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Foreword

In contrast to the straightforward and conservative calculations that are typically found in design codes, more
sophisticated assessment of metallurgical conditions and analyses of local stresses and strains can more
precisely indicate whether operating equipment is fit for its intended service or whether particular fabrication
defects or in-service deterioration threaten its integrity. Such analyses offer a sound basis for decisions to
continue to run as is or to alter, repair, monitor, retire or replace the equipment.

The publication of the American Petroleum Institute’s Recommended Practice 579, Fitness-For-Service, in
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p assessment of the structural integrity of equipment containing identified flaws or damage. 'API

5, piping and aboveground storage tanks (APl 510, API 570 and API 653). The standardized
rvice assessment procedures presented in APl RP 579 provide technically-ssound co
Iches that ensure the safety of plant personnel and the public while aging €duipment cont
e, and can be used to optimize maintenance and operation practices, maintain availability and
g-term economic performance of plant equipment.
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bntatives of the Chemical Manufacturers Association, as well ,as-'some individuals associal

industries. It grew out of a resource document developed by Joint Industry Program on Fitn
b administered by The Materials Properties Council. Although it incorporated the best practice
Committee members, it was written as a Recommended Practice rather than as a mandatory sta

AP| was developing Fitness-For-Service methodology for the refining and petrochemical indu

ng the possibility of overlap, duplication and conflict in parallel standards, ASME and API for
5-For-Service Joint Committee in 2001, to-'develop and maintain a Fitness-For-Service stan
hent operated in a wide range of process, manufacturing and power generation industries.
bd that this collaboration would promote the widespread adoption of these practices by rg
The Joint Committee included the original members of the APl Committee that wrote Recom
e 579, complemented by a similar number of ASME members representing similar areas of exg
industries such as chemicals, power generation and pulp and paper. In addition tg
bntatives, it included sUbstantial international participation and subject matter experts from uni
nsulting firms.

b 2007, the Fjtness-For-Service Joint Committee published the first edition of APl 579-1/ASM
5-For-Service.

ements. Some of the more significant changes are the following:
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Yy 2000 provu':le(':l the rellnlng and petrocliemlcal mdustry with a compendlum of consensus methods for

RP 579
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016 publication of APl 579-1/ASME FFS-1 includes a number of modifications and technical

Expanded equipment design code coverage.

Added Annex for establishing an allowable Remaining Strength Factor (RSF).

Simplified Level 1 criterion for the circumferential extent of a Local Thin Area (LTA) through the

modification of the Type A Component definition and subdivision of Type B Components into
or Class 2.

Updated crack-like flaw interaction rules.

Re-wrote weld residual stress solution Annex for use in the assessment of crack-like flaws.

Class 1
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e Updated guidance on material toughness predictions for use in the assessment of crack-like flaws.

e Updated evaluation procedures for the assessment of creep damage.

e Added Annex covering metallurgical investigation and evaluation of mechanical properties in a fire

damage assessment.
o Developed new Part 14 covering the assessment of fatigue damage.

This publication is written as a standard. Its words shall and must indicate explicit requirements
essential for an assessment procedure to be correct. The word should indicates recommendations

good ractice but not essential _The word may indicate recommendations that are npfinnnl

Most gf the technology that underlies this standard was developed by the Joint Industry Program en
For-Sdrvice, administered by The Materials Properties Council. The sponsorship of the member,comp

that are
that are

Fitness-
anies of

this repearch consortium and the voluntary efforts of their company representatives are_acknowledged with

gratitugle.

The committee encourages the broad use of the state-of-the-art methods presented here for evalu

ating all

types pf pressure vessels, boiler components, piping and tanks. The commiittee intends to continuously

improVe this standard as improved methodology is developed and as user feedback is received. All u
encouraged to inform the committee if they discover areas in which thesé.procedures should be cg¢
or expanded. Suggestions should be submitted to the Secretary, API/ASME Fitness-For-Serv
ittee, The American Society of Mechanical Engineers, Two-Rark Avenue, New York, NY 1

erican National Standards Institute approved APl 579-1/ASME FFS-1 2016 in June, 2016.
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nmittee.

Although every effort has been made torassure the accuracy and reliability of the information that is pijesented

in this| standard, APl and ASME make no representation, warranty, or guarantee in connection
publication and expressly disclaim any liability or responsibility for loss or damage resulting from its u
the viglation of any regulationwith"which this publication may conflict.
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Special Notes

This international code or standard was developed under ASME/API Joint Committee on Fitness-For-Service
Policies and Procedures which were approved by ANSI and accredited as meeting the criteria for American
National Standards and it is an American National Standard. The Standards Committee that approved the
code or standard was balanced to assure that individuals from competent and concerned interests have had
an opportunity to participate. The proposed code or standard was made available for public review and
comment that provides an opportunity for additional public input from industry, academia, regulatory agencies,
and the public-at-large.

This dpcument addresses problems of a general nature. With respect to particular circumstancesphoeal, state,
and fe@leral laws and regulations should be reviewed.

Nothing contained in this document is to be construed as granting any right, by implication-or otherwisg, for the
manufpcture, sale, or use of any method, apparatus, or product covered by letters patent. Neithef should
anythipg contained in this document be construed as insuring anyone against liability, for infringement ¢f letters
patent

Neithey APl nor ASME nor any employees, subcontractors, consultants, committees, or other assignegds of API
or ASME make any warranty or representation, either express or implied, with respect to the afcuracy,
completeness, or usefulness of the information contained herein, or.assume any liability or responsibility for
any use, or the results of such use, of any information or process disclosed in this document. Neitherf API nor
ASME]|nor any employees, subcontractors, consultants, or other assignees of APl or ASME represent that use
of this [document would not infringe upon privately owned rights:

This dpcument may be used by anyone desiring to do so. “Every effort has been made to assure the accuracy
and rdliability of the data contained herein; however;API and ASME make no representation, warfanty, or
guarantee in connection with this document and hereby expressly disclaim any liability or responsibility for loss
or damage resulting from its use or for the violation of any requirements of authorities having jurisdiction with
which this document may conflict.

This document is published to facilitate ‘the broad availability of proven, sound engineering and operating
practides. This document is not intended to obviate the need for applying sound engineering judgment
regarding when and where this document should be utilized. The formulation and publication of this dpcument
is not intended in any way to inhibit anyone from using any other practices.

Classified areas may vary-depending on the location, conditions, equipment, and substances involved in any
given situation. Users of\this Standard should consult with the appropriate authorities having jurisdictign.

Work kites and equipment operations may differ. Users are solely responsible for assessing their| specific
equipment and premises in determining the appropriateness of applying the Instructions. At all tim¢s users
should employ.sound business, scientific, engineering, and judgment safety when using this Standard.

Users |of/this Standard should not rely exclusively on the information contained in this document.[ Sound
business, scientific, engineering, and safety judgment should be used in employing the information contained
herein.

APl and ASME are not undertaking to meet the duties of employers, manufacturers, or suppliers to warn and
properly train and equip their employees, and others exposed, concerning health and safety risks and
precautions, nor undertaking their obligations to comply with authorities having jurisdiction.

Information concerning safety and health risks and proper precautions with respect to particular materials and
conditions should be obtained from the employer, the manufacturer or supplier of that material, or the material
safety data sheet.
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All rights reserved. No part of this work may be reproduced, stored in a retrieval system, or
transmitted by any means, electronic, mechanical, photocopying, recording, or otherwise,
without prior written permission from the publisher.

Contact the Publisher, API Publishing Services, 1220 L Street, N.W., Washington, D.C.
20005.

Copyright © 2016 by the American Petroleum Institute and The American Society of
Mechanical Engineers
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1.1 ntroduction

111 Construction Codes and Fitness-For-Service
The ABME and APKnew construction codes and standards for pressurized equipment provide ruleg for the
design, fabricatioh,-inspection and testing of new pressure vessels, piping systems, and storage tanks, These
codes |typically{do not provide rules to evaluate equipment that degrades while in-service and deficiencies
\PI 510,
in-service

pressure vessels, piping systems, and storage tanks do address the fact that equipment degrades while in
service.

