)

Measured | Measured Measured | Measured Measured | Calculated
. . .. Actual
yield ultimate outer |minimum rupture | rupture
Test . . . burst/ Data
strength | tensile | »value |diameter wall Dit ratio | pressure | pressure .
number . predicted| set
strength thickness
. ; . . . . burst
psi psi in in psi psi
93 | 78920 | 95010 | 011 | 8625 | 0875 | 986 | 21930 | 21663 | 1012 | Shel
pipeline
o4 | 71540 | 91560 | 011 | 8625 | 1.000 | 863 | 23560 | 24161 | 0975 | She!
plpcll
95 | [11540 | 91560 | 011 | 8625 | 1000 | 863 | 23690 | 24161 | 0981 (N
pipeline
96 | 121000 | 132800 | 007 | 2875 | 0308 | 933 | 30410 | 32863 | 0925 | "I
97 | 120700 | 131500 | 007 | 2875 | 0308 | 933 | 20710 | 32536 V0913 | "I
98 | 116000 | 126200 | 0.08 | 2875 | 0308 | 933 | 20800 | 3752 | 0957 | NI
99 | {15400 | 124200 | 008 | 2875 | 0308 | 933 | 28750%| 30649 | 0938 | "I
100 | {16400 | 131300 | 007 | 13625 | 0625 | 21.80 |f2460 | 12989 | 0959 | ML
101 | {00700 | 111000 | 009 | 3500 | 0254 | 13.78>| 17960 | 17733 | 1013 | ML
102 | 145700 | 166000 | 005 | 5500 | 0304 | 4809 | 21600 | 20280 | 1085 | "I
103 | 42000 | 162400 | 005 | 5500 | 0304 | 1809 | 20830 | 19803 | 1052 | ML
104 | 145400 | 170200 | 005 | 5500 ([70.304 | 18.09 | 20700 | 20790 | o096 | "I
105 | 0500 | 130700 | 010 | 7625 | 0430 | 17.73 | 11680 | 12589 | o928 | ML
106 | 85100 | 97400 | 01q ;{ 9625 | 0545 | 17.66 | 12320 | 11843 | 1040 | ML
Mean 1.006
Stdev | 0.045
cov | 0045
@ These jj-values defnote the measure for the pipe tested to rupture. All other n-values are based on regression fit of OCJG
stress-strair] data. n ©@CTG = 0.169 3-0.000 812 x Yield (ksi) with Yield being actual 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
B.5.2 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 predicfions of the
Klgver-Stewart Equation generalized to include the influence of axial tension or compression. Qverall, the
eqpation becomes more conservative at increasing axial tension. No data were available to evaluate the
mqdel at compressive axial joad.
Table B.7Z.= Comparison of rupture Equation (B.6) and necking Equation (B.18)
with Shell mini-pipe [12] test data at axial tension exceeding the capped-end load
(italic numbers are considered given)
T Outside | Wall Test Check Model
est . . .
Sber dlameter thlclfness Equation Actdal/
In n Feil Futs Pilbuts (B.22) Feil Futs Pilbuts predigted
T 0,90 0,106 5 T,029 0,000 N T,000 0,000 T,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 0,000 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| 0,025
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In Table B.7, the effective axial tension is the amount of tension in excess of the load from pressure acting on
the end caps of the pipe.

Table B.8 offers additional validation of the Klever-Stewart Equation with rupture data for the special case of
zero axial tension. The tests in this instance were conducted on ring specimens rather than tubes.

Table B.8 — Comparison of rupture equation and test data at zero axial tension, ring tests

PR
D tmi Actual/
Number M{gg n - - Dltin MPa predicted
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 15016

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
Cov| 0,022

B.7 Thel|role of imperfections in the ductile rupture equation
B.7.1 General
The ductil¢ rupture equation is recommended only with pipe small wall eccentricity and inspection-threshpld
sized impin‘ection depth included in therequation. The equation should not be used without accounting [for
these impgrfections. In the deterministic’ equation of rupture, thin wall eccentricity is accounted for through the
minimum possible physical wall-thickness. In the probabilistic equation of rupture, thin wall eccentricity is
accounted|for through the meafi-and standard deviation of the minimum wall thickness on a per length basis.
In a detefministic 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
imperfectign with depth equal to the inspection threshold. It is assumed that each length of pipe has|an
imperfectign of thisvdepth. This conservative equation uses the worst-case possible frequency for the
imperfectign.
In a probahilistic formulation of rupture the depth of the sharp-hottom impnrfnr\finn is_still set equal to the

inspection threshold; but the occurrence of the imperfection is based on statistical observations. In this case,
the penalty for the presence of the imperfection accounts for the mean and the standard deviation of the
frequency of occurrence of sharp-bottomed imperfections in pipe that has been inspected. A typical frequency
of occurrence of imperfections of all kinds during secondary inspection is 2 % to 5 %. But for sharp-bottomed
imperfections, the frequency can be much less, for example 0,5 % to 0,05 %. This frequency can have
significant impact on the probability of rupture at a particular pressure.

Figure B.4 is a conceptual illustration of the role that the sharp-bottomed imperfection plays in decreasing the
rupture strength of the pipe.

Figure B.5 is a more in-depth illustration of the role of the imperfection penalty for 9-5/8 inch OD, 53,5 Ib/ft,
P110 casing.
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Figure B.4 — Rupture de-rating for cracks (crack-assumed on minimum wall)
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SR1, SR2 Supplemental Requirements as defined in Annex A, 1ISO 11960:2004

1 mean rupture without a flaw 3
2 minimum rupture without a flaw 4

rating based on minimum yield
historical design on yield divided by a design factor

@ 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
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In order to have a conservative deterministic calculation of the rupture pressure, the penalty for sharp
imperfections should be applied on top of the physical thin-wall geometry. This is because this case does
occur in pipe manufacturing, and the deterministic model should capture the minimum pressure that is
possible for pipe that is produced in compliance with manufacturing specifications. If one seeks to address
how rare this combination of imperfections is, then a probabilistic rupture equation should be applied.

B.7.2 The fracture mechanics basis for the burst strength factor in the ductile rupture
equation

The burst strength factor, &, in the ductile rupture equation is an ad-hoc generalization of the Klever-Stewart

ductile rup’r‘wmmmm

as measured by the material property J, and the J-Integral. To determine k,, first J,- values were measured

for represgntative samples of pipe and coupling material. Table B.9 is an example of such data.

Table B.9 — Typical J, values
Grade Test Grade Test

J55 900 13Cr95 1200
J55 925 13Cr95 1225
K55 501 C100 1100
K55 612 C100 18200
K55 640 CYP110 836
K55 875 P110 340
K55 1000 PI40 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
80 863 P110 550
L80 925 P110 580
L80 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
C95 472 P110 848
C95 485 P110 921

116
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Next, for several pipes, the value of the J-Integral was calculated using the finite element method. The
calculation of the J-Integral is based on the crack depth, the internal pressure acting on the pipe, and the
measured stress-strain curve of the same pipe material that supplied the sample for J;- measurement.
Figures B.6 and B.7 show typical curves of the J-Integral. The figures also show an overlay of the measured
Jic value. Theoretically, the point where the J-Integral equals J; represents the failure pressure of the pipe;
and the decrease of the failure pressure with depth of the crack indicates the increasing influence of the crack
depth.
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Figure B.6 — J-Integral and J, for a P110 pipe
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Figure B:7 — J-Integral and J, for a 13-Cr-95 pipe

the change of thelintersection between J;- and the J-Integral with internal pressure for sevg
s and measurements, Figure B.8 shows the predicted ratio of rupture pressure with an imperfect
rupture pressure without an imperfection, for different imperfection depths and grades of pi
shows that)in general for the quenched and tempered pipes, the influence of the sharp imperfect
ual te_the imperfection depth. This is the origin of the burst strength parameter k, = 1 for quench
red‘pipes in the rupture equation. However, Figure B.8 also shows that for some pipes, such as |

ral
on
pe.
jon
ed
55

For

this reason, when the toughness behaviour of the pipe is unknown, the burst strength parameter k, =2 is used

in the duct

118

ile rupture equation.
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Figure B.8 < Influence of crack depth on ductile rupture

B.B Template for probabilistic calculation of ductile rupture strength

B.8.1 General

The actual ductile-rupture pressure for a given pipe is uncertain because many of the factors affecting it are
rarj]dom. A deterministic calculation of the rupture pressure assumes that all of the factors are Knhown with
absgolute certainty and the equations used to calculate the strength are exact. The calculation assumes that if
thg pressure exceeds the calculated strength, it ruptures. In this case, a given set of input parameters
cofresponds to a single, deterministic predicted pressure. In order to ensure that the prediction is cqnservative
and_efrs on the safe side the deterministic calculation 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 equation, 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 can be tolerated. In contrast, it
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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 failure mathematically as a limit state function, g(fc) where

t fail h a3 e -
the C mpnnnn alle \Whoneaver A .

c) determine uncertainty models for the variables, x in the limit state, where possible basing these~models

istical analysis of these parameters;

d) finally| estimate the failure probability as the probability that g(¥)< 0. In the case summarized, this can|be
estimated using Monte Carlo simulation, or first and second order reliability methods (RORM/SORM).|(In
the stgps below, FORM is demonstrated.)

In the pipp ductile rupture case, a possible limit state could be g(¥)=R(%¥)=pa(%), where R(%) is fhe
equation used to calculate the rupture pressure from size and strength parameters) and p, (Sc) is the applied
pressure. [The limit state function, g()?) depends on a vector consisting=‘of all the significant randpm
parameterg affecting failure. These random variables could include matérial’ properties such as yield and
tensile strength, geometric properties such as metal thickness and léads such as the lifetime maximpum
applied pressure, or the uncertainty in model idealization. The limit state divides the space of all possibilifies
into two sdts: the safe set, where failure does not occur, and the set where failure occurs.

The limit state input parameters, x, are modelled as random-variables. In the case where all the paramefrs
are mutually independent, each parameter is assigned an appropriate probability distribution function. These
distribution) functions should be based on a statistical analysis of the measurements of the parameters. Input
parameters used to model the idealization uncertainties'should be based where possible on measurementg of
actual and|predicted loads or strengths.

With the limit state and the probabilistic modelsfor each of the input parameters, the probability of failure, H; is
determined as:
P = j f(%)ds (B.B4)
4 (x)<0
where

7 (%) lis the joint prabability density function of the variables in X ;
g(%) lis the limibstate 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 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.
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The probabilistic rupture pressure is based on the deterministic model for rupture pressure, p;r, including the
effect of sharp imperfections, where p;r is the internal pressure at ductile rupture of an end-capped pipe:

PiR = 2kge/utmin = *aaN)/[D = (fmin = kaan)] (B.35)
where
ay 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 in a 12,7 mm (0.500 in) wall thickness pipe,
O L20 o~ (N NOL 1\
wN = V,UJJ TTITTI \U.UL\J III},
D is the specified pipe outside diameter;
Ju is the tensile strength of a representative tensile specimen;
ks is the burst strength factor, having the numerical value 1,0 for quenchedrand 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 valug of &, can
be established for a specific pipe material based on testing;
kg is the correction factor based on pipe deformation and material strain hardening, having the
numerical value [(1/2)™1 + (1~/3)+1)];
n is the dimensionless hardening index used to obtain ‘@ curve fit (see B.2.3.3) of the true s{ress-strain
curve derived from the uniaxial tensile test;
tmin 18 the actual minimum pipe wall thickness disregarding crack-like imperfections.
The rupture pressure, pjg is used with the applied pressure, p;, to form the limit state function:
g = Crprir(fy: 7., D) — pi (B.36)
where Cig is the random variable thatrepresents model uncertainty.
This function is less than zere.when the applied pressure, p;, exceeds the ductile rupture fesistance,
CiniR(fU’ n,t, D)
Usjng this limit state, the\ductile rupture probability can be estimated using closed-form equations from mean
value FORM:
g =p; —Ciptrig (f,»m.7,D) (B.37)
dg ) dg ) dg \?
s§ =s§ [_g] +53 [—gj +...+s12) (—gj (B.38)
pi )z A )s_x D )5—x
B= £ (B.39)
Sg
Perude = @(-8) (B.40)
where
— the “barred” variables are the means;
— the sf are the estimated variances (squared standard deviations) of the random variables;
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— the derivatives dg/dx are evaluated at the mean values for £, n, t,..., etc.;
— pBis the crude, first-order reliability index;

— and cb(—ﬁ) is the cumulative probability function (CPF) of a standard unit normal random variable
(mean = 0 and standard deviation = 1) evaluated at —5.