11.2

Fitness-For-Service Definition

Fitness-For-Service (FFS) assessments are quantitative engineering evaluations that are performed to

demonstrate the structural integrity of an in-service component that may contain a flaw or damage, or that may

be operating under a specific condition that might cause a failure.

This Standard provides guidance for

conducting FFS assessments using methodologies specifically prepared for pressurized equipment. The
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guidelines provided in this Standard can be used to make run-repair-replace decisions to help determine if
components in pressurized equipment containing flaws that have been identified by inspection can continue to
operate safely for some period of time. These FFS assessments are currently recognized and referenced by
the API Codes and Standards (510, 570, & 653), and by NB-23 as suitable means for evaluating the structural
integrity of pressure vessels, piping systems and storage tanks where inspection has revealed degradation
and flaws in the equipment.

1.2 Scope

1.2.1 Supplement to In-Service Inspection Codes

The methods and procedures in this Standard are intended to supplement and augment the réquiremgnts in
API 510, API 570, API 653, and other post construction codes that reference FFS evaluations such §s NB-

23.

1.2.2 Application Construction Codes

The assfssment procedures in this Standard can be used for FFS assessments-and/or rerating of equjpment
designefl and constructed to the following codes:

a) ASME B&PV Code, Section VIII, Division 1
b) ASME B&PV Code, Section VI, Division 2
c) ASME B&PV Code, Section |

d) ASME B31.1 Piping Code

e) ASME B31.3 Piping Code

f)  ASME B31.4 Piping Code

g) ASME B31.8 Piping Code

h) ASME B31.12 Piping Code

i)  AP| Std 650

i) AP|Std 620

k) AP| Std 530
123 OtherRecognized Codes and Standards

The asgeSsment procedures in this Standard may also be applied to pressure containing egqujpment
constructed to other recognized codes and standards, including international and internal corporate standards.
This Standard has broad applications since the assessment procedures are based on allowable stress
methods and plastic collapse loads for non-crack-like flaws, and the Failure Assessment Diagram (FAD)
Approach for crack-like flaws (see Part 2, paragraph 2.4.2).

a) If the procedures of this Standard are applied to pressure containing equipment not constructed to the
codes listed in paragraph 1.2.2, then the user is advised to first review the validation discussion in
Annexes 3A through 13A. The information in these Annexes, along with knowledge of the differences in
design codes, should enable the user to factor, scale, or adjust the acceptance limits of this Standard
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such that equivalent FFS in-service margins can be attained for equipment not constructed to these
codes. When evaluating other codes and standards the following attributes of the ASME and API design
codes should be considered:

1) Material specifications
2) Upper and/or lower temperature limits for specific materials

3) Material strength properties and the design allowable stress basis

Material fracture tauahness reauirements
J 1

Design rules for shell sections

Design rules for shell discontinuities such as nozzles and conical transitions
Design requirements for cyclic loads

Design requirements for operation in the creep range

Weld joint efficiency or quality factors

D) Fabrication details and quality of workmanship

|) Inspection requirements, particularly for welded joints

b) AB an alternative, users may elect to correlate the pressuré*containing component’s material spe

d an equivalent ASME or API listed material specification to determine a comparable allowabls
This approach provides an entry point into the ASME or API codes wherein the pressure-cd

omponent is reconciled or generally made equivalent to the design bases assumed for this S

(dee Annex 2C, paragraph 2C.2). Hence, general equivalence is established and the user n
rectly apply the acceptance limits of the (FFS procedures contained in this Standard. Equivaleft ASME

nd ASTM material specifications provide a satisfactory means for initiating reconciliation betw

d
al
ABME and API design codes and.other codes and standards. However, the user is cautioneg
c

wjth respect to minimum thickness calculation).

Remaining Life

The HFS assessment precedures in this Standard cover both the present integrity of the component
currenf state of damrage and the projected remaining life. Qualitative and quantitative guidg
establishing remaining life and in-service margins for continued operation of equipment are pro
regards to future‘operating conditions and environmental compatibility.

125

Assessment Methods for Flaw Types and Damage Conditions

ification
p stress.
ntaining
tandard
ay then

een the
to also
fficiency

given a
nce for
vided in

Assessment methods as well as material properties, Nondestructive Examination (NDE) guidelines, and
documentation requirements are included to evaluate flaws including: general and localized corrosion,
widespread and localized pitting, blisters and hydrogen damage, weld misalignment and shell distortions,

crack-like flaws including environmental cracking, laminations, dents, and gouges.

In addition, evaluation

techniques are provided for condition assessment of equipment including resistance to brittle fracture, creep
damage, and fire damage.
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Special Cases

The FFS assessment procedures in this Standard can be used to evaluate flaws commonly encountered in

pressure vessels, piping, and tankage. The procedures are not intended to provide a definitive guideline for
every possible situation that may be encountered. However, flexibility is provided to the user in the form of an
advanced assessment level to handle uncommon situations that may require a more detailed analysis.
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1.4.3.1

docume)
perform
cases th

1.4.3.2

rganization and Use

ents are described in Part 2 of this Standard. In addition, an overview of the acceptance
o0 qualify a component with a flaw is provided. First time users of the FFS assessment techng

dard should carefully review Part 2 prior to starting an analysis.
psponsibilities

Owner-User
her-User of pressurized equipment shall have overall responsibility for 'FFS assessments con

e procedures in this Standard, including compliance with appropriate jurisdictional and ins

opriate permanent equipment records. Many of the Ownet-User responsibilities are given to th
r (see paragraph 1.4.4).

Inspector

pector, working in conjunction with the Nohdestructive Examination (NDE) engineer, sh
ble to the Owner-User for determining that'the requirements for inspection and testing are m

the Inspector shall provide all neggssary inspection data required for a FFS assessn
nce with the appropriate Part of this_.Standard, and be responsible for controlling the overall acj
AW detection and sizing activitieS:, In some instances, as determined by the Owner-User, the Ing
b be responsible for the FES Jassessment, i.e. a Level 1 Assessment (see Part 2, paragraph 2.4

htation
Criteria
logy in

pleted
iIrance
pd with
b Plant

all be
et. In
ent in
curacy

pector
)-

Engineer

The Engineer vjs/ responsible to the Owner-User for most types of FFS assess
htation, and «esulting recommendations. The exception is that a Level 1 Assessment n
bd by an Inspector or other non-degreed specialist (see Part 2, paragraph 2.4). However, ir
e Engineer should review the analysis.

In-the context of this Standard, the term Engineer applies to the combination of the fo

ments,
ay be
these

lowing

disciplin

cunlace a2 cnacific dicoeinlina 1c oaitad diracthy A _EES ~ccacomant mav racuiira innnt from
S T eSepre—IS—ehea—atrecty—"—++o SSHeH+Hy—reguire—Hpuat—Hom

Aultiple

- T oo opPTT

engineering disciplines as described below.

a) Materials or Metallurgical Engineering — Identification of the material damage mechanisms, establishment
of corrosion/erosion rates, determination of material properties including strength parameters and crack-
like flaw growth parameters, development of suitable remediation methods and monitoring programs, and
documentation.

b) Mechanical or Structural Engineering — Computations of the minimum required thickness and/or MAWP
(MFH ) for a component, performance of any required thermal and stress analysis, and knowledge in the
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design of and the practices relating to pressure containing equipment including pressure vessel, piping,
and tankage codes and standards.

c) Inspection Engineering — Establishment of an inspection plan that is capable of detecting, characterizing,
sizing flaws or damage, and selection and execution of examination procedures in conjunction with
available Nondestructive Examination expertise.

d) Fracture Mechanics Engineering — Assessment of crack-like flaws using the principles of fracture
mechanics.

e) N’tmdestructive Examination (NDE) Engineering — Selection and development of methodsgitg
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aracterize, and size flaws or quantify the amount of damage, and the analysis and interpre
spection data.

rocess Engineering — Documentation of past and future operating conditions,/including nor
bset conditions, and identification of the contained fluid and its contaminant{levels that mé
bgradation of the component being evaluated.

Plant Engineer

context of this Standard, the term Plant Engineer applies to’,an’ engineer with knowledgg
hent containing the component requiring the FFS assessmerit.) The Plant Engineer may perfd
bl 1 Assessment and Level 2 Assessment and typicallyzhas certain knowledge of the engd
nes, or access to personnel with the necessary engirnieering disciplines knowledge requireg
hssessment to be performed, described in paragraph1:4.3.2.

Qualifications

Education and Experience

vel or amount of education and~eéxperience of all participants shall be commensurate
pXity, rigor, requirements and sighificance of the overall assessment. All individuals involved
demonstrate their proficiengy\to the satisfaction of the Owner-User.

Owner-User
wner-User shall uhdéerstand the overall process, the importance of each piece of equipmen

s, and the fajlure* consequences of each piece of equipment such that the Owner-User can
responsibilityfor the results of the FFS assessment performed (see paragraph 1.4.1). The]

bhall haves the ability and experience to recognize potentially damaging operations or eq
pns, and'to take remedial steps.

detect,
ation of
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shall be

[ to that
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Inspector

The Inspector shall be qualified and certified in accordance with the applicable post-construction Code, API
510, API 570, API 653, NB-23, or other post-construction code or standard required by the jurisdiction (see
paragraph 1.4.2). Nondestructive examination personnel responsible for data used in a FFS assessment

shall be certified to at least Level Il in accordance with industry standards such as the American Society for

Nondestructive Testing (ASNT) SNT-TC-1A, CP-189, ACCP, or equivalent.

The Inspector shall have

experience in the inspection, examination, or both, of the type of equipment and associated process that is the
subject of the FFS assessment.
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Engineer

The Engineer shall be competent to perform the level of assessment required (see paragraph 1.4.3). The
Engineer shall meet all required qualifications to perform engineering work within the applicable jurisdiction

and any

16 D

Definitio

supplemental requirements stipulated by the Owner-User.

efinition of Terms

ns of common technical terms used throughout this Standard may be found in Annex 1A.
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Types

out this Standard, references are made to various international codes, standards, recomni
5, and technical reports that cover:

Eign, fabrication, inspection, and testing of pressure vessels, piping, and tankage
ervice inspection of pressure vessels, piping, and tankage

S standards applicable to welded components

erials selection and behavior in process plants or other industrial environments

Code, Standards and Recommended Practices

r the use of these codes, standards, recommended practices and technical reports are stated i
I Annex of this Standard. The referenced™¢odes, standards, and recommended practices
] are listed in Table 1.1. The edition of the-Codes, standards, and recommended practices useg
5sessment shall be either the latest.edition, the edition used for the design and fabrication
ent, or a combination thereof. The Engineer responsible for the assessment shall determi
) to be used. The principles.cited in paragraph 1.2.3 and Annex 2C, paragraph 2C.2 sho
ed when making this determination.

Technical reports and. Other Publications

Ces to other publications that provide background and other pertinent information to the asseg
res used in this_Standard are included in each Part and Annex, as applicable.

ended

N each
in this
in the
of the
ne the
uld be

sment
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1.8 Tables

Table 1.1 — Codes, Standards and Recommended Practices

Title Identification

Pressure Vessel Inspection Code: Maintenance Inspection,

; - . API 510
Rerating, Repair and Alteration
Cak_:ula_uon of Heater-Tube Thickness in Petroleum API Std 530
Refingres
Piping Inspection Code: Inspection, Repair, Alteration, and

: ; L API 570
Rerafing of In-Service Piping Systems
Damage Mechanisms Affecting Fixed Equipment In The API RP 574
Refinjng Industry
Inspegction of Pressure Vessels APFRP 572
Inspegction of Fired Boilers and Heaters APRI RP 573
Inspegction Practices for Piping System Components API RP 574
Recommended Practice for Inspection of Atmospheric and API RP 575
Low Pressure Storage Tanks
Inspegction of Pressure Relieving Devices API RP 576
Weld|ng Processes, Inspection, and Metallurgy API RP 577
Recommended Practice for Positive Materials Identification API RP 578
(PMI
Recommended Practice for Risk-Based Inspection API RP 580
Base|Resource Document — Risk-Based Inspection API RP 581
Design and Construction of Large, Welded, Low-Pressure API Std 620
Storage Tanks
Welded Steel Tanks for Qil Storage API Std 650
Tank|Inspection, Repair, Alteratioh, and Reconstruction API Std 653
Steelp for Hydrogen Service) at Elevated Temperatures and API RP 941
Pressures
Avoiding Environmeéntal Cracking in Amine Units API RP 945
Natiohal Board-<laspection Code NB-23
Mininpum BResign Loads for Buildings and Other Structures ASCE 7
Ruleg RorConstruction of Power Boilers ASME B&PV Code Section |

Boiler and Pressure Vessel Code, Section Il, Part A —
Ferrous Material Specifications

ASME B&PV Code Section II, Part A

Boiler and Pressure Vessel Code, Section Il, Part B —
Nonferrous Material Specifications

ASME B&PV Code Section Il, Part B

Boiler and Pressure Vessel Code, Section I, Part D —
Properties

ASME B&PV Code Section II, Part D

n Elevated

Subsection NH - Class 1 Components
Temperature Service

ASME B&PV Code Section lllI, Division 1
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Table 1.1 — Codes, Standards and Recommended Practices

Title

Identification

Boiler and Pressure Vessel Code, Section VIII, Pressure
Vessels Division 1

ASME B&PV Code Section VIII, Division 1

Boiler and Pressure Vessel Code, Section VIII, Pressure
Vessels Division 2, Alternative Rules

ASME B&PV Code Section VIII, Division 2

Rules For In-service Inspection Of Nuclear Power Plant
Components

ASME B&PV Code Section XI

AIternaltive Method to Area Replacement Rules for
Openings Under Internal Pressure, Section VI, Division 1

ASME B&PV Code Case 2168

Alterngtive Rules for Determining Allowable Compressive
Stressg¢s For Cylinders, Cones, Spheres and Formed
Heads[Section VI, Divisions 1 and 2

ASME B&PV Code CaSe 2286

Factory Made Wrought Steel Buttwelding Fittings ASME B16.9
Manual fo_r Determmmg the Remaining Strength of XSME B31G
Corroded Pipelines

Power |Piping ASME B31.1
Process Piping ASME B31.3
Pipeling Tra}nsportatmn Systems for Liquid Hydrocarbons ASME B31.4
and Other Liquids

Gas Transmission and Distribution Piping System ASME B31.8
Hydroden Piping and Pipelines ASME B31.12
Specification for General Requirements for Steel Pates for ASTM A20
Pressure Vessels.