This estimated probability corresponds to a length of pipe that has a significant defect. The ductile rupture
equation includes the effect of a defect with a depth equal to the inspection notch depth, ay. This is the largest
defect that should be expected in an inspected length of pipe, depending on the quality of the inspection.
Larger defge ibte; i i i igmift : —
length has|a defect as deep or as sharp-bottomed as assumed by this equation. Consequentially, when us
this formulgtion, it is important to consider the effect of imperfection frequency; for example, a low imperfecti
frequency |expected in a run of pipe where a high quality inspection was used. In this case, almost all lengths
of pipe with defects greater than the threshold are culled, and only a few lengths will have any significant
defect.

B.8.2 Approach to random variables in the probabilistic rupture equation
In the probabilistic formulation of rupture pressure, there are four variables that are-treated as random, suich
that the mpan and the standard deviation (or coefficient of variation) of these yariables impact the probabllity
of rupture gt a particular pressure:

— the pipe ultimate tensile strength,

— the pipe diameter,

— the pipe physical (no imperfection) minimum wall thickness;

— the frgquency at which sharp-bottomed imperfections occur in pipe which has received primary inspectjon.

At the sa’re time, there are three variables that are treated as fixed (deterministic) in the probabiligtic
formulation:

— the stfess-strain curve parameter n,
— the material toughness parameterm,

— and ttle maximum imperfegtion depth, set equal to the inspection threshold setting ay.

It is appropriate that care be used to select the frequency of sharp-bottomed imperfections in the probabiligtic
treatment [of the rupture: equation. First, this frequency should be set to the reject rate of sharp-bottoned
imperfectigns 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 combination of primary and secondary
inspection

— 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 equations 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. Even with
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bass when the imperfection depths are equal or smaller than the depth of the threshold setting.

bre are two potential limits to the way that imperfections smaller than the inspection threshold
ture strength of the pipe. At one extreme, rarely occurring, large imperfectionscequal in
bshold setting impose the largest penalty against rupture strength. At the other~extreme,
turring imperfections much smaller than the inspection threshold setting do impaet'the rupture st
e to their depth but due to their frequency.
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s clause provides a comparison of the likely impact of imperfection depth compared with in
nuency. It is found that the rare deep imperfection (equal in depth to theZinspection threshold) ten
re dominant impact compared with the smaller more frequent imperfections. On the stren
mise, the probabilistic equation for ductile pipe rupture has based the rupture strength of the g

pection threshold setting (to be conservative) and with frequency set equal to the frequency at w
ck-like or seam lap imperfections are detected and proven during secondary inspection.
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bability of failure? As a first stage of the answer, to'this question, the distribution of the maxinj
e was investigated to determine how the shape-of the imperfection size distribution below the
pshold affects the largest expected imperfectionsize in a string.

b following assumptions were made:

after the inspection, the distribution of defects is truncated at the threshold. In this case, the|

study assumes this is 5 %;

imperfection in an un-inspected length of casing is deeper than 5 % of the specified wall;

the distribution pftimperfections is modelled by a Weibull distribution. This distribution is chos
e following. charts compare the shape of the distribution of imperfection shape with the distribd
bpest extteme imperfection in 50 lengths. These four charts parameterize the shape of the dis

berfection size in an arbitrary length by the h-parameter of the Weibull distribution used to model
tribution is truncated at a depth of 5 % specified. As b increases from 0,5 to 4, the coefficient of

th

convenience,because its shape can be easily modified using the distribution’s slope parameter.
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bable wall thickness combined with a penalty for the probable“imperfection with depth set equal to the
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the imperfection frequency-of defects greater than 5 % is 3 %. There is a 3 % probability that the deepest

en only for

tion of the
tribution of
each. This
ariation of

distribution decreases from 224 % to 28 %. The probability density functions for these are sh

wn by the

sol

id line in the 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 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 %.
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Figure B.10 — Exponential distribution of defect sizes — Large COV
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Figure B.11 — Distribution of defects more evenly dispersed in interval — COV ~50 Yo
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Figure B.12 — Distribution bias to larger but undetected sizes — COV ~ 30 %

5 distribution is“probably a good match for the actual defect distribution, when only defect depth is
xclusive of the possibility of stacking. A rough analysis of defect sizes deeper than 5 % of speci
ess was made. Here, it was assumed that the probability of exceeding 5 % depth is about 5 % per
ipe. This analysis finds that the upper tail of defect depths corresponds to a b-parameter valug of
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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;

— thec

fficiant of \lariahilify of this cafafy factoris-5-% ;

— the n

imperfection depth as a percent or fraction of specified wall;

— the di

brmalized strength pcap/papp of an imperfect length is simply (1 -d,) where @, is

Peap/Papp

stribution for defects is a truncated Weibull distribution, where the defect depth is.truncated at

the

the

threshold depth (5 %). The shape of this distribution is varied using the b-parameter,where =0, is

most

deepgr mean depth.

These chs
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single arbi

This case
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develop p
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probabilist
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for by usin
set equal t

bariable but the majority of defects are near 0 % in depth and » =4 indicateS.a low variability

rts show that the shape of the distribution below the threshold doeshot significantly change
of the ratio pcap/papp. The failure probabilities can be read off. these charts by noting

rary imperfect length.

study suggests that the rare large imperfection has more impact on the failure probability than

brt of the framework for the probabilistic calculation of pipe ductile rupture strength. The rupt

c ductile rupture equation, the depth of the)imperfection is set equal to the maximum allowed,

bf the inspection threshold. The effect\of the imperfection on the probability of failure is accoun

g the frequency of occurrence for thteshold-deep imperfections. In the recommended model, thi
D the frequency of occurrence of sharp imperfections as measured during secondary inspection.

but

the
the

s associated with p.,./p,,, = 1. The bar charts in Figures B.15 and™B.16 compare the probability of
he length with the deepest imperfection in a string of 50 lengths with the probability of failure fgr a
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for a length is a function of the probability distributions for material ultimate strength, wall thickngss,
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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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Figure B.15 — Comparison of shape factor effect on the probability of failure
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Pip

common) or threaded end caps (API or premium connections). While other test setups are' possib
i plugs that are self-restraining via a centre bar, they are rarely used and produce a-different stress state

e
an
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to the von Mises theory of yield, produces the maximum possible internal pressure.

C.
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ISO 13679-and APl RP 5C5 have also adopted this minimum length for specimen pup length.

.2.1 Background

later changed to L, + D + 6(Dr)!2, which is/given in Figure 1 of API RP 5C5:1996.

ISO/TR 10400:2007(E)

Annex C
(informative)

Rupture test procedure

1 Specimen ends

e rupture tests should be performed with the pipe ends capped by either welded, slip=in’ p

j test results. Plug ends that are self-restraining via a centre bar are not acceptable.The cappe
ndition produces an axial stress on the pipe via the internal fluid pressure acting ph-the end caps
bss is about equal to one-half the average hoop membrane stress and is the doad condition that

2 Minimum specimen length

j casing connections. One of the workgroup tasks was to establish the required length of spe
A cylinder. Analysis from Timoshenko’s Theory-of Plates & Shells was considered, in addition

M a simple FEA model. End-effect calculations were made for several pipe sizes and both light
e walls. This resulted in a recommendationof a minimum pipe (pup) length of at least 8,4(R/1)1/2,

s length provides the following:
distance of 3(Dr)1/2 from the'specimen end cap required to remove end effects from the end ca

distance of D (one pipe diameter) of pipe that is removed from any end effects and beh4g
infinitely long cylinder-(full length of pipe);

distance of 3(Dr)1/2 from the specimen coupling or connection required to remove end effect
coupling/confection.

ugs (most
e, such as

d-end test
. The axial
according

he mid 1980s, an API workgroup was formed that produeed API RP 5C5 for performance testing of tubing

cimens. In

B6, the API workgroup addressed information concerhing the end effect of a rigid, radial restraint pon the end

to results
and heavy
which was

D;

ves as an

s from the

C.

p2)Specification of minimum length

In order to follow this rupture test procedure, adopt the minimum length from 1ISO 13679 or API RP 5C5 as
shown in Figure C.1.
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Figure C.1 — lllustration of minimum specimen length for a pipe rupture test

C.3 Application of pressure

Pipe ruptufe tests are to be performed using water and an internal filler bar. The filler bar is used to reduce
volume of |water and therefore minimize the stored energy for safety purposes. This also reduces the sizq
the rupturg in the pipe, which has not been of any conseguence. In both ISO 13679 and APl RP 5C5,

pressure gpplication rate is limited to 34,474 MPa/min(%’000 psi/min). When pressuring to rupture, dug
pipe will begin to yield and, for typical lab-type pumps, the pressure rate becomes much less as the p
swells. When a pressure above the yield pressure-is reached and shut-in (valve closed), the pipe brig
continues fo swell and the pressure drops accordingly. For this reason, the pressure should be continuou
applied at p low rate of 6,895 MPa/min (1 000 psi/min) or less.

A pressur¢ transducer should be used.io measure/record the fluid pressure. A transducer located at

to stroking of the pump. A digital data acquisition system is preferred, with a recording rate of at least ev
5 s. This rate will capture the maximum pressure reached, and the final rupture pressure that is typically a
percent legs than the maximumi-pressure obtained.

opposite ehd of the specimen from the pressure line removes spikes in the observed pressure that are relaFd

the

of
he
tile
ipe
efly
sly

the

ry
ew
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Annex D
(informative)

Discussion of equations for fracture

{_Material-ind | fract f 11 ipe bady

s annex provides equations which may be used to calculate the pressure at which a pipewill
pagation of a pre-existing sharp crack or due to initiation and growth of a new sharp crack: Thq
stic equations apply to pipe that is ductile, brittle or anywhere between the two extremes. These
resent an extension of other established fracture mechanics standards to the full.range of g
ironments. Use of the equations and their related material test data can require.substantial exp

Cture toughness (K,,5¢) of the material can be determined experimentally for the particular envi
rest. For some pipes, the wall thickness is too thin to enable a conclusive test to determine K| 5

ermine K|,,,; from empirically based calculations using other K.,; data:

bre are two types of fracture failure phenomena: failure due tocunstable propagation of a pre-exis
j failure due to initiation and stable growth of a crack wheretthere previously was no detectable
t failure phenomenon (addressed in D.2) occurs due to stress-intensity overloading of the cra
ure is determined as a function of the applied stress,“the crack size and the fracture toughn
terial in a particular environment. This failure phenomenon addresses a crack of given siz
nditions under which the crack either propagates or arrests.

a)
-

second failure phenomenon (addressed.in"D.3) is environmental cracking, which occurs

enomenon addresses conditions which_produce stable growth of a crack which may not h3
sted. Once created, the crack grows.in a stable way until it becomes large enough to satisfy t

fail due to
se elastic-
equations
il and gas
ertise, and

not always straightforward to generate the needed property data. The equations can be used provided the

ronment of
. Currently,
possible to

ting crack,
crack. The
ck tip, and
ess of the
e and the

due to a
[his failure
ve initially
he fracture

chanics condition for unstable propagation to failure. Environmental cracking can occur indepg¢ndently of

e satisfied
batisfied to

frafture propagation, so both the equations in D.2 and the threshold stress criterion in D.3 need to I

to prevent failure through fracture. This means that there are two limit states that need to be

prgvent fracture, and both limit states depend on the stress and the material fracture toughmess in its
enyironment.

D.2 The crack propagation model

D.2.1 General

The approach to fracture here is similar to that used in determining performance of pressure vess

ex{ensively utilized to predict the fitness-for-service of these structures. Integrity of cracked stru

els, and is

ctures 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 K, the crack propagates and pipe rupture is imminent. The value of K|, is a function of both
the environment and the material. The units of K|, are MPa-m"/2 (ksi-in1/2).
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Under H,S environments, the value of K|, will be smaller than in non-H,S environments, and the fracture
mode can control the failure pressure of the pipe. The value of K|, changes based on environmental
exposure (H,S, 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. K5+ 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, K51 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 range of
brittle and ductile fractures. The FAD is a plot of the stress intensity ratio (K, or J;) on the ordinate versus the
load ratio (L ) on the abscissa_where k'I is the ratio of applied K to k'”Idl and II is a ratio of applied load to
limit load. [The limit load in this case commonly represents an approximation of the load where the cracked
pipe yield$ without crack growth. For further understanding of FAD concepts, see the fracture mecharjics
standards [in Reference [13]. The FAD corresponding to the fracture propagation Equations (D.1) and (0.3)
covers both the elastic and combined elastic-plastic behaviours of the material. For materials whighyare dudtile
in a particular environment, the value of K|, will be high and the fracture pressure will correspond to the
elastic-plasgtic part of the FAD curve. For materials which are brittle in a particular environment, the valug of
K\mat Will be low and the fracture pressure will correspond to the elastic part of the FAD gurve.