Standgrd  Specification  for  Electric>Fusion-Welded

Austenjtic Chromium-Nickel Stainless Steel Pipe for High- ASTM A358
Temperature Service and General Applications

Stan_dard Test Methods and Definitions for Mechanical ASTM A370
Testing of Steel Products

Generzl_l Requirements for:\Specialized Carbon and Alloy ASTM A530
Steel Hipe

Electrig-Fusion-Welded™ Steel Pipe for Atmospheric and ASTM A671
Lower [femperatures

Elect_r|(-Fu5|on-WeIded Steel Pipe for High-Pressure ASTM AG72
Servicg atModerate Temperatures
Carbon—and—-Alley——SteetPipe—FEleetreFuston-Welded—for

High-Pressure Service at High Temperatures ASTM AB91
Test Methods of Tension Testing of Metallic Materials ASTM E8
Standard Test Method for Measurement of Fatigue Crack ASTM E647
Growth Rates

Standard Practices for Cycle Counting in Fatigue Analysis ASTM E1049
Standard Test Method for Measurement of Fracture ASTM E1820

Toughness

1-8
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Table 1.1 — Codes, Standards and Recommended Practices

Title

Identification

Test Method For The Determination of Reference

Temperature, T,, For Ferritic Steels In The Transition ASTM E1921
Range

Standayd Guide for Examination and Evaluation of Pitting ASTM G46
Corrosion

Specification for Unfired Fusion Welded Pressure Vessels BS PD 5500
Methpds for the Assessment of the Influence of Crack

Growth on the Significance of Defects in Components BS PD 6539

Operating at High Temperatures

Methpd for Determination of K,c, Critical CTOD and Critical
J Valpies of Welds in Metallic Materials

BS 7448/Part 2

Codeg of Practice for Fatigue Design and Assessment of
Steel[Structures

BS7608

Guid¢ on Methods For Assessing the Acceptability of Flaws
in Mgtallic Structures

BS 7910

Design of Steel Pressure Pipes

DIN 2413 Part 1

Design of Steel Bends Used in Pressure Pipelines

DIN 2413 Part 2

Summary of the Average Stress Rupture Properties of
Wrought Steels for Boilers and Pressure Vessels

ISO/TR 7468-1981(E)

Deteg¢tion, Repair, and Mitigation of Cracking in Refinery
Equigment in Wet H,S Environments

NACE Std RP0296

Assegsment Procedure For High Temperature\-Response
Of Stfuctures

EDF Nuclear Energy R-5

Assegssment Of The Integrity of Structures Containing
Defegts

EDF Nuclear Energy R-6

A combined deterministic and probabilistic procedure for
safety assessment of components with cracks — Handbook

SSM Research Report 2008:01

Methpd of Assessment forFlaws in Fusion Welded Joints
with Respect to Brittle Fracture and Fatigue Crack Growth

WES 2805

1-9
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ANNEX 1A — GLOSSARY OF TERMS AND DEFINITIONS
(NORMATIVE)

This Annex contains definitions of terms that are used in this Standard, or terms that may be found elsewhere
in documents related to Fitness-For-Service evaluation.

1A1

1A2

1A3

1A4

1A5

1A6

1A7

Abs[a] or |a] — The definition of a mathematical function that indicates that the absolute value of the

arguments, a, is to be computed.

AET — Acoustic Emission Testing.

Alteration — The definition depends on the equipment type and in-service code as.shown belo

1)

2)

3)

4)

Pressure vessels (APl 510) — A physical change in any component having design imp
that affect the pressure-containing capability of a pressure vessel heyond the scope of t
described in existing data reports. It is not intended that tany comparable or ¢
replacement, such as the addition of any reinforced nozzlecequal to or less than the
existing reinforced nozzles, the addition of nozzles not requiring reinforcement, or rer
considered an alteration.

Piping Systems (API 570) — A physical change in any component or pipe routing (i
support system modifications), which have design.implications affecting the pressure-cq
capability of the piping system, including the»pressure vessels, tanks, and/or equi
services. For example, an alteration that involves the installation of a heavy valve near
nozzle may have design implications for the pressure vessel as well as the piping system

Storage tanks (APl 653) — Any work-@n a tank involving cutting, burning, welding, or
operations that change the overall physical dimensions and/or configuration of a tank.

Pressure Vessels (NB-23) — Any ¢hange in the item described in the original Manufacture
Report that affects the pressure containing capability of the pressure retaining item. Non-
changes such as an increase in the maximum allowable working pressure (internal or ext

W.

lications
e items
uplicate
size of
ating be

hcluding
ntaining
bment it
h vessel
itself.

heating

r's Data
physical
brnal) or

design temperature ofja‘ pressure retaining item is considered an alteration. A redyction in

minimum temperaturé-such that additional mechanical tests are required is also consid
alteration.

ASCC (Alkaline:Stress Corrosion Cracking) — The cracking of a metal produced by the c
action of corfosion in an aqueous alkaline environment containing H,S, CO,, and tensile
(residual-orapplied). The cracking is branched and intergranular in nature, and typically 9
carbon/steel components that have not been subjected to PWHT. This form of cracking h
been:referred to as carbonate cracking when associated with alkaline sour waters, and a
¢racking when associated with alkanolamine treating solutions.

ered an

bmbined
Stresses
ccurs in
ps often
5 amine

Bending Stress — The variable component of normal stress, the variation may or may not be linear
across the section thickness (see Annex 2C).

Bifurcation Buckling — The point of instability where there is a branch in the primary load versus
displacement path for a structure (see Annex 2C).

CET (Critical Exposure Temperature) — The CET is defined as the lowest (coldest) metal
temperature derived from either the operating or atmospheric conditions at the maximum credible
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coincident combination of pressure and supplemental loads that result in primary stresses. Note that
operating conditions include startup, shutdown and upset conditions. The CET may be a single
temperature at the maximum credible coincident combination of pressure and primary supplemental
loads if that is also the lowest (coldest) metal temperature for all other combinations of pressure and
primary supplemental loads. If lower (colder) temperatures at lower pressures and supplemental
loads are credible, the CET can be defined by an envelope of temperatures and pressures (see Part

3).

OV (Coefficient Of Variation) — A statistical measure of a distribution defined as the ratio of the

standard deviation of the distribution to the mean of the distribution.

Corrosion — The deterioration of metal caused by chemical or electrochemical attack ,as & resujt of its
Feaction to the environment (see Part 4).

Crack-Like Flaw — A flaw that may or may not be the result of linear rupture, but which has the
physical characteristics of a crack when detected by an NDE technique (see\RPart 9).

Creep — The special case of inelasticity that characterizes the¢ streéss induced time-depgndent
deformation under load, usually occurring at elevated temperatures (see Part 10).

Creep Damage — In polycrystalline materials (e.g. metals) €re€p damage results from the mgtion of
dislocations within grains, grain boundary sliding and microstructural diffusion processes witlin the
crystalline lattice. The resultant grain boundary veids, or grain and grain boundary distprtions
damage), generally impairs the materials strain hardening capability (see Part 10).

Creep Rupture — An extension of the creep_process to the limiting condition of gross section|failure
frequently termed creep fracture). ThexStress that will cause creep fracture at a given time in a
Specified environment is the creep rupture strength (see Part 10 and Annex 10B).

Cycle — A cycle is a relationship between stress and strain that is established by the specified Ipading
at a location in a vessel or-omponent. More than one stress-strain cycle may be producqd at a
ocation, either within an(event or in transition between two events, and the accumulated fatigue
damage of the stress:strain cycles determines the adequacy for the specified operation at that
ocation. This determination is made with respect to the stabilized stress-strain cycle.

Cyclic Loading— The application of repeated or fluctuating stresses, strains, or stress intensjties to
ocations gn:structural components (see Part 14).

CyclicService — A service in which fatigue becomes significant as a result of the cyclic nafure of
Imeehanical and/or thermal loads. A screening criterion is provided in Part 14 that can be Used to
determine if a fatigue analysis is required as part of a Fitness-For-Service assessment.

Damage Mechanism — A phenomenon that induces deleterious micro and/or macro changes in the
material conditions that are harmful to the material condition or mechanical properties. Damage
mechanisms are usually incremental, cumulative, and unrecoverable. Common damage mechanisms
are associated with chemical attack, creep, erosion, fatigue, fracture, embrittlement, and thermal aging
(see Part 2 and Annex 2B).
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Design Pressure — The pressure used in the design of a pressure component together with the
coincident design metal temperature, for the purpose of determining the minimum permissible
thickness or physical characteristics of the different zones of the pressure equipment. Static head and
other static or dynamic loads are included in addition to the equipment design pressure where
applicable.

Ductility — The ability of a material to plastically deform without fracturing. Ductility is measured as
either the reduction in area or elongation in a tensile test specimen.

Elastic Follow-up — A structural behavior where the elastic material surrounding a regjon with
material non-linearity (i.e. plasticity, creep or combined plasticity and creep) resultscin ‘th¢ region
experiencing loading conditions between the extremes of load-controlled (primary stress) an strain-
controlled (secondary stress). The material non-linearity in the region results-in a redyction in
structural stiffness and subsequent strain concentration.

Equipment Design Pressure — The overall design pressure of the* pressure equipment or
assemblage. For pressure vessels, it is the design pressure required-at the top of the vessel in its
operating position.

Equipment MAWP — The maximum permissible pressure @fthe pressure equipment or assgmblage

at the designated coincident design metal temperaturey 1t is the smallest of the values found for
maximum allowable working pressure of all the esseftial parts/components of the equipmgnt minus
the static head (if any) for that component. Forpressure vessels, it is the maximum pgrmissible
pressure at the top of the vessel in its normal.operating position for a designated temperaTure. For
pressure vessels built to the ASME B&PV Cade) this is the nameplate MAWP and is the basis for the
set point pressure of the relieving devicesprotecting the vessel.

Erosion — The destruction of metahby the abrasive action of a liquid or vapor (see Part 4).

Event — The Owner-Users!_Specification may include one or more events that produce fgtigue or
creep damage. Each eventconsists of loading components specified at a number of time points over
a time period and is repeated a specified number of times. For example, an event may be the| startup,
shutdown, upset condition, or any other cyclic action. The sequence of multiple events [may be
specified or random.

exp[x] = The mathematical function €.

FAD(Failure Assessment Diagram) — The FAD is used for the evaluation of crack-like [flaws in
€omponents (see Part 2 and Part 9).

Fatigue — The damage mechanism resulting in fracture under repeated or fluctuating stresses having
a maximum value less than the tensile strength of the material (see Part 14).

Fatigue Limit — The fatigue limit or fatigue endurance limit is the highest stress or range of stress that
can be repeated indefinitely without failure of the material.

Fatigue Strength — The maximum cyclic stress a material can withstand for a given number of cycles
before failure occurs.
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Fatigue Strength Reduction Factor — A stress intensification factor which accounts for the effect of a
local structural discontinuity (stress concentration) on the fatigue strength. It is the ratio of the fatigue
strength of a component without a discontinuity or weld joint to the fatigue strength of that same
component with a discontinuity or weld joint. Values for some specific cases are empirically
determined (e.g. socket welds). In the absence of experimental data, the stress intensification factor
can be developed from a theoretical stress concentration factor derived from the theory of elasticity or
based on the guidance provided in Annex 14B.

CA (Future Caorrosion Allowance) — The corrosion allowance required for the future operational

period of a component.

Fillet Weld — A weld of approximately triangular cross section joining two surfaces approximgtely at
Fight angles to each other in a lap joint, tee joint, or corner joint.

FFS (Fitness-For-Service) Assessment — A methodology whereby flaws, or<a damage state in a
component is evaluated in order to determine the adequacy of the component for continued opgration

see Part 2).

FFlaw — A discontinuity, irregularity, or defect that is detected by inspection.

Fracture Mechanics — An engineering discipline concerned.with the behavior of cracks in materials.
Fracture mechanics models provide mathematical relationships for critical combinations of [stress,
crack size and fracture toughness that lead to crack propagation. Linear Elastic Fracture Medhanics
LEFM) approaches apply to cases where crack “propagation occurs during predominately [elastic
oading with negligible plasticity. Elastic-Plastic Fracture Mechanics (EPFM) methods are suitgble for
materials that undergo significant plastic deformation during crack propagation (see Part 9).

Girth Weld — A butt weld joining platé sections along the circumferential direction of a cylinder or
cone.

Gouge — An elongated local:mechanical removal and/or relocation of material from the surfage of a
component, causing a reduction in wall thickness at the defect; the length of a gouge is much greater
than the width and the(material may have been cold worked in the formation of the flaw. Goudes are
fypically caused by~mechanical damage; for example, denting and gouging of a section of gipe by
mechanical equipment during the excavation of a pipeline (see Part 12).

Groove —‘A-local elongated thin spot caused by directional erosion or corrosion; the length|of the
Imetal lgss/is significantly greater than the width (see Part 5).

GroesS Structural Discontinuity — Another name for a Major Structural Discontinuity (see Qarggragh
1A.54).

Groove-Like Flaw — A surface flaw with a small, but finite, tip (or frontal) radius wherein the flaw
length is very much greater than its depth. Groove-like flaws are categorized as either a groove or
gouge (see Part 5 and Part 12).

HAZ (Heat-Affected Zone) — A portion of the base metal adjacent to a weld that has not been melted,
but whose metallurgical microstructure and mechanical properties have been changed by the heat of
welding, usually with undesirable effects.
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HIC (Hydrogen-Induced Cracking) — Stepwise internal cracks that connect adjacent hydrogen
blisters on different planes in the metal, or to the metal surface. An externally applied stress is not
needed for the formation of HIC. In steels, the development of internal cracks (sometimes referred to
as blister cracks) tends to link with other cracks by a transgranular plastic shear mechanism because
of internal pressure resulting from the accumulation of hydrogen. The link-up of these cracks on
different planes in steels has been referred to as stepwise cracking to characterize the nature of the
crack appearance. HIC is commonly found in steels with: (a) high impurity levels that have a high
density of large planar inclusions, and/or (b) regions of anomalous microstructure produced by

Segregation of impurity and alloying elements in the steel (See Part 7).

Hydrogen Blistering — The formation of subsurface planar cavities, called hydrogen\blisté¢rs, in a
metal resulting from excessive internal hydrogen pressure. Growth of near-surface blisterg in low-
strength metals usually results in surface bulges. Hydrogen blistering in steel inyolves the aljsorption
and diffusion of atomic hydrogen produced on the metal surface by the sulfidexCorrosion procgss. The
development of hydrogen blisters in steels is caused by the accumulation of‘hydrogen that recombines
to form molecular hydrogen at internal sites in the metal. Typical sitesfor the formation of hydrogen
blisters are large non-metallic inclusions, laminations, or other discantinuities in the steel. Th|s differs
from the voids, blisters, and cracking associated with high-température hydrogen attack (see Rart 7).

Inclusion — A discontinuity in a material, usually consisting of a non-metallic compound |(oxides,
silicate, etc.) encapsulated in a metallic matrix as unintentional impurity.

Incomplete Fusion — Lack of complete melting and coalescence (fusion) of some portion of the metal
in a weld joint.

Incomplete Penetration — Partial penetration of the weld through the thickness of the joint.

In-Service Margin — Stated in termis-6f applied loads, the ratio of the load that will produce 4 limiting
condition to the applied load in the assessed condition. Similar definitions may be develpped for
parameters other than load«.For example, the safety margin on fracture toughness is definefd as the
ratio of the fracture toughness of the material being assessed to the fracture toughness to produce a
limiting condition (see"Part 9).

Jurisdiction —A Jlegally constituted government administration that may adopt rules relating to
pressurized cemponents.

Limit ARalysis — Limit Analysis is a special case of plastic analysis in which the material is gssumed
to belideally plastic (non-strain-hardening). In limit analysis the equilibrium and flow charactefistics at
the-limit state are used to calculate the collapse load (see Annex 2C).

Limit Analysis Collapse Load — The methods of limit analysis are used to compute the maximum
load a structure made of an ideally plastic material can carry. The deformations of an ideally plastic
structure increase without bound at this load, which is termed the collapse load (see Annex 2C).

Local Primary Membrane Stress — A membrane stress produced by pressure, or other mechanical
loading associated with a primary and/or a discontinuity effect would, if not limited, produce excessive
distortion in the transfer of load to other portions of the structure. To be conservative, this stress is
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classified as a local primary membrane stress even though it has some characteristics of a secondary
stress (see Annex 2C).