A variety

f fracture mechanics test samples have been used to develop K,,;; data: The double cantilejer
beam (DCB) specimen has been extensively utilized to develop K, data (also‘kmown as K|, ; for the SEC
mechanism) for oil field materials. This specimen is described in ANSI-NACEXTM0177-96 as Method D. The
DCB is notched or pre-cracked and then the arms of the DCB are held gpen-at a constant displacement| by
loading with a wedge. The DCB is loaded such that the applied X level is/above the K|, for the material. The
loaded spgcimen is exposed to the test environment (e.g. H,S aqueods).”"With initiation, the crack grows gnd
the load dffops (displacement is approximately constant) and the applied K drops until it reaches K5, halling
crack progagation. After an appropriate period when the crack growth stops, the measured force to remove
the wedge| from the DCB specimen and the measured crack length are used to calculate the applied K at the
end of the ftest. At this point, K|,5; is equal to the applied K.

A “fit-for-purpose” (FFP) assessment of pipe performance can be made by using K4 corresponding to a
specific epvironment of interest. The evaluation offracture pressure of casing and tubing in a spedific
environment requires the measurement of K|,,5; in that environment and comparison to the maximum appljed
K within the component. The applied K depends on the pipe geometry, the imperfection geometry and the
applied logd. Within any one chemistry, increasing the yield strength generally results in a lower value of K|, .
However, K5t can increase or decrease with increasing yield strength due to changes of chemistry and heat
treatment |and manufacturing processiiTemperature, pH and concentration of sulfide ions all affect the
environmental fracture toughness. As\temperature and pH increase, the environmental fracture toughnesg of
the materigl also increases. Microstructure also can cause variation in the environmental fracture toughness.
Materials With higher transformation products, such as bainite and pearlite, have lower environmental fracture
toughness| when compared-to.martensitic materials. Increasing the partial pressure of H,S decreases the
environmeptal fracture toughness. Partial pressure of H,S is calculated by multiplying the absolute presspre
by the molg fraction of H58"in the gas.

D.2.2 Assumptions and limitations

The follow|ng-are assumptions relative to the FAD approach:

— only Mode | 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 lll, 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 X, 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;

— the pipe is infinitely long, with an infinitely long longitudinal crack-like imperfection;
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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 (p;r,, see 7.5) represents the ultimate ductile
failure mode.

D.2.3 Fracture limit state equation

The fracture limit pressure of a tube Is defined by Equation (D.1), and it cannot be explicitly solved

int
gre
of

wh

wh

ere

rnal pressure at which fracture will occur, but must be solved in an iterative manner by numericd
phically. Equation (D.1) is based on fracture mechanics, and is an equation for failure due_to pj
A pre-existing crack. Equation (D.1) is not an equation for environmentally induced failure of
ch does not have a large crack.

(1-0,14L2) (0,3 + 0,7 exp[-0,65L,8]) = [pie (DI12)2 (ma)V2)[((DI2)2 — (DI2 - 1)) Kjimatl ¥
{2G, — 2G4[al(DI2 — t)] + 3G,[al(DI2 — £)]2 — 4G3lal(DI2 — )]3 + 5G[al(DI2 £4)]4}

Of Die = Pirar If Pirg I8 l€SS than the solution from Equation (D.1)

L, =312 (piglf,) [(dI2 + a)l(t - )]

for p;e, the
| coding or
ropagation
a material

(D.1)

(D.2)

r a design
ufacturer’s

angl

a is, for a limit state equation, the maximdm actual depth of a crack-like imperfection; fa
equation, the maximum depth of a crack-like imperfection that could likely pass the man
inspection system;

d is the pipe inside diameter; d £ D -2t

D is the specified pipe outside diameter;

fy is the yield strength.of a representative tensile specimen;

Kimat is the fracture toughness of the material in a particular environment;

L, is the lead-ratio;

pie  isthetinternal pressure at fracture;

pir \His the internal pressure at ductile rupture of an end-capped pipe;

P ispreadjusted for axialload and external pressure;

t

is the specified pipe wall thickness.

The left side of Equation (D.1) is the FAD curve. The right side of Equation (D.1) is the stress intensity ratio K.

Table D.1 of G-influence coefficients used in the equation 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 d,,,/t and a/t.
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D.2.4 De
imperfec

The fractu

(1-0

{2G, -

Or pip

where

d,

wall

D

fymn is the specified minimum yield strength;

Table D.1 — Values of G to G, for FAD curve

dlt or dyqlt alt Go G4 Gy Gs Gy
4 0,0 1,120 000 | 0,682 000 | 0,524 500 | 0,440400 | 0,379 075
4 0,2 1,242 640 | 0,729 765 | 0,551698 | 0,458 464 | 0,392 759
4 0,4 1,564 166 | 0,853 231 | 0,620 581 | 0,503 412 | 0,427 226
10 0,0 1,120 000 | 0,682 000 | 0,524 500 | 0,440400 | 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 | 0,954938 | 0,676 408 | 0,539874 | 0,454 785
20 0,0 1,120 000 | 0,682 000 | 0,524 500 | 0,440400 | 0,379075
20 0,2 1,332691 | 0,763 153 | 0,569 758 | 0,470495 | 0,401 459
20 0,4 1,957 764 | 1,002 123 | 0,702473 | 0,556 857 | 0,467621
40 0,0 1,120 000 | 0,682 000 | 0,524 500 | 0,440400 | 0,379 075
40 0,2 1,345621 | 0,768 292 | 0,572560 | 0,472 331 |\ 0,402 984
40 0,4 2,028 188 | 1,028 989 | 0,717 256 | 0,566 433 0,475 028
80 0,0 1,120 000 | 0,682 000 | 0,524 500 | 0,440400 | 0,379 075
80 0,2 1,351845 | 0,770679 | 0,573 795 4~0,473 108 | 0,403 649
80 0,4 2,064 088 | 1,042414 | 0,724 534 | 0,571 046 | 0,478 588

NOTE The parameters G to G4 are obtained exactly following-the methodology in API RP 579.

fions

e design equation is:

B/2 (piF/fymn) [(dwa“/2 + Cl)/(kwa“l - a)]

= Diray I PiRa IS l€Ss than the solution from Equation (D.3)

sign equation for fracture of the pipe body due to the presence of crack-like

14L,2) (0,3 + 0,7 exp[-0,65L,%]) = [pir (D/2)2 (ra)V2)/[((DI2)2 — (DI2 = kyat)?) Kimatl X
- 2G1 [a/(D/Z - kwa”t)] + 3G2[CZ/(D/2 - kwallt)]z - 4G3[a/(D/2 - kwa”t)]3 + 5G4[61/(D/2 - kwa”t)]4}

is_ for a limit state equation, the maximum actual depth of a crack-like imperfection; for a des

(s

.

4)

gn

equation, the maximum depth of a crack-like imperfection that could likely pass the manufacturer’s
inspection system;

is the inside diameter based on k), &; dya =D — 2k &

is the specified pipe outside diameter;

Kimat 18 the fracture toughness of the material in a particular environment;
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kyan i the factor to account for the specified manufacturing tolerance of the pipe wall. For example, for
a tolerance of -12,5 %, k), = 0,875;

is the load ratio;
pi  is the internal pressure at fracture;
pir  Is the internal pressure at ductile rupture of an end-capped pipe;

Pira IS pir adjusted for axial load and external pressure;

t is the specified pipe wall thickness.

In [Equation (D.3) the G-influence coefficients are the same as listed in Table D.1. For.calculation of the
frapture design pressure, d,,,, in Table D.1 is the specified inner diameter of the pipe.

The left side of Equation (D.3) is the FAD curve. The right side of Equation (D.3) is the-stress intensjty ratio K.
Equation D.3 is an equation for failure due to propagation of a pre-existing crack. Equation (D.3) is not an
eqyation for environmentally induced failure of a material which does not have alarge crack.

Figure D.1 shows an example of the predicted fracture pressure based ©onh Equations (D.3) and [D.4) for a
7. in diameter, 0.730 in wall, C90 casing as a function of the fraCture toughness K|, assliming 5 %
imperfection (inspection gate) combined with &, = 0.875.

Y A
25

20 /

15

10 /

|/

7 N

0 20 40 60 80 100 )

Key
X Kimat, ksi-in%®
Y predicted fracture pressure, ksi

Figure D.1 — Influence of X,;; on fracture propagation pressure
(7 in diameter, 0.730 in wall, C90 with 5 % imperfection, 0.875 wall factor)
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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 propagation equations 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 (gy,) 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.:

Os = Gy (0.5)
where
o, igthe equivalent stress;

oy, i the threshold stress.

The threshold stress can vary with the particular material and environment. See ANSI-NACE TMO0177-96 |for
an explanation of threshold stress. The threshold stress usually is determined by a series of NACE Method-A
tensile tests in a specific environment. Above the threshold stress, the tensile specimen fails during the NACE
Method-A [tensile test; below the threshold stress, the tensile specimen passes the NACE Method-A tensile
test. In an H,S environment, the threshold stress usually is less than.the yield strength of the material.

Environmgntal crack initiation can typically start at the bottem of a corrosion pit, and depends on the
combinatign of the environment (CO,, pH, H,S), temperature, ‘material microstructure and mechanical stress.
Below a “threshold” combination of these factors, crack dnitiation does not occur and beyond the threshgld,
stress cragk initiation does occur. For most applications,*the mechanical loads on the pipe are constant gnd
the crack, |once initiated, will grow to failure. The situation thus deteriorates until the crack reaches the gize
where ungtable crack propagation leads to finallfracture. The time between crack initiation and unstaple
fracture is|uncertain, and therefore it is prudent.to avoid crack initiation altogether by keeping the von Mises
equivalent|stress sufficiently low compared with the threshold stress.

The fractdre initiation limit pressure js\the pressure for which the von Mises equivalent stress equals the
threshold $tress [Equation (D.5)], wheré the von Mises equivalent stress is calculated using measured pjpe
dimensiong. The fracture initiationndesign pressure is the pressure for which the von Mises equivalent str¢ss
equals th¢ threshold stress, (where the von Mises equivalent stress is calculated using specified pjpe

dimension b IS
used bec use, based on data in Reference [13] it appears to prowde the most accurate combmatlon of
stresses wWhich-brings-abett-erackinitiation-faiture-efpipe-tranHyS-envirormen ble

only when the mternal pressure exceeds the external pressure. Test data in aX|aI compresslon suggest that
the equation can cease to apply, i.e. that crack initiation failure might not occur, when the mean hydrostatic
stress becomes compressive. That is, in the absence of torsion, the equation can cease to apply when the
sum of the axial stress, radial stress and hoop stress added together becomes negative.

138 © ISO 2007 — Al rights reserved


https://standardsiso.com/api/?name=0ced06d1363af78a83458b09cc0e9985

ISO/TR 10400:2007(E)

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 k,,,, = 0,875.

First the von Mises equivalent stress is set equal to the threshold stress, which is 90 % of the yield stress
[Equation (D.5)]. For the loading combination where the pipe has capped-end conditions and there are no
torsional and bending stresses, then Equation (D.5) reduces to the following, similar in form to the equation for
PivLe Equation (8) of 6.6.1.1:

wh

Th

ere
D
d

d,

wall
fymn

wall

PiYLc

t

Pie = 0,9 fymn{(3 D* + dyyay)(D? = dyyg2)? + d*(D? —d2)2 — 2d2d ) PI[(D? —d2) (D? =y ?) P12

is the specified pipe outside diameter;

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

is the inside diameter based on k&, £, dyq = D — 2kyq t;
is the specified minimum yield strength;

is the factor to account for the specified manufactuting.tolerance of the pipe wall. For e
a tolerance of -12,5 %, k4 = 0,875;

is the internal pressure at yield for a capped-end thick tube;

is the specified pipe wall thickness.

en the crack initiation fracture pressure for the 'example pipe is 60,6 MPa (8 788 psi).
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Annex E
(informative)

Discussion of historical API collapse equations

5)

E.1 Collapse pressure equations

E.1.1 General

The minimum collapse pressures given in Annex K are calculated by means of Equations (E.q1),<(E.3), (B
and (E.7),|adopted at the 1968 API Standardization Conference and reported in API Circular'PS-1360 dafed
Septembefl 1968.