Local Structural Discontinuity — A source of stress or strain intensification that affects a relatively
small volume of material and does not have a significant effect on the overall stress or strain pattern,
or on the structure as a whole. Examples are small fillet radii, small attachments, and partial
penetration welds (see Annex 2C).

Longitudinal Weld — A full penetration butt weld joining plate sections along the longitudinal axis of a
cylinder or cone.

| TA — Locally Thin Area (see Part 5).

Major Structural Discontinuity — A source of stress or strain intensification thatCaffects a relatively
arge portion of a structure and has a significant effect on the overall stress @r strain pattern|of the
Structure as a whole. Examples are head-to-shell and flange-to-shell junctiensy nozzles, and jupctions
between shells of different diameters or thicknesses (see Annex 2C).

MAT (Minimum Allowable Temperature) — The lowest permissible metal temperature for g given
material at a specified thickness based on its resistance to-lrittle fracture. It may be a|single
temperature, or an envelope of allowable operating temperatures as a function of pressure. The MAT
s derived from mechanical design information, materials,specifications, and/or materials data (see

Part 3).

MAWP (Maximum Allowable Working Pressure)— The maximum gauge pressure adjusted fof liquid
head for a component in its operating position\at the design temperature, based on calculation$ using
the current minimum thickness, exclusive(of thickness required for future corrosion allowange and
supplemental loads. Note that this term is also applied to piping components. For comppnents
containing a flaw, the MAWP is alsa@ a function of the Remaining Strength Factor (see Part 2).

MAWP, (Reduced Maximum. Allowable Working Pressure) — Reduced maximum allowable working
pressure of the damaged Component.

Max[a;, a,, as,.., aj].< The definition of a mathematical function that indicates that the maximun value
pf all of the arguments, a;, is to be computed.

Membrane (Stress — The component of normal stress that is uniformly distributed and equalfto the
average value of stress across the thickness of the section under consideration (see Annex 2C)

MEH_(Maximum Fill Height) — The maximum height permitted for a liquid with a given specific gravity

I arl CltIIIUD[J:ICIib DtUIaHC tall:’\ at t:IC dCD;UII tCIIIlJCICltuIC babcd UTl ua:uu:atEU| 1S5 UD;IIU thc Urrent
minimum thickness for all critical shell elements, exclusive of thickness required for future corrosion
allowance and supplemental loads. For components containing a flaw, the MFH is also a function of
the Remaining Strength Factor (see Part 2).

Min[ay, a,, as,.., @] — The definition of a mathematical function that indicates that the minimum value of
all of the arguments, a;, is to be computed.
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Minimum Allowable Thickness — The thickness required for each element of a vessel based on

calculations considering temperature, pressure, and all loadings (see Annex 2B).

ant load

MDMT (Minimum Design Metal Temperature) — The lowest temperature at which a signific

can be applied to a pressure vessel as defined by the ASME Code, Section VI, Division 1 (see Part
3).

MT — Magnetic particle examination.

I’\‘IIDE l’\\}ulldcotluut;vc CI\G.III;II(J.t;UI 1.

Nil-Ductility Temperature — A temperature at which an otherwise ductile material subject tq
cracks in a manner characteristic of a brittle fracture.

a load,

Normal Stress — The component of stress normal to the plane of reference (this’is also referied to as

a direct stress). Usually the distribution of normal stress is not uniform through*the thickness ¢
so this stress may be considered to be made up of two components:\*One stress comp
uniformly distributed and equal to the average value of stress acrgss”the thickness of the
under consideration, and the other stress component varies with the location across the
thickness.

Notch Sensitivity — A measure of the reduction in the strength of a metal caused by the prese
stress concentration.

Notch Toughness — The ability of a material to, resist brittle fracture under conditions of hig
concentration, such as impact loading in the ptésence of a notch.

On-Stream Inspection — The use of any’of a number of nondestructive examination proce
establish the suitability of a pressurized component for continued operation. The pre
component may, or may not, be in_.gperation while the inspection is performed.

Operational Cycle — An~eperational cycle is defined as the initiation and establishment
conditions followed by a_return to the conditions that prevailed at the beginning of the cycle
types of operational-Cycles are considered: the startup-shutdown cycle, defined as any cycle
atmospheric temperature and/or pressure as one of its extremes and normal operating cond
its other extreme; the initiation of, and recovery from, any emergency or upset condition that
considered in"the design; and the normal operating cycle, defined as any cycle between sta
shutdewn that is required for the vessel to perform its intended purpose.

Peak Stress — The basic characteristic of a peak stress is that it does not cause any ng

f a part,
bnent is
section
section

nce of a

h stress

Hures to
Ksurized

of new

Three
that has
tions as
must be
tup and

ticeable

dictartion and ic ahiacticonahla anlhy ac o naccoihla catirea Af o faotiniia cracle Ar o heittla frad
eHStoHHoH—e CHORAREe—OhTY e—e+—a—t S CK— Ottt

ture. A

ro—oojeTtrotoe oo PO IO OOt S

stress that is not highly localized falls into this category if it is of a type, which cannot cause noticeable
distortion (see Annex 2C). Examples of peak stress are: the thermal stress in the austenitic steel
cladding of a carbon steel vessel, the thermal stress in the wall of a vessel or pipe caused by a rapid

change in temperature of the contained fluid, and the stress at a local structural discontinuity.

Pitting — Localized corrosion in the form of a cavity or hole such that the surface diameter of the cavity

is on the order of the plate thickness (see Part 6).
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Plastic Analysis — A stress analysis method where the structural behavior of a component under load
is computed considering the plasticity characteristics of the material including strain hardening and
stress redistribution (see Annex 2C).

Plastic Instability Load — The plastic instability load for a structure under predominantly tensile or
compressive loading is defined as the load at which unbounded plastic deformation can occur without
further load increase. At the plastic tensile instability load, the true stress in the material increases
faster than the strain hardening can accommodate (see Annex 2C).

Plasticity — A general characterization of material behavior in which the material undergeds time
ndependent non-recoverable deformation (see Annex 2C).

POD (Probability Of Detection) — A measure of the ability to detect a flaw or ‘indication in a
component using a standard NDE technique on a consistent basis.

Primary Stress — A normal or shear stress developed by the imposed loading that is necessgary to
satisfy the laws of equilibrium of external and internal forces and moments:»The basic charactelfistic of
B primary stress is that it is not self-limiting. Primary stresses that \Considerably exceed the yield
strength will result in failure or at least in gross distortion. A thermal stress is not classifiefl as a
primary stress. Primary membrane stress is divided into genéral and local categories. A deneral
primary membrane stress is one that is distributed in the strcture such that no redistribution ¢f load
pccurs as a result of yielding. Examples of primary stréss’are general membrane stress in a gircular
cylindrical or a spherical shell due to internal pressurfée or to distributed live loads and the bending
Stress in the central portion of a flat head due to pressure. Cases arise in which a membrane|stress
produced by pressure or other mechanical“oading and associated with a primary anfd/or a
discontinuity effect would, if not limited, produce excessive distortion in the transfer of load t¢ other
portions of the structure. To be consgérvative, this stress is classified as a local primary membrane
Stress even though it has some characteristics of a secondary stress. A primary bending stregs can
be defined as a bending stress déveloped by the imposed loading that is necessary to satisfy thHe laws
pf equilibrium of external and-internal forces and moments (see Annex 2C).

PSF (Partial Safety Factor) — A deterministic parameter (derived from statistical consideratiorls) that
Fepresents a level of\uncertainty or importance for a specific field variable. For example, in a ffacture
mechanics analysis; distinct PSF’'s may be applied to each of the loading, material toughnegs and
crack sizingvatiables. In combination these factors yield a desired level of confidence (i.e. degree of
safety) in<the calculated fracture assessment result. Where the method is prescribed, tabulatigns are
providédvthat map the required (or critical) analysis variables to a user selected risk level ahd the
pssaCiated PSF multiplier. As an application example, the PSF methodology is well established in the

2oaeRe aRcetactorbe ee' Part 2
and Part 9).