Equations|(E.2), (E.4) and (E.6) for the intersections between the four collapse pressure equations have beé

determined algebraically, and used for calculating the applicable D/t range for_each collapse press

equation.
and (E.27
particular |
govern, ra
Tables E.1

Theoretica
1% to |
experimen
of many p
curve/micr
influence
collapse rg
of average
status of a

The collap

these unitg.

E.1.2 Yigld strength collapse pressure equation

The yield gtrength collapse“pressure is not a true collapse pressure, but rather the external pressure, Pyp {

generates

pr =

Factors 4., B., C., F. and G, have been calculated using Equations\(E:21), (E.22), (E.23), (E.
. When determining the appropriate equation to be used for calculating collapse resistance fo
D/t ratio and minimum yield strength, the D/t ranges determined<by Equations (E.2), (E.4) and (H
her than the collapse equation that gives the lowest collapse-pressure. The D/t ranges are giver
,E.2, E.3 and E.4.

| studies of the effect of ovality on tubular collapse resistance consistently indicate that an ovality
P % can effect a reduction in collapse resistance on the order of 25%. HoweV
tal/empirical investigations indicate a much smaller effect. Test data indicate that ovality is only ¢
ipe parameters that influence collapse (including residual stress, isotropy, shape of stress-stn
pstructure, and vyield strength). Thorough “review of industry collapse data indicates that
bf ovality does not warrant singling out<the ovality as a dominant parameter. A workgroup
sistance concluded the effect of ovality:on tubular collapse has been handled during the adjustm

collapse predictions to minimum performance values and that ovality should not be awarded
h independent variable in an API equation for collapse performance.

se equations presented heféywere originally developed in USC units, and should only be useg

minimum yield stress,fymn, on the inside wall of a tube as calculated by Equation (E.1).

R fomH6DI0) = 1V[(DI1)2] (B

where

D

fymn

t

ten
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D6)
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hat

A)

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

is the specified pipe wall thickness.

Equation (E.1) for yield strength collapse pressure is applicable for D/t values up to the value of DIt
corresponding to the intersection with the plastic collapse [Equation (E.3)]. This intersection, (D/t)yp, is

calculated

140

by Equation (E.2) as follows:
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(E.2)

where
A. is the empirical constant in historical API collapse equation;
B. s the empirical constant in historical API collapse equation;,
C. s the empirical constant in historical API collapse equation;
Jymn 15 the specified minimum yfetd strength.
The parameters used to calculate collapse pressures depend on the pipe yield strength and-onythe|axial load,
aslexplained in later subclauses.
The applicable D/t ratios for yield strength collapse are shown in Table E.1.
Table E.1 — Yield collapse pressure equation range
Grade @ DIt range”
H40 16,40 @nd less
-50 15,24 and less
J55, 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
C9a0 13,01 and less
C95, 795,7X95 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 and less
-150 11,67 and less
-155 11,59 and less
-160 11,52 and less
-170 11,37 and less
-180 11,23 and less
@  Grades indicated without letter designation are not API grades but are
grades in use or grades being considered for use and are shown for
information purposes.
b The Dit range values were calculated from Equations (E.2), (E.21), (E.22)
and (E.23).
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E.1.3 Plastic collapse pressure equation

The minim

Pp = fymn [AIDIt) = B - C,

where

um collapse pressure for the plastic range of collapse, pp, is calculated by Equation (E.3):

is the empirical constant in historical API collapse equation;

fymn

t

The equa
Equation (
collapse p

(DIt

where

fymn

G

Cc

The factor

s the empirical constant in historical API collapse equation;

s the empirical constant in historical API collapse equation;

s the specified pipe outside diameter;

s the specified minimum yield strength;

s the specified pipe wall thickness.

ion for minimum plastic collapse pressure is applicable for D/t values ranging from (D/t

essure (D/t)pt. Values for (D/t)pt are calculated by means of Equdtion (E.4):

= Uymn (e = FIC, + fymn (Be = G¢)] (B

s the empirical constant in historical API collapse“equation;
s the empirical constant in historical API ¢éllapse equation;
s the empirical constant in historicahAPI collapse equation;
s the empirical constant in histoerical API collapse equation;
s the specified minimum {ield strength;

s the empirical constant in historical API collapse equation.

5 and applicable.D/t ranges for the plastic collapse equation are shown in Table E.2.

142

(E.3)

p’
E.2) for yield strength collapse pressure, to the intersection, with Equation (E.5) for transiti)tl)n

4)
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Table E.2 — Equation factors and D/t range for plastic collapse

C

Grade @ A, B, MPa D/t range P
(psi)

H40 2,950 0,046 5 (57'522) 16,40 to 27,01
50 2,976 0,0515 (Z’(Z)g;) 15,24 0 25,63
165KE5 2994 0:054-4 (ﬁ’ggg) 14.846-26.04
60 3,005 0,056 6 (f’ggg) 14,44 t0 24,42
70 3,037 0,061 7 (1 16’22) 13,85 102338
C75, E75 3,054 0,064 2 (]zégg) 13,60 to 22,91
L-N-80 3,071 0,066 7 (]39’22) 13,38 t0 22,47
C90 3,106 0,0718 (;52122) 13,01 to 21,69
C95, T95, X95 3,124 0,074 3 (;6481) 12,85 to 21,33
100 3,143 0,076 8 (;7523) 12,70 to 21,00
P105, G105 3,162 0,079 4 (;87’82) 12,57 t0 20,70
P110 3,181 0,0819 (;98’22) 12,44 to 20,41
120 3,219 0,087 0 (211’?13) 12,21 t0 19,88
Q125 3,239 0,0895 (223’8?) 12,11 t0 19,63
130 3,258 0,092 0 é%ﬁ’) 12,02 to 19,40
535 3,278 0,094 6 (2468:13) 11,92 t0 19,18
140 3,297 0,097 1 (257’2?) 11,84 t0 18,97
150 3,336 0,102 1 (37623) 11,67 to 18,57
155 3,356 0,104 7 (‘2182’82) 11,59 to 18,37
160 3,375 0,107 2 (203’22) 11,52 t0 18,19
170 3,412 01123 (226:%3) 11,37 to 17,82
180 3,449 01173 (24522) 11,21 to 17,47

a

b

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

The D/t range values and equation factors were calculated from Equations (E.2), (E.4),
(E.21), (E.22), (E.23), (E.26) and (E.27).
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E.1.4 Transition collapse pressure equation

The minimum collapse pressure for the plastic to elastic transition zone, pr, is calculated by Equation (E.5):
PT=fymn [F/(DIt) = Gl (E.5)

where

D is the specified pipe outside diameter;

F. |s the empirical constant in historical API collapse equation;
fymn s the specified minimum yield strength;
G, |s the empirical constant in historical API collapse equation;

pr |s the pressure for transition collapse;
t s the specified pipe wall thickness.

The equatfon for pt is applicable for D/t values from (D/t)pt, Equation (E.4) for plastic collapse pressure, to the
intersectiop (D/t),, with Equation (E.7) for elastic collapse. Values for (D/t),-are’calculated by Equation (E.6):

(DIt)e]=[2 + BlA)/[3(B/A)] (B.6)
where
4. ig the empirical constant in historical API collapse eguation;

i the empirical constant in historical API collapse equation.

The factor$ and applicable D/t ranges for the transition collapse pressure equation are shown in Table E.3.
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Table E.3 — Equation factors and D/t range for transition collapse

Grade @ Fe Ge DIt range P
H40 2,063 0,032 5 27,01to 42,64
-50 2,003 0,034 7 25,63 to 38,83
J55, K65 1,989 0,036 0 25,01 to 37,21
—60 1,983 0,037 3 24,42 t0 35,73
-70 1,984 0,040 3 23,38 to 33,17
C75, E75 1,990 0,0418 22,91 to 32,05
L-N-80 1,998 0,043 4 22,47 to 31,02
C90 2,017 0,046 6 21,6910 29,18
C95, T95, X95 2,029 0,048 2 21,33 to 28,36
-100 2,040 0,049 9 21,00 te,27,60
P105, G105 2,053 0,0515 20,700 26,89
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 0,089 9 19,40 to 23,94
S$135 2,133 0,061 5 19,18 to 23,44
-140 2,146 0,063 2 18,97 to 22,98
-150 2174 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
@  Gradeg-indicated without letter designation are not API grades but are grades in
use or grades’being considered for use and are shown for information purposes.
b The: DIt range values and equation factors were calculated from
Eduations (E.2), (E.4), (E.21), (E.22), (E.23), (E.26) and (E.27).

.1.5 Elastic;collapse pressure equation

e minimum collapse pressure for the elastic range of collapse, pg, is calculated by Equation (E.7)

nz = 46 95 x 108/[(D/H (DIt — 1)2]
L3 =} 4 1Y 7\ 7 1

where

D s the specified pipe outside diameter;

t is the specified pipe wall thickness.

The applicable D/t range for elastic collapse is shown in Table E.4.
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Table E.4 — D/t range for elastic collapse

Grade @ Dit range ?
H40 42,64 and greater
-50 38,83 and greater
J55, 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
C9a0 29,18 and greater
C95, T95, X95 28,36 and greater
-100 27,60 and greater
P105, G105 26,89 and greater
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
@8  Grades indicated without letter designation are not API grades but are
grades in use~or-grades being considered for use and are shown for
information purpeses.
b TheCHt range values were calculated from Equations (E.6), (E.21)
and (E.22).

E.1.6 Collapse pressure under axial tension stress

The collap|

to an axial

fyax =

where

streéss equivalent grade according to Equation (E.8):

174

Se resistance of casing in the presence of an axial stress is calculated by modifying the yield str¢ss

{[1_0-75(O_a[fymn)2] 12— 0.5 O_a/fymn}fymn

fyax is the equivalent yield strength in the presence of axial stress;

fymn

Oa

146

is the specified minimum yield strength;

is the component of axial stress not due to bending.

(E.8)
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Collapse resistance equation factors and D/t ranges for the axial stress equivalent grade are then calculated
by means of Equations (E.2), (E.4), (E.6), (E.21), (E.22), (E.23), (E.26) and (E.27). Using equation factors for
the axial stress equivalent grade, collapse resistance under axial stress is calculated by means of
Equations (E.1), (E.3), (E.5) and (E.7).

API collapse resistance equations are not valid for the yield strength of axial stress equivalent grade (fyax) less
than 24 000 psi.

Equation (E.8) is based on the Hencky-von Mises maximum strain energy of distortion theory of yielding.

E. 1 7 Effectof intermal pressure o cottapse

The external pressure equivalent of external pressure and internal pressure is determined by|[means of
Equation (E.9), where p; is the collapse pressure in the presence of internal pressure.

The equation is based on the internal pressure acting on the inside diameter and the“external pressure acting
on(the outside diameter.

Pei =Pc+ (1 -21D)p, (E.9)
where

D is the specified pipe outside diameter;
pe is the collapse pressure;

p; is the internal pressure;

t is the specified pipe wall thickness.

The value p,, is the collapse resistance calculated neglecting internal pressure, but accounting fof any axial
load as described in E.1.6. Equation (E.9) was taken from Reference [56].

E.R Derivation of collapse pressure equations

E.2.1 General

Of[the four equations used for collapse pressure, those for yield strength collapse and elastic collapse were
defived on a theoretical basis, the plastic equation was derived empirically from 2 488 collapsg tests for
grgdes K55, N80and P110, while the plastic/elastic transition collapse pressure equation was detg¢rmined on
an|arbitrary basis. The plastic and transition collapse equations and the modification of the elastjc collapse
eqpiation cohstant were developed by G. Hebard [117],

E.2.2 Yield strength collapse pressure equation derivation

For heavy wall pipe, the use of plastic collapse Equation (E.3) or pp could result in compression stresses
equalling or exceeding the yield strength. While there was experimental evidence that the collapse pressure
could exceed the external pressure causing yielding, it was thought unsafe to use a collapse pressure value
causing yielding. Therefore, the yield strength collapse is based on the pressure that generates minimum yield
stress on the inside wall of the tube, calculated by means of the Lamé Equation. The derivation of the Lamé
Equation can be found in books covering theoretical elastic stress analysis.
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E.2.3 Plastic collapse pressure equation derivation

Equation (E.3) for plastic collapse pressure, pp, and factors 4, B, and C, were derived by statistical
regression analysis from 402 collapse tests on K55, 1 440 collapse tests on N80, and 646 collapse tests on
P110 seamless casing. The data used are reported in Reference [55] (available upon request from the API
Dallas office). The data were gathered to represent the D/t ranges typically involved in plastic collapse for the
particular grades. The regression analysis resulted in the equations of the Stewart type shown in Table E.5
originally developed by Professor Reid Stewart of Western University, Allegheny, Pennsylvania, (predecessor
of the present University of Pittsburgh) and published as an American Society of Mechanical Engineers
(ASME) paper in May 1906. These regressmn equatlons [(E.10), (E 11)] for average collapse pressure are

substantia
API Bulleti

Statistical
following 1
sided toler

collapse pfessure equations to obtain minimum collapse pressure equations.
Co=1 (ep) Z, 8, (E.
tp(ep) = {14_g + u, [(1- up2/2f)/Nt + u1_62/2f] 1231 - up2/2f) (E.

f0,05(0,005) = {2,570 + 1,645 [(1-< 1,353 0/(

502 were based The dlfference in the new equatlons from the oId arises from the method
ing minimum values from the average values. The new minimum values were determinhed
a constant pressure determined for the particular grade from the average, while the old minim
e determined by reducing the average values by 25 %.

Table E.5 — Average plastic collapse pressure regression equations

1+ 1N+ (tID — a )Ny s, p)] 12 (E.

Average plastic collapse Coefficient Standard Equation
Grade - - of det. error
regression equation > number
R Sp
K55 pp = 164 450/(D/t) — 2 976 0,647 8 435 (E.10)
N80 pp = 245 600/(D/t) — 5 336 0,862 7 719 (E.11)
P110 pp = 349 800/(D/t) — 9 020 0,772 0 1048 (E.12)

Mminimum values for the regression equations are based on one-sided tolerance limits develoy
hethods that can be found in Reference [118].Equations (E.13), (E.14), (E.15) and (E.16) for o
ance limits are developed by such methods.-These tolerance limits are subtracted from the avera

N, - 1))/N, + 3,302 45/(N, — 1)] V2}[1 — 1,353 0/(N, — 1)] (E.

s the average value of #/D ratios used in the regression;

of
of

by
Lm

ed

ge

13)

14)

16)

148

empirical constant in historical API collapse equation;

specified pipe outside diameter;

degrees of freedom = N, — 1;

number of tests;

standard error of estimate of the regression equation;
standard deviation of #/D ratios used in the regression;

specified pipe wall thickness;
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Equation (E.14) was taken directly from Reference [118]. Equation (E.16) provides a correctior’ fq
from average /D used in the regression, and is based on information taken from Reference.[119].

Th

Eqpation to obtain the minimum collapse pressure equation. Regarding the term D - a,), the
solute value of this quantity occurring in the test data is to be used in Equation(E.16) for calculating Z,.

ab

Equation (E.15) was obtained from Equation (E.14) by taking the confidence)level to be 0,95 and
i substituting the corresponding values of u, = u g5 = 1,645 and u1_g <ug 995 = 2,574 obtained from a table

an
of

Values for the tolerance limit C, were calculated using Equations(E.13) through (E.16) and arg
Taple E.9.

Suptracting the tolerance limit C, values from the average collapse pressure Equations (E.1
i (E.12), the following Equations (E.17), (E.18) and™(E.19) presented in Table E.6 for minimum collapse
gssures, pp, are obtained:

a
p

= 3

These equations)for minimum plastic collapse pressure are based on the conception that there
bability or sconfidence level that the collapse pressure will exceed the minimum stated with no more
thgn 0,5 %.failures.

pra

W
fol

ISO/TR 10400:2007(E)

included does not exceed;

u fractile corresponding to confidence level p;

t tolerance interval corresponding to a confidence level of p that the proportion of the population not

uqg fractile, the deviation from the mean of a standardized normal cumulative distribution that includes

the fraction 1 - fp of the population;

Z correction factor for variation in #/D from average;

a tha nranortion-of the nopulation-notineludad
© tHE-PHO PO HOR-StHEe-pOpuatoR OG0

brobability integrals.

Table E.6 — Minimum plastic collapse equations for grades K, N and P

Average plastic collapse Equation

Grade . .
regression equation number
K55 pp = 164 450/(D/t) — 418 1 (E.17)
N80 pp =245 600/(D/t) — 729 1 (E.18)

P110 | pp =349 800/(D/r)- 118 75 |  (E.19)

}Igle Equations (E.17), (E.18) and (E.19) could be used in the form shown, they have been convg

r variation

e quantity C, is to be regarded as a tolerance limit to be subtracted from the ayerage collapsg pressure

maximum

g, =0,005

shown in

0), (E.11)

is a 95 %

rted to the

lowing standard form, primarily to facilitate extrapolation and interpolation to obtain collapse equations for

other grades for which adequate collapse test data are not available from which to obtain equations

Pp = fymn [A(DIt) = B~ C¢

where
4. is the empirical constant in historical API collapse equation;
B, is the empirical constant in historical API collapse equation;
C. s the empirical constant in historical API collapse equation;
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is the specified pipe outside diameter;

is the specified minimum yield strength;

is the pressure for plastic collapse;

is the specified pipe wall thickness.

The following factors 4., B, and C, for grades K55, N80 and P110, given in Table E.7, were curve-fit to

provide equations for determining these factors for other grades by extrapolation and interpolation:

fymn

Factors fo
Table E.8.

Table E.7 — Plastic collapse equation factors for grades K, N and P

Grade A B Ce
K55 2,990 0,054 1 1205
N80 3,070 0,066 7 1955
P110 3,180 0,0820 2855

,026 233 + 0,506 09 x 10‘6]’ymn

s the specified minimum yiéld strength.

s the empirical constant in historical API collapse equation;
s the empirical constant in historical APlcollapse equation;

s the empirical constant in historical’API collapse equation;

876 2+ 0,106 79 x 107 £y, + 0,213 01 x 10710 £ 2 — 0,531 32 X106 £

465,93 + 0,030 867 fyy, — 0,104 83 x 107 £, 12+ 0,369°89 x 10-13 £, 3

Table E.8 —¢(Plastic collapse equation factors for grades K, N and P as calculated

I grades K55, N80 ahd) P110 calculated using Equations (E.21), (E.22) and (E.23) are giver] in

Grade A B Ce
K55 2,991 0,054 10 1206
N8O 3071 0.066-70 1955
P110 3,181 0,081 92 2852

The maximum deviation of the factors determined by the equations from those determined by regression

analysis is

0,122 %.

The tolerance limit for Grades K55, N80 and P110 to be subtracted from average collapse equations to
convert to a minimum base are shown in Table E.9.

150
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Table E.9 — Tolerance limit C; to be subtracted from average
collapse equations to convert to a minimum base

Grade Ce
K55 1205
N80 1955
P110 2855

As|additional data become available, these equations can be verified or modified where necessary. Analysis

of ¢ollapse test data should conform to the principles followed in developing the present equations.

E.2.4 Transition collapse pressure equation derivation

When the curves of the equations for average plastic collapse pressures are extended to higher

D/t values,

thgy intersect the average elastic collapse pressure curve. However, as thé<curves for minimum plastic
collapse pressures are extended to higher D/t values, they fall below the minimum elastic collapsg pressure
curve without intersecting it. In order to overcome this anomaly, a plastic/elastic transition collapse pressure

€q
eqpation gives a collapse pressure of zero and is tangent to the“minimum elastic collapse

lation has been developed that intersects the D/t value where the -average plastic collapsé pressure

pressure

Equation (E.7). This equation is used to determine minimum collapse pressures between its tanggncy to the
elgstic collapse pressure curve and its intersection with the plastic’ collapse pressure curve. This i$ shown in

Figure E.1 for grade N80 casing.

The equation for plastic/elastic transition collapse pressure, pt, is of the Stewart form as follows:

PT =fymn [Fc/(D/t) - Gc]
where

D is the specified pipe outside diameter;

F. is the empirical constant in historical API collapse equation;
fymn is the specified mijnimum yield strength;

G. s the empiricalconstant in historical API collapse equation;
t is the specified pipe wall thickness.

The two conditions mentioned,

~

intersection with the average collapse pressure curve pp (average)= fymn [4./(Dlt) - 1
pp (average) = 0, and

b) tangent to the elastic curve,

pe = 46,95 x 108/[(DIt) (DIt — 1)2]

where

D is the specified pipe outside diameter;
pe is the pressure for elastic collapse;

t is the specified pipe wall thickness;

© 1SO 2007 — All rights reserved
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permit evaluation of 4, and B, according to Equations (E.26) and (E.27) as follows:

Fo=46,95 x 10 [(3 By/A)(2 + BJANPH fymn (3 BJAN2 + BolAg) = BJAJI = (3 BlA)(2 + BJA)} (E.26)

G.=F.BA, (E.
where
4. is the empirical constant in historical API collapse equation;

fymn

G

Cc

E.2.5 El3astic collapse pressure equation derivation

The minimum elastic collapse pressure equation was derived from the\theoretical elastic collapse press
equation developed by Clinedinst [54], where pg is the pressure for elastic collapse:

27)

s the empirical constant in historical API collapse equation;
s the empirical constant in historical API collapse equation;
s the empirical constant in historical API collapse equation;
s the specified minimum yield strength;

s the empirical constant in historical API collapse equation.

P = 2E/(1 = v3)/[(DIt) (DIt —1)4] (E.
where

D id the specified pipe outside diameter;

E i§ Young’s modulus;

t  ig the specified pipe wall thickness;

v i Poisson’s ratio.
The curve|plotted from the eguation for theoretical elastic collapse, assuming E =30 x 106 and v =10.3, y
found to b¢ an adequate upperboundary for collapse pressure as determined by test.
The averdge collapse-resistance equation adopted by APl in 1939 was taken as 95 % of the theoret

ure

as

cal

equation fpr elastic{Collapse resistance, rounded to two decimals. The minimum elastic collapse resistance

equation ddoptedsin~1968 was taken as 75 % of the average elastic collapse resistance equation, rounded to
three decimals:
PE = 46,95 X TOSTDT (DT = T)2] (E29)

where
D is
pE iS
t is
152

the specified pipe outside diameter;
the pressure for elastic collapse;

the specified pipe wall thickness.
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Y A

17 000

16 000 -

15000 |- /

14 000 |-

Pe = [(46,95 x 10)/(D/t) [(D/t) — 1]

13000 | Pye = 2(80 000)[(D/t) — 1/(D/t)]

/

12 000 -

11 000 |-
10 000 |-
9000 -
8 000 -
7000 |-
6 000 |-
P, =80 000{[3,070/(D/t)] — 0,066 7} — 195,5

5000 -

4000 -

/ppav = 80 000{[3,070/(D/t)] — 0,066 7}

p+ = 80 000{[1,998/(D/t)] — 0,043 4}

3000 |-

2000

1000

Key
X | Dfr
Y | _cellapse pressure, psi

D s the specified pipe outside diameter
t is the specified pipe wall thickness
Pe pressure for elastic collapse

pyp pressure for yield strength collapse
pp pressure for plastic collapse

Ppav Pressure for average plastic collapse
pt  pressure for transition collapse

Figure E.1 — Grade N80 transition collapse equation derivation
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Annex F
(informative)

Development of probabilistic collapse performance properties

F.1 Intraduction

F.1.1 Limitations of previous approach

The technical basis of the API Bulletin 5C3[2] collapse strength equations was developed in the“early 196s.
Various linpitations have been identified since their first publication, as follows.

a) Some|of the collapse tests[®5] were for short specimens (L/D = 2), which are now,known to overestimpate
the cdllapse strength of real pipe [65]. [66]. [98], [99],

b) The qollapse strength equations resulted in a widely varying margin between the ultimate and desjgn
collapse strengths over the D/t range for well tubularsl’ and thus also in predicted faillire
probapilityl11. [70],

c) The mean value equations were relatively poor predictors of.ultimate collapse strength, and modgrn
formulations have been shown to be much more accurate (TableF.2) 48],

d) The spme equations were used for both quenched and.tempered (Q&T) and non-Q&T pipe. Howeyer,
receni work [44l has shown that the two classes have different collapse behaviour, and therefore nged
indiviqual strength equations.

e) The follapse test specimens were manufactured using a wide range of production methgds
(e.g., peamless and welded, cold and hot, retary straightening), and no attempt was made to determfine
the vdrious effects on collapse strength~Subsequent workl[44] has demonstrated that both straightenjng
and heat treatment have a significant effect on collapse strength, and thus should be included explicitly in
any modern treatment.

f)  The fgrmulation for plastic collapse strength was implicitly based on the assumption that collapse strength
is proportional to the specified)minimum, rather than the actual, yield stress. This is acceptable as long|as
the rgtio of actual to specified minimum yield stress is constant for all grades. However, analysis| of
produgtion quality datal#8! has shown that this ratio varies considerably by grade, and thus that the
previdus treatment can/and should be improved.

g) Finally, the previous approach could not accommodate non-API grades, such as high-collapse (HC) pige.