PT — Liquid penetrant examination.

PWHT (Postweld Heat Treatment) — Uniform heating of a weldment to a temperature below the
critical range to relieve the major part of the welding residual stresses, followed by uniform cooling in
still air.
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Ratcheting — A progressive incremental inelastic deformation or strain that can occur in a component
subjected to variations of mechanical stress, thermal stress, or both (thermal stress ratcheting is partly
or wholly caused by thermal stress). Ratcheting is produced by a sustained load acting over the full
cross section of a component, in combination with a strain controlled cyclic load or temperature
distribution that is alternately applied and removed. Ratcheting causes cyclic straining of the material,
which can result in failure by fatigue and at the same time produces cyclic incremental growth of a
structure, which could ultimately lead to collapse (see Part 14).

Recognized Code ar Standard — A term used to define a code or standard that is recognized by a

local jurisdiction (see Part 1, paragraphs 1.2.2 and 1.2.3).

Reference Stress — A quantity that is used to account for plasticity effects in the FAD/methpd. The
reference stress is computed by multiplying the primary stress by a dimensionltess factor tfhat is a
function of the component geometry and crack dimensions as shown inPart 9 and Anhex 9C.
Traditionally, the reference stress has been defined from yield load solutiohs, such that the ret cross
section is fully plastic when the reference stress is equal to the yield strength. An alternative definition
of the reference stress is based on an elastic-plastic J-integral analysis (see Annex 2C). Th{s newer
definition is more technically sound because it greatly reduces geometry effects in the FAD culve.

Repair — Restoration of a pressure containing component, the definition is dependent| on the
equipment type as shown below:

1) Pressure vessels (APl 510) — The work necessary to restore a vessel to a condition suitable for
safe operation at the design conditions. Repairs also include the addition or replacgment of
pressure or non-pressure parts that do net.change the rating of a vessel.

2) Piping systems (API 570) — The work necessary to restore a piping system to a condition|suitable
for safe operation at the design conditions. Such repairs are typically completed in compliance
with the schedule and pressurée class requirements of the piping system. Repairs requlting in
schedule/class deviations (e.g. use of lower pressure class fittings) may impact the| system
design conditions.

3) Storage tanks (APl 6563)— Any work on a tank necessary to restore a tank to a condition|suitable
for safe operation.

4) Pressure Vessels-(NB-23) — The work necessary to restore pressure retaining items to a $afe and
satisfactory©perating condition.

Rerating —A Change in either or both the temperature rating and the maximum allowable [working
pressure-rating of a vessel (see Part 2).

RSE:*(Remaining Strength Factor) — The ratio of the collapse pressure of a damaged cofnponent
(e-g. cylinder containing an LTA) to the collapse pressure of the undamaged component (see Rart 2).

RT — Radiographic examination.

Secondary Stress — A normal stress or a shear stress developed by the constraint of adjacent parts
or by self-constraint of a structure. The basic characteristic of a secondary stress is that it is self-
limiting. Local yielding and minor distortions can satisfy the conditions that cause the stress to occur
and failure from one application of the stress is not to be expected (see Annex 2C). Examples of
secondary stress are a general thermal stress and the bending stress at a gross structural
discontinuity.
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Sensitivity Analysis — A statistical or parametric process of varying the independent variables (or
inputs) in order to determine the response (or sensitivity) of the dependent variables (or outputs). For
example, in a Fitness-For-Service analysis, determination of the maximum permissible crack length
may have a strong sensitivity to temperature variation if the material fracture toughness (a material
property) is also strongly influenced by temperature (see Part 2).

Shakedown — A process caused by cyclic loads or cyclic temperature distributions which produce
plastic deformations in some regions of the component when the loading or temperature distribution is

pplipd but upon removal of the Inading aor temperature distribution nnly elastic Inrimr—ry and

Secondary stresses are developed in the component, except in small areas associated, with local
Stress (strain) concentrations. These small areas exhibit a stable hysteresis loop, with ne‘indicgtion of
progressive deformation. Further loading and unloading, or applications and removals [of the
temperature distribution produce only elastic primary and secondary stresses (see’ Part 14).

Shear Stress — The component of stress tangent to the plane on which forceS-act (see Annex 2C).

Shock Chilling — Shock chilling is a rapid decrease in metal temperature caused by the gudden
contact of liquid or a two-phase (gas/liquid) fluid with a metal surface-when the liquid or two phase fluid
s colder than the metal temperature at the instant of contact (see. Part 3).

SOHIC (Stress-Oriented Hydrogen-Induced Cracking).< Arrays of cracks that are aligned|nearly
perpendicular to the applied stress, which is formed hy’'the link-up of small HIC cracks in steel.
Tensile stress (residual or applied) is required to preddce SOHIC. SOHIC is commonly obsefved in
the base metal adjacent to the heat-affected zone\(HAZ) of a weld, oriented in the through-thigckness
direction. SOHIC may also be produced in suscéptible steels at other high stress points such ds from
the tip of mechanical cracks and defects, orfrom the interaction between HIC on different planeg in the

Steel (see Part 7).

Strain Limiting Load — The load associated with a given strain limit (see Annex 2C).

Stress Concentration Factor— A multiplying factor applied stress equal to the ratio of the maximum
Stress to the average section stress (see Annex 2C).

Stress Cycle — Asstress cycle is a condition in which the alternating stress difference goes fjom an
nitial value through an algebraic maximum value and an algebraic minimum value and then retyirns to
the initial value» A single operational cycle may result in one or more stress cycles (see Part 14).

Stress.lftensity Factor — The stress intensity factor is used in fracture mechanics to predict the
StreSs state or stress intensity near the tip of a crack in a linear elastic body caused by a femote

oading or residual stresses (see Part 9 and Annex 9B). There are three basic modes for al stress

intensity factor: opening (Mode 1), in-plane shear (Mode 1) and out-of-plane tearing (Mode IIl). Mode |
corresponds to normal separation of the crack faces under the action of tensile stresses. The
difference between Mode Il and Mode lll is that the shearing action in the former case is normal to the
crack front in the plane of the crack whereas the shearing action in Mode Il is parallel to the crack
front. A cracked body in reality can be loaded in any one of these three, or a combination of these
three modes.
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1A.100 SSC (Sulfide Stress Cracking) — Cracking of a metal under the combined action of tensile stress and

corrosion in the presence of water and H,S (a form of hydrogen stress cracking). SSC
hydrogen embrittlement of the metal by atomic hydrogen that is produced by the sulfide ¢
process on the metal surface. The atomic hydrogen can diffuse into the metal and

involves
orrosion
produce

embrittlement. SSC usually occurs more readily in high-strength steels or in hard weld zones of steels

than in other types of steels or weld zones.

1A.101 Tensile Strength — The maximum load per unit of original cross sectional area that a tensile test

specimen of a material sustains prior to fracture  The tensile strength may also be identifie

d as the

1A.10}

1A.10

1A.104

1A.10

P>

I Transition Temperature — The temperature at which a material fracture mode changes from ¢

ultimate tensile strength (see Annex 2D).