Given that|this\is'the case, it can be asked why the new probabilistic treatment is given here, as an informafive
annex, with ‘the old (1963) method retained in Clause 8. There was a broad consensus in the workgroup that
the new collapse strength equations (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 F.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 F.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.

154 © 1SO 2007 — All rights reserved


https://standardsiso.com/api/?name=0ced06d1363af78a83458b09cc0e9985

ISO/TR 10400:2007(E)

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 equation for ultimate collapse strength
(Annex H).

Th
re
Th
da

€q

b direct method requires collapse test data for every pipe case (outside diameter, weight and, gifade), for a
resentative range of mills. As these data were not available, it was necessary to use the second|approach.
e advantage of the indirect method is that production quality data is more readily available thgn collapse

a, and in larger quantities. Collapse data is only necessary in order to choose(the ultima
Lation, and determine any empirical adjustment(s).

Th
bo

thgt, in general, the direct and indirect calculation methods give very similar results for both the
small dataset analyses!(871.

The probabilistic data were a combination of measurement data contributed by participating

po
su
(Fi

Mg
the

Th

ovérview of analysis details, and the reader is-referred to the literaturel52l [811, [103] for a fuller treatm

b accuracy of performance properties obtained using the indirect approachtdepends on the a
h the calculation method, and the probabilistic data. Comparison for individual pipe sizes (Table

entially governing design cases chosen by the workgroups~based on production experience.
th choices will be arbitrary to some extent, comparison with ensemble collapse
gures F.12, F.13) shows that the desired target reliability level is being achieved.

reover, the new performance properties give a snear-uniform predicted safety level (Figure
refore correct the primary limitation of the old collapse strength equations (Annex E).

b application of the method is described in the' following subclauses. Limited space precludes mg

e strength

ccuracy of
-.1) shows
large and

mills, and
While any
test data

.10), and

re than an
ent.
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Table F.1 — Comparison of design collapse strengths
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Table F.2 — Predictive accuracies (Q&T only)
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F.2 Selection of ultimate limit state equation

F.2.1 Collapse test data

Table F.2 lists the collapse test datasets [57]. [66]. [88], [96], [97], [100], 109], [110], [111], [112], [113], [114], [115], [116]
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 collappetestensembtetontained 3t 7t tests; brokemrdowmas fottows:
—  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 strength and geometry properties
(yield stregs, average outside diameter, average wall thickness, eccentricity, ovality, and_residual stress) were

accurately| measured prior to collapse testing. All datasets were QA checked, duplicate and suspect lines
rejected, and approved by unanimous consensus of the workgroup.

F.2.2 Candidate ULS equations
Eleven sets of predictive equations were evaluated against the Q&T collapse test results, namely:
— Abbagsian and Parfitt 1999al44l;

— API Blilletin 5C3 (for mean strength, i.e. with the down-rating factors for design collapse strength
removed)[2l;

— API Blilletin 5C3 mean strength (yield, elastic)/Clinedinst 1985 (plastic)!%6];
— Haag$ma and Schaap 1981[62l;

— Issa and Crawford 1993[67];

— Jianzgng and Taihe 2001[68!;

— Juet gl 199871,

— Klevef-Tamanol"l;

— Tamaho et al. 19831101];

— Tamaho modified 4[48l;

— Tokimasa‘and Tanaka 1986[105].

The equations of most of these are discussed in the referenced papers, with three exceptions. Abbassian and
Parfitt 1999a is an extension of Abbassian and Parfitt 1995[39l; the additions are empirically derived down-
rating factors for eccentricity and residual stress, and an empirical adjustment to the elastic collapse strength
term to avoid overprediction.

NOTE 1 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 adjustment to
the elastic collapse strength term, to give a flat actual/predicted strength response over the input and output
dataspaces (Adams 2000a,b[45]. [48]),
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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 equations were rederived, and suggestions made on
improvements to the old API equations. The various empirical coefficients were calibrated by Adams[® to
give a flat actual/predicted strength response over the input and output dataspaces (Figure F.2).

Y A
1,1
1
——1
——2
—_—3
——4
<—0,9 ] ] | ] >
X 06 -04 -02 0 02 04 06 X
Key
X | log (yield/elastic strength) 2 'Abbassian and Parfitt 1999a
Y | mean of actual/predicted collapse strength 3 Tamano modified 4
1 | Tamano et al. 1983 4 Klever-Tamano

Figure F.1 — Predictive accuracy (mean) vs. dataspace position
F.2.3 Predictive accuracy

F.2.3.1 Mean

Taple F.2 summarizes predictive accuracy for mean collapse strength by the ULS equation and dataset, as
well as for the API and-high-collapse (HC) ensembles. In each case, the tabular results show the|mean and
cogfficient of varian¢e)(COV) of actual collapse strength/ predicted collapse strength; thus, the most accurate
prgdictive equation_is the one with the mean nearest unity and the COV nearest zero. Only the pight best-
performing equations are shown.

NQTE Coefficient of variance (COV) is a dimensionless measure of the spread of a random variable, given by
stapdard deviation/mean.

Table-F 2 shows that the Klever-Tamanao (KT) equations have the best combination of a near-unitylmean and
a low COV, for both the API and HC ensembles. Moreover, they give by far the flattest actual/predicted
collapse strength response over the dataspace (Figure F.1). Accordingly, the KT equations 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 F.3). The
agreement is very good, with all the points in the range 0,97 to 1,00.
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Figure F.2 (continued)
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average outside diameter/average wall thickness
actual API yield stress, ksi

ovality, %

eccentricity, %

residual/actual API yield stress

axial/actual API yield stress
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X7 sample length/outside diameter
X8 log (yield/elastic strength)
Y [actual/predicted strength
+ | collapse tests
¢ | mean of collapse tests for each data band
Figure F.2 — Actual/Klever-Tamano predicted strength vs. dataspace position
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1.1
o 1
A2
1 59 O
©)
> 5 °
@)
a b
<_0 9 | | | |
-0,6 -0y4 -0,2 0 0,2 0,4 0,6
Key
X | log (yield/elastic strength)
Y | actual/predicted coefficient of variance
1 | Nippon 1977-2000
2 | Tenaris 2004
a8 | Yield.
b | Elastic:
Figure F.3 — Klever-Tamano predictive accuracy (dispersion) vs. dataspace positio
NOTE The COVs were calculated including cross-correlation between input variables[84]. This improves predictive

accuracy, but can be conservatively omitted for calculation of ratings, see F.3.3.

On the basis of their excellent predictive accuracy for both mean and dispersion, the Klever-Tamano
equations were chosen for calculation of collapse ratings.
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F.2.3.3 Model uncertainty

The model uncertaintyl80] 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 equations and the Q&T ensemble (2 986 collapse
tests, Table F.2), mean = 0,999 1, COV = 0,067 0, with a Gaussian distribution.

F.3 Input variable data

F.3.1 Anpalysis methods

F.3.1.1 |
The produ

surveyl48l,
distribution

— avera
— ovality
The PDF
Extreme d
parent pro
Leaving th
well below
Censoring

hand. If dg
as strong ¢

F.3.1.2 |

The ensen
F.4), using

Distribution type

ction quality data were taken from the collapse test datasets (Table F,2)\and the API 1999 d
s onto probability scales[52 [103], They werel49l:

je OD, average WT, yield stress, residual stress, and model uncertainty: Gaussian;

and eccentricity: two-parameter Weibull.

arameters were evaluated directly from the moments of the observed datasets[58l.

utliers were removed where necessaryl’9l. This\is because outliers are generally not from
cess, but are departures from it, typically duecto typos in data recording or to production errg
em in the dataset would therefore lead to_unrepresentative PDFs. The proportion of outliers v
1 % throughout.
is best done by the mills, when the.data and its correlation to manufacturing process is fresh

ne later, censoring can be performed using the probability scales plot, on which outliers will app
eviations from the best-fit line.

Ensemble PDFs

Monte Carlo apalysis[7]. This ensures that each dataset has equal weight.

F.3.2 Repults (individual datasets)

Tables F.3 and F:4 give production quality statistics for each input variable, and Figure F.4 presents the sa
data in grgphical form. Several trends can be identified, as follows:

ble PDF for each_input variable was obtained by sampling the individual dataset PDFs (Tables H.

ata

The distribution types for the input variables were determined by (plotling the data frequemcy

the

as

me

— yield stress bias varies with grade;

— mean

yield stress varies with batchl43l;

— vyield stress dispersion 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).
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Production quality data (APl survey only) — API yield stress

Table F.3
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Table F.3 (continued)
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Table F.4 — Production quality data (all datasets) — Other variables

Average OD Average WT Ovality Eccentricity Residual stress 2
Dataset Quantity Cold Hot Not
SL EW SL EW sL EW SL EW " . i,
Mean | 1,004 8 1,005 4 0,197 5,471 0,209 0,028 3
API 1981 cov (0,001 18 0,019 4 0,613 0,566 0,195 0,377
Samples| 140 140 140 140 84 56
Moan—| 400771 100081 100091 10014 0625 | 0402 | sg2s | 5414
API 1982 COV [0,00184(0,002 33| 0,0307 | 0,028 5 | 0,558 | 0,556 | 0,463 | 0,605
Samples| 64 77 64 77 64 77 64 77
Mean 0,298 | 0,603 | 7,927 | 4,534 | 01243
API 1985 cov 0,573 | 0,395 | 0482 | 0,706-{.0,278
Samples 321 38 321 38 261
Mean | 1,0058 1,005 8 0,345 5,769 0,123
API 1987 cov (0,001 25 0,026 4 0,588 0,479 0,63p
Samples 91 91 91 91 75
Mean | 1,004 8 1,017 6 0,239 5,204
J P ey RR 1" cov [0,00120 0,0225 0,433 0,291
Samples 54 54 54 54
Mean | 1,0017 1,035 0 0,424 11,43
Na”?gg?a”” cov [0,00276 0,028 9 0,550 0,374
Samples| 169 169 169 169
Mean | 1,003 5 0,995 7 0,166 4,883 0,269 0,019 6
1“;;;’?_‘;”7 cov (0,002 06 0,023+ 0,675 0,447 0,288 0,793
Samples| 1247 1247 1247 1247 235 710
Mean | 1,0055 1011 0 0,198 6,496
\Qaglgc;ti;eéc cov [0,001 49 0,024 0 0,593 0,411
Samples| 295 304 303 299
Mean | 1,0035 0,999 7 0,184 4,928 0,239 0,019 2
1 ghggf"z%%o Cov |@00175 0,024 4 0,727 0,428 0,440 0,705
Samplés]) " 583 577 575 578 121 426
NMear 1,005 8 1,012 5 0,182 3,342
M a”:g’j“rer cov 0,001 95 0,013 7 0,658 0,501
Samples 999 997 997 1000
Mean 1,009 0 1,027 6 0,534 1,857
N anUfaCturer CO\L 0002 441 00133 0. 425 0485
TG37 i i : i
Samples 62 62 62 62
Mean | 1,006 5 1,008 2 0,313 1,390
Ma”gfg}“rer cov [0,001 32 0,032 0 0,394 0,556
Samples| 203 208 201 208
Mean | 1,007 1 1,006 8 0,241 5,170 -0,211 | -0,142
Ma”;’éagé“rer cov (0,001 89 0,0217 0,338 0,317 0,383 | 0,189
Samples| 203 1320 204 194 84 54
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Table F.4 (continued)

Average OD Average WT Ovality Eccentricity Residual stress @
Dataset Quantity Cold Hot Not
SL EW SL EW SL EW SL EW .tr. .tr. .tr.
Mean | 1,005 6 1,001 0 0,122 3,493
Ma”#,f:ﬂ‘;t“rer cov [0,001 02 0,018 2 0,555 0,478
Samples| 1012 1012 1009 1008
Mean——1-6086-2 40444 8,269 276
Ma”ﬁﬁg;“ ° | cov [0,00110 0,035 7 0,389 0,592
Samples| 957 991 956 987
Mean | 1,006 4 0,181
Ma”j‘;aoﬁt“'er COV {0,001 34 0,410
Samples| 655 648
Mean -0,149
Manuractuter [ cov 0,652
Samples 32
Mean -0,185
Tenaris 20p2 cov 0,247
Samples 74
Mean | 1,006 4 | 1,007 4 | 1,0104 | 0,9903 | 0,227 | 0,328 | 4,699 1,484 | -0,206
DEA-13( COV |0,001 80(0,001 92| 0,017 1| 0,0136 | 0,460 0,539 | 0,495 | 0,477 | 0,297
Samples| 96 44 94 43 94 44 95 43 65
Mean -0,282 | -0,091
Manfactuter | cov 0232 | 0398
Samples 93 235
Ensemble ¢ Mean | 1,005 9 1,006 9 0,217 3,924 -0,237 | -0,138 | 0,022 4
COV 0,001 81 0,025 9 0,541 0,661 0,332 | 0,507 | 0,648
NOTE 1 SL = seamless, EW = welded
NOTE 2 The quantities measured were as’follows:
Variable Quantity Units  Distribution
Yield stress Actual API yield/nominal yield None Gaussian
Average OQ Average @D/mominal OD one Gaussian
Average W1 Average/ W T/nominal WT None Gaussian
Ovality (Maximum OD — minimum OD)/average OD % Two-parameter Weibull
Eccentricity (Maximum WT — minimum WT)/average WT % Two-parameter Weibull
Residual strpss”) Residual stress/actual API yield stress None Gaussian

NOTE 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: APl 1981, Mannesmann 1983;
— not known: API 1985, Japanese RR 1985-87.

a8  Sign convention: stress at ID face, tension positive.

¢ With each dataset normalized to the same number of samples.

b The HC dataset (75 lines) had a much higher bias, and is therefore not representative of API pipe.

4 For the geometric properties, the ensemble values were calculated from the post-1987 data only.
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Figure F.4 (continued)
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X1 mean

Xo mean, %

X3 mean, Kksi

Y coefficient of variance

seamless - pre-1987 data
seamless - post-1987 data

EW - pre-1987 data
EW - pncl’ 1087 data

API, co|d rotary straightened - post-1987 data
API, hot rotary straightened - pre-1987 data
cold rofary straightened - post-1987 data
hot rotgry straightened - pre-1987 data
not rotgry straightened - post-1987 data
0 trend lipe for cold rotary straightened product
1 trend lifpe for hot rotary straightened product

- =2 O 00 NOoO O b OGN -

NOTE 1 The quantities measured were as follows:

Variablle Quantity Basis Units
Averade outside diameter Average outside diameter/nominal outside{diameter Local

Averagde wall thickness Average wall thickness/nominal wall thickness Local

Ovality (Maximum outside diameter — minimum OD)/average OD Local %
Eccenfricity (Maximum WT — minimum WT)/average WT Local %
Residdal stress Residual stress/actual AP}.yield stress Local

Figure F.4 — Pipe dimension and stress data

It is therefpre necessary to prepare separate-collapse ratings for cold and hot rotary straightened product
principle, It is also necessary to prepare separate ratings for seamless and EW pipe; however, the |
production| data are currently insufficient-to permit this. Present results suggest that strengths calculated
seamless pipe are generally conseryative for welded pipe from the higher-performing mills[42].

F.3.3 Input variable correlation

Statistical |analysis[84] shows that, in general, the input variables have a slight negative cross-correlati

In
FW
for

pn.

Figure F.5|shows the &ffect of including cross-correlation. The predicted failure probabilities ¢ were calculated

using the productien, quality statistics for each of the larger collapse test datasets, for the down-rating fact

variables (compare Figure F.5 with Figure F.10, for which the same down-rating factors give ¢ very clossg

ors
ent
to

obtained fq:c)m independent variable analysis (F.5.4.1). ¢ for correlated variables is lower than for independ

the TRL). It is’therefore conservative to omit the effect, and treat the input variables as independent.
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1E-00

1E-01

1E-02

y
log (yield/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 API 1987 (107 tests)
Nippon 1988 HC (291 tests)

NQTE L80 seamless CRS, k, = 0,83, k, = 0,855.
Figure F.5 — Effect of input variable cross-correlation
F.3.4 Choice of data for calculation of‘ratings

Th
En

Th
an
rat
go
PO

b ensemble data in F.3.2 represents the historical range of aim points for yield stress, wall thic
semble PDFs may govern, and must'be considered when developing collapse ratings.

e other potentially governingycase is that of a single lot or batch. Production aim points may
where within the ranges(specified by ISO 11960 or API 5CT, commensurate only with an econ
b. The in-lot dispersion, is much lower than the ensemble dispersionl'92], and therefore a
erning case is the.in<lot PDF placed adjacent to the relevant tolerance limit. Figure F.6 illustrate
Fs for calculating‘eollapse performance properties, developed as given in Table F.5.

Table F.5 — Development of PDFs for potentially governing cases

Kness, etc.

be placed
bmic reject
potentially
s possible

Parameter o\,,r;:ﬁ,ee:;c:;ggn;e PDF dispersion given by
Yield stress minimum yield 15 000 psi between 0,5 % exceedence limits
Average WT 0,982 5 specified WT cov
Ovality 1% Cov
Eccentricity 20 % Cov
Residual stress (CRS) residuallyield = -0,4 Cov
Residual stress (HRS) residuallyield =-0,3 cov

For collapse, either the ensemble or the governing case PDF can govern, and hence both possibilities should
be considered.

© 1SO 2007 — All rights reserved
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Figure F.6 (continued)
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Key

X1 vyield stress, ksi

X2 average/nominal wall thickness
X3 ovality, %

X4 eccentricity, %

X5 residuallyield stress

Y probability

governing case, mean = 87,5; coefficient of variance = 0,033 3

dataset ensemble. (mnan = QQ’(\; coefficient of variance — n’ﬂf\’) 0)

governing case, mean = 0,985 0; coefficient of variance = 0,001
governing case, mean = 0,987 6; coefficient of variance = 0,002
dataset ensemble (mean = 1,006 9; coefficient of variance = 0,025 9)
dataset ensemble (mean = 0,217; coefficient of variance = 0,054 1)
governing case, mean = 0,660; coefficient of variance = 0,2
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

0 N O O W N -

Figure F.6 — Possible PDFs for calculation of design collapse strengths

F.4 Selection of design equation

F.4.1 Ultimate limit state equation

Kigver and Tamano 2004741 describes’the development of the KT equations. A slightly simplified version was
used, as below, to calculate the ultimate collapse pressure, p, .

Puit = {Pe uit T py utt) = L(Peurt — Py ult)2 +4pg ult Py ult Htult]wz}/[2 (1 = Hiyyy)] (F.1)
where

Peult= ke uls 2E/(1 - Vz) (Dave/tc ave) (Dave/tc ave — 1)2] (F.2)

Py ut = ky uls 2fy (tc ave/Pave) [1 + ¢ ave! (2Daye)] (F.3)

Hi1 = 0,127 ov + 0,003 9 ec — 0,440 (rs/f,) + hy,, with the limitation 7 > 0 (F.4)
and

D, s the average actual outside diameter;

Dpax 18 the maximum actual outside diameter;

Dpin 18 the minimum actual outside diameter;

E is Young’s modulus;

ec is the eccentricity, in percent; ec = 100 (25 max — e min)/%c ave
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fy is the actual yield strength of a representative tensile specimen;
hy is the stress-strain curve shape factor;

Hty: is a decrement factor;

ke ys 18 the calibration factor for ultimate elastic collapse: 1,089;

is the calibration factor for ultimate yield collapse: 0,991 1;

100 (D D AVAAY .
MY max “'min/"~ave’

ov is-the-ovalitytrpereentor—=

Pe ut | 18 the ultimate elastic collapse term;

Py uit | is the ultimate yield collapse term;

rs is the residual stress (negative for compression at ID face, positive for tension at\D face);

tc ave | I8 the average actual wall thickness;

< max| 18 the maximum actual wall thickness;

< min | i8 the minimum actual wall thickness;
1% is Poisson’s ratio.

sharp-knegd stress-strain curves (SSCs), for which no correctionis necessary (/,, = 0, Figure F.12). Howeyer,

collapse tgst results suggest that a small minority of Q& pipe has rounded-kneed SSCs, which reduce

collapse sfrength, and in this event 2, = 0,017 is required’ito give the desired TRL (Figure F.13; the avergge
for the four grades was taken).

The quan%ty h, was obtained empirically from collapse test data. The great majority of Q&T product has

The calibfation factors kg s and ks were-jalso obtained empirically, to give the flattest possiple
actual/predicted collapse strength response jinseach of the input variables, for the 2 986 Q&T collapse tgsts
(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.

4]

Collapse test results>'l suggest’that Equation (F.1) does not apply to very thin wall pipe [logsq(p,/pe) > ¢
with very High compressive residual stress (rs[fy <-0,5).

F.4.2 Depsign equation'(ensemble PDFs)

xternal-pressure only

S.
Fordesig, SAgtRAS—are—dUsea—WHeh—coRtat—a—satety—argi—approprate—to+thre—ae get
reliability level. In this case, the margin was obtained by applying multiplicative down-rating factors ky des and
ko 4es 10 the yield and elastic strengths respectively, as below.

(F:4)*to (F.4) are for ultimate collapse strength; that is, they predict when the casing actually f4i

Pdes = {(ke des Pe + ky des Py) — [(ke des Pe — ky des py)2 +4 ke des Pe Ky des Py Higes]"2}[2 (1~ Higeg)l  (F.5)

where

e = 2E/[(1 = v2) (DIf) ((DIf) - 1)4] (F.6)
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Py = 2fymn (D) [1 + (2D)]

and

D is the specified outside diameter;
E is Young’s modulus: 206,9 x 109 N/m2 (30 x 108 psi);

fymn is specified minimum yield strength;

(F.7)

No
rat

Fo
of
wit

Sj

it

Th

Higes 1S @ Uecrenent factor;

ke ges 18 the down-rating factor for design elastic collapse;
y des is the down-rating factor for design yield collapse;
Pdes IS the design collapse pressure;

Pe is the elastic collapse term;

Py is the yield collapse term;

t is the specified wall thickness;

v is Poisson’s ratio: 0,28.

te that p, and p, are calculated using the specified dimensions and the specified minimum y
ner than the actual values as for the ultimate strength.

[ calculation of case-specific collapse strengths,’the decrement factor Htys was obtained from
he relevant production variables, to give uniform scaling between the ULS and design strength
h sharp-kneed stress-strain curves, and the’ensemble means (Table F.4):

CRS  Hityes =(0,127 x 0,217)& (0,003 9 x 3,924) — [0,440 x (-0,237)] + 0=10,147 1
HRS  Hiyos =(0,127 x 0,247) + (0,003 9 x 3,924) — [0,440 x (-0,138)] + 0 = 0,103 6
hilarly, for pipe with rounded-kneed stress-strain curves:

CRS  Hityes £40;127 x 0,217) + (0,003 9 x 3,924) — [0,440 x (-0,237)] + 0,017 = 0,164 1
HRS  Higss =(0,127 x 0,217) + (0,003 9 x 3,924) — [0,440 x (-0,138)] + 0,017 =0,120 6

b working' in Equations (F.8) to (F.11) is given purely as an example of its later use in Annex |

ca

spIcific collapse strengths. For the probabilistic ratings in Clause F.6, Hty., was calculated from the

eld stress,

the means
5. For pipe

(F.8)

(F.9)

(F.10)
(F.11)

1 on case-
governing

ePDFs, resulting in 0,22 for CRS and 0,20 for HRS (F.5.3.3).

F.4.2.2 Combined loads

Axial tension reduces collapse strength, and internal pressure increases it. This subclause gives a method for
calculating collapse strength under one or both combined loads, based on Klever and Tamano 2004741,

Elastic collapse pressure is unaffected by axial tension, so Ap, is obtained from Equation (F.6) as before:

APe ges = ke ges 2E/[(1 ~ v2) (DIt) (DIt —1)?]

© 1SO 2007 — All rights reserved
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where Ap, is interpreted as a pressure difference p, — p;. The Tresca design yield pressure Apy T des IS

calculated as
APy T des = ky des nymn (D - 1)
The von Mises design yield pressure Apy me ges i Obtained as
APy yme des = (413172) ky des fymn [(D = 01 [1 = (FeglFy des)?1"2 = po - p;

where

(F.13)

(F.14)

Foff =Fa—pidi+po 4,

Fy des|™ ky desfymn Ag

and

7

q the area to ID =t (D — 2¢)%/4;

m.

the area to OD = &t D%/4;

Z

g the cross-sectional area = 4, — 4;;

a7

g the component of axial force not due to bending, tension positive;

i the internal pressure;

>
&

i the external pressure.

S
o

F
root-finding function in a mathematical spreadsheet:(see example, F.6.3.2).

(F.15)

(F.f16)

off IS itself a function of p, [Equation (F.15)]; thus, Equation (F.14) is solved either by iteration, or by using the

The actual yield collapse pressure is taken as\either the von Mises yield pressure or the average of the yon

Mises (vmg) and Tresca (T) yield pressures, depending on the position on the VME ellipse. Thus:

Apy dels = (Apy T des T APy vme des)2 if APy yme des > APy T des (F.[17)
Apy dek = APy vme des if APy yme des < APy T des (F.[18)
Apges s then calculated agin-Equation F.5, but with Apg and Ap, in place of pg and py:
Apges | {(Ape ggs Apy des) — [(APe ges — Apy, des)2 +4Apg ges Apy des 1L15d<es:|1/2}/|:2 (1 - Higeg)] (F.119)
Finally, thg external design pressure p, 4¢¢ is Calculated as
Do des = DPdes T Pi (F-20)
F.5 Risk-calibrated collapse ratings
F.5.1 Analysis methods
F.5.1.1 Model uncertainty
For probabilistic analysis, Equation (F.1) is multiplied by the model uncertaintyl9! giving:
Puit =mu{Pe it + Py ut) = (e uit = Py ut)? + 4Pe ut Py ur Hturd V221 = Ht )] (F.21)
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ere
mu is the model uncertainty;
Pe uit 18 the ultimate elastic collapse term, Equation (F.2);

Py ult is the ultimate yield collapse term, Equation (F.3);

and mu is a random variable.

Fl'n_mm
Predicted failure probabilities were calculated using FORM (First Order Reliability Method)~FEor independent

inp
for|
ad
de
tra

Bo
Re

F.5

Th
the

F.:

=

prd

Fig
0,d

pipe. This is far.too great a variation to be acceptable; moreover, the average values (Table F.4
different, and also vary with grade. It was therefore concluded that this approach was not suitable,
cided toradopt TRL = 0,5 % as specified (but not achieved) by the previous version.

de

ut variables, a Rackwitz 19761921 search routine was employed, with the normal tail approxima
non-Gaussian variables. For correlated variables, the correlated non-Gaussian variable set was
orrelated Gaussian set using the Nataf transformation[83], with transformed correlations as given
Kiureghian 1986[78] and mapped again to an independent non-standard Gaussian set with the

th methods were implemented as computer spreadsheets, and validated’ against SORM (Seg
iability Method), Monte Carlo, and textbook examples [46]. [47]. [84],

.1.3 Downrating factors

e required values of kg 4o @nd k, 4o Were calculated by iteration, to give the flattest possible res
dataspace for a given target reliability level (TRL).

5.2 Target reliability level

design code calibration, the target reliability\level (TRL) is often taken as the average prediq
bability for the previous version of the codé) This was obtained by:

calculating design collapse strength,-dsing API Bulletin 5C3[2I;
setting the external pressure ‘'equal to the design strength;

running the probabilistic analysis with the ensemble input PDFs (Tables F.3, F.4), and ultima
strength calculated using Equation (F.21).

ure F.7 shows typical resultsl47]. [86]. Predicted failure probability varies by five orders of magn
96 6 at the yield‘plastic boundary for CRS pipe, to 5,11 x 10~/ at the plastic-transition bound

ion(52] [81]
mapped to
by Liu and
orthogonal

nsformation(81l. Positions in the independent standard Gaussian space were ‘mapped back into the original
vatliable space via the Jacobian matrix[81l. A Hohenbichler and Rackwitz 1981(68] search routine wa

s adopted.
ond Order

ponse over

ted failure

e collapse

tude, from
ary for NS
) are very
and it was

Straightening TRL
Cold 1,26 x 1072
Hot 6,41 x 103
None 2,48 x 1073

© 1SO 2007 — All rights reserved

175


https://standardsiso.com/api/?name=0ced06d1363af78a83458b09cc0e9985

ISO/TR 10400:2007(E)

Y A
1E-00

1E-02

1E-04

1E-06

1E-08 ' ' ' '

Key
X specifigd outside diameter/specified wall thickness
Y predicted failure probability

1 cold rofary straightened
2 hot rotdry straightened
3 not strdightened

NOTE L80 seamless.
Figure F.7 — Predicted failure probabilities for API Bulletin 5C3 [2]
F.5.3 Selection of input data

F.5.3.1 Yield stress
The more pnerous of the ensemble and potential governing case PDFs was taken for each grade. In general,

the ensemple PDF is more onerous for.grades with narrow permissible yield stress ranges (e.g. T95), and the
governing case PDF more onerous fof 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 ccentricity; ovality, and residual stress

-or
see
- the
respective govermng case means in Equatlons (F 8) to (F. 11) mstead of the ensemble means also gives
nearly uniform reliability (Figure F.8)85].
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Y A
1E-00
S |
—— 2
1E-01
—— 3
— 4
1E-02
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 | governing case data, coefficients of variance = 0,2
3 | governing case data, coefficients of variance = 0,1
4 | target reliability level
NQTE L80 seamless CRS (k¢ = 0,825, ky = 0,855).
Figure F.8 — Predicted failure probabilities with potential governing case means in H{.
This shows that the effect of H1ye is almostindependent of the down-rating factors kg y4es @nd & ges| Therefore,
thg value of Hty,4 can be set for some.desired governing case combination of eccentricity, ovality apd residual
stress, and this value will (to a good approximation) apply for all grades, sizes, and weights.
Fidure F.9 shows the effect of\Hiyes On pipe mass!89l. Using the ensemble PDFs gives an avefage mass
increase of 1,2 % over all pipesizes, 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 agsumed for
eagh case (Figure F.6).-or calculation of collapse ratings, it was decided to use Hty.s = 0,2; this{ allows for
ong 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 Hty. is therefore
0,32 (= 0,20+0,017) for cold rotary straightened pipe, and 0,20 for HRS.
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Key
X thes
Y mass change, %, with respect to API Bulletin 5C3[2]

1 ensembple PDFs

One of pvality, eccentricity, residual stress governing case.
b Two of pvality, eccentricity, residual stress governing case.
¢ Ovality| eccentricity, residual stress all governing case.

Figure F.9 — Effectof Ht ., on pipe mass

Table F.7 summarizes the input data used for-calculation of design collapse ratings.

Table-F:7*— Summary of probabilistic data

Ensemble data Potential governing case data
Parameter Type Distribution 0,5 % exceedence | PDF dispersioh
Mean cov -
value located at given by
ensemble Gaussian Table F.3 Table F.3 n/a n/a
Yield sttess 2 potential 15 ksi between
governing Gaussian n/a n/a minimum vyield 0,5 % exceedenge
case limits
Averagd WT b ensemble Gaussian 1,006 9 0,0259 n/a n/a
Average l0D-¢. d ensemble Gaussian 1,005 9 0,001 81 n/a n/a
Ovality potential
Eccentricity governing Gaussian n/a n/a see footnotes see footnotes
Residual stress case &f
Model uncertainty 9| ensemble Gaussian 0,999 1 0,067 0 n/a n/a

Design strength calculated for both cases, and the lower values taken.
Normalized by specified wall thickness.

Normalized by specified outside diameter.

Low sensitivity factor (Figure F.15).

Htyes = 0,2 allows for one severe or two mild governing cases.
Ensemble PDFs used for calculation of k¢ ges @nd ky ges-

Q&T pipe dataset.

@ ™ 0 o O T o
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F.5.4.1

Down-rating factors

ISO/TR 10400:2007(E)

Down-rating factors (Table F.8) were calculated[®4 for seamless pipe, for cold and hot rotary straightening, for

a TRL of 0,5 %.

Table F.8 — Down-rating factors

Crade Cold rotary straightened | Hot rotary straightened
ke des ky des ke des ky des
H40 0,830 0,910 n/a n/a
J/IK55 0,830 0,890 n/a n/a
M65 0,830 0,880 n/a n/a
L80 0,825 0,855 0,825 0,865
L80 9Cr 0,825 0,830 0,825 0,840
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
C9a0 n/a n/a 0,825 0,850
C95 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

ted failure

aightening

Fo the sake of simplicity, k; 4os = 0,825 was adopted for all grades. Figure F.10 shows predig
prabability for the new design equations(®4l. It is\néarly constant, in contrast to the highly variable rgliability for
thqg previous equations (Figure F.7). Moreoyer, it is likewise nearly constant for all grades and st
megthods.
Y |
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X log (yield/elastic strength) 3 P110
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NOTE Seamless CRS, TRL = 0,005.
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Figure F.11 shows design margin, as predicted ULS strength/design strength, for both the old and new design
equations. The new equations give a much more uniform margin across the dataspace, and it is this which is
giving the more uniform predicted failure probabilities.

Y A
1,6

14 AA&WM

é s oY Sl
1,2 [X

5 15 25 35 45 X

Key
X  specified outside diameter/specified wall thickness
Y  margin

1 API Bylletin 5C3[2
2  probahilistic method (this annex)

NOTE L80 seamless CRS.

Figure F.11 — Comparison of design margin

F.5.4.2 Comparison with collapse test data

Figures F.12 and F.13 compare the proposed design collapse strengths against collapse test data (Table F|2).
The smallg¢r datasets are not statistically significant, and do not support firm conclusions. However, the larger
datasets show that the required TRL-is being achieved.

Y 4 Y 4
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a) L80 HRS (41 tests) b) P110 CRS (38 tests)

Figure F.12 (continued)
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Figure F.12 — Comparison of design collapse strengths with
collapse test data (sharp-kneed SSCs), /,, =0
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Figure F.13 — Calibration of 7, via design strength (rounded-kneed SSCs)
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It was, however, found necessary to omit six tests for 10 3/4 in 40.5 Ib/ft N80 with high residual stresses from
the test data catalogue, as all six tests gave low outliers (0,73 < actual/design strength < 1,01)311. 1t is

therefore s

uggested that Equation (F.1) does not apply to very thin wall pipe [|Og10(py/pe) > 0,4] with very high

compressive residual stress (rs[fy <-0,5).

F.5.4.3 Comparison with APl Bulletin 5C3 [2]

Figure F.14 shows the change in design collapse strength with respect to the API Bulletin 5C3 [2] values, for
seamless pipe and a TRL of 0,005[86]. A positive value denotes an increase in strength with respect to

Reference

[2], and a negative value a reduction in strength.

For Q&T ¢

RS product, the new design strengths are 13 % to 17 % lower than the old values at the high-fisk

peak (D/t+ 12 to 13), and 2 % to 7 % greater at the low-risk trough (D/t = 20 to 23). For Q&T HRSthe new

strengths are also 13 % to 17 % lower at the high-risk peak, and 3 % to 8 % greater at the low-risk traugh.

For non-Q

&T product, the new strengths are 9 % to 17 % less than the old values at thehigh-risk peak

(DIt=13t9 16), and 5 % to 11 % greater at the low-risk trough (D/t = 23 to 28).
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Figure F.14 (continued)
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