Thermal Stress — A self-balancing stress produced by a nonuniform distribution of temperaty
differing thermal coefficients of expansion. Thermal stress is developed in a salid’body whe
volume of material is prevented from assuming the size and shape that it notmally would
change in temperature. For the purpose of establishing allowable stresses, two types of
stress are recognized, depending on the volume or area in which distortion takes place. A
thermal stress that is associated with distortion of the structure in which it occurs. If a stres
type, neglecting stress concentrations, exceeds twice the yield strength of the material, th
analysis may be invalid and successive thermal cycles may produce incremental distortion. T
this type is classified as a secondary stress. Examples @f general thermal stress are: th
produced by an axial temperature distribution in ac¢eylindrical shell, the stress produced
temperature difference between a nozzle and the shellito which it is attached, and the equivale
stress produced by the radial temperature distribution in a cylindrical shell. A Local thermal
associated with almost complete suppression of the differential expansion and thus prod
significant distortion. Such stresses are censidered only from the fatigue standpoint and are t
classified as local stresses. Examplesiof’local thermal stresses are the stress in a small hot
vessel wall, the difference between.the actual stress and the equivalent linear stress resultin

re or by
never a
under a
thermal
general
s of this
b elastic
nerefore
e stress

by the
nt linear
5tress is
lices no
nerefore
Epot in a
j from a

radial temperature distribution in a cylindrical shell, and the thermal stress in a cladding matgrial that

has a coefficient of expansign-different from that of the base metal (see Annex 2C).

Annex 9F).

brittle (se€ Annex 9F).

undercut, the surface of the base metal adjacent to the toe of a weld and is left unfilled by weld

B Toughness — The ability-of a material to absorb energy and deform plastically before fractufing (see

uctile to

b Undércut — An intermittent or continuous groove, crater or channel that has melted below, and thus

metal.

1A.106 UT - Ultrasonic examination.

1A.107 Volumetric Flaw — A flaw characterized by a loss of material volume or by a shape imperfection.
Examples include general and local corrosion, pitting, blisters, out-of-roundness, bulges, dents,

gouges, and dent-gouge combinations, and weld misalignment.

1A.108 Weld — A localized coalescence of metal wherein coalescence (i.e. fusion) is produced by heating to
suitable temperatures, with or without the application of pressure, and with or without the use of filler
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metal. If a filler metal is used, it typically has a melting point approximately the same as that of the
base metal.

1A.109 Yield Strength — The stress at which a material exhibits a specified deviation from the linear
proportionality of stress versus strain (see Annex 2E).
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2.1 General
2.1.1 Fitness-For-Service and Continued Operation

This Standard contains Fitness-For-Service (FFS ) assessment procedures that can be used to evaluate
pressurized components containing flaws or damage. If the results of a FFS assessment indicate that the
equipment is suitable for the current operating conditions, then the equipment can continue to be operated at
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these conditions provided suitable monitoring/inspection programs are established. If the results of the FFS
assessment indicate that the equipment is not suitable for the current operating conditions, then the equipment
can be rerated using the calculation methods in this Standard. These calculation methods can be used to find
a Reduced Maximum Allowable Working Pressure (MAWP.) and/or coincident temperature for pressurized

components (e.g. pressure vessels drums, headers, tubing, and piping). The calculation methods can also be
used to determine a reduced Maximum Fill Height (MFH ) for tank components (e.g. shell courses).

21.2

Organization by Flaw Type and Damage Mechanism

The FHS assessment procedures in this Standard are organized by flaw type and/or damage mechan
list of flaw types and damage mechanisms and the corresponding Part that provides the FFS aSses
logy is shown in Table 2.1. In some cases, it may be necessary to use the assessment procedures
Itiple Parts if the primary type of damage is not evident. For example, the metal loss in a component
associated with general corrosion, local corrosion and pitting. If multiple damage”’mechanisis are

method
from mu
may be
present,
damage
damage
refereng
mechan

2.13

The gen
provided
Parts in
provide

a) ST
the
the
asg
ide
apf

b) ST
lim
pro

c) ST
dan
infg

a damage class, e.g., corrosion/erosion, can be identified to assist in the evaluation. An over
classes in this Standard is shown in Figure 2.1. As indicated in this figurey several flaw typ
mechanisms may need to be evaluated to determine the FFS _6f7a component. Eac
ed within a damage class includes guidance on how to perform an assessment when multiple d
sms are present.

FFS Assessment Procedure

eral FFS assessment procedure used in this Standard'fer all flaw types and damage mechan

this Standard utilize this assessment methodology. for a specific flaw type or damage mechanis
specific details covering Steps 2 through 8 of thisyprocedure.

EP 1 — Flaw and Damage Mechanism ldentification: The first step in a FFS assessment is to |
flaw type and cause of damage, see paragraph 2.1.2. The original design and fabrication prg
material of construction, and the service history and environmental conditions can be u
ertain the likely cause of thetdamage. An overview of damage mechanisms that can ag
ntifying likely causes of damage, is provided in Annex 2B. Once the flaw type is identifie
ropriate Part of this Standard can be selected for the assessment, see Table 2.1 and Figure 2.1

sm. A
sment

iew of
bs and
h Part
hmage

sms is

in this Part. An overview of the procedure is provided in the following eight steps. The remaining

m and

dentify
ctices,
sed to
sist in
d, the

EP 2 — Applicability\and Limitations of the FFS Assessment Procedures: The applicabili
tations of the asseSsment procedure are described in each Part, and a decision on whe
ceed with an.assessment can be made.

FP 3 — Data Requirements: The data required for a FFS assessment depend on the flaw f{

rmation pertaining to maintenance and operational history, expected future service, and data S

ty and
her to

ype or

nagesmechanism being evaluated. Data requirements may include: original equipment design data,

pecific

to

T FFS asSessSment such as fraw Size, State of Siress i the component at the focation of th

flaw,

and material properties. Data requirements common to all FFS assessment procedures are covered in
this Part. Data requirements specific to a damage mechanism or flaw type are covered in th
containing the corresponding assessment procedures.

e Part

d) STEP 4 — Assessment Techniques and Acceptance Criteria: Assessment techniques and acceptance
criteria are provided in each Part. If multiple damage mechanisms are present, more than one Part may
have to be used for the evaluation.
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e) STEP 5 — Remaining Life Evaluation: An estimate of the remaining life or limiting flaw size should be
made for establishing an inspection interval. The remaining life is established using the

assessment procedures with an estimate of future damage.

conjunction with an inspection code to establish an inspection interval.

f) STEP 6 — Remediation:

FFS

The remaining life can be used in

Remediation methods are provided in each Part based on the damage

mechanism or flaw type. In some cases, remediation techniques may be used to control future damage
associated with flaw growth and/or material deterioration.

g S

h) S
n
q
q

- = =

2.2
221

The R
pressy
single
assess
roof st

2.2.2
In the

recogr
paragr

e damage mechanism or flaw type.

ssociated with the service environment.

Applicability and Limitations of the FFS Assessment Procedures

FFS Procedures for Pressurized or Unpressurized.Components

or multiple damage mechanisms. The concepts presented in this Standard may also be used

uctures, and bottom plates of tanks are\covered in APl 653, Part 4.

Component Definition

ized code or standard, andequipment is defined to be an assemblage of components, seq

2.2.3

The al
compd
constr

Construction~Codes

nent_was” constructed to a recognized code or standard. For components that have np

evalug

te\the in-service damage and as-built condition relative to the intended design. FFS assessin

C S C =F-Ta art based on
In-service monitoring may be used for those cases)where a
maining life and inspection interval cannot adequately be established because of the._tcomlplexities

TEP 8 — Documentation: Documentation should include a record of all information and decisiofs made
each of the previous steps to qualify the component for continued operation. Documentation
quirements common to all FFS assessment procedures are covered «inthis Part. Docunjentation

quirements specific to a damage mechanism or flaw type are covered in the Part contaihing the
corresponding assessment procedures.

FS assessment procedures in this Standard were developed to evaluate the pressure boundaries of
re vessels, boiler components, piping, and shellcourses of storage tanks with a flaw resultjng from

for the

ment of non-pressure-boundary components such as supports. FFS procedures for fixed and floating

context of this Standard, a~component is defined as any part that is designed and fabricated to a

Part 1,

aphs 1.2.2 and 1.2.3. (Therefore, the equipment MAWP is the lowest MAWP of all the components
in the assemblage.

ssessment—procedures in this Standard have been formulated based on the assumption that the

t been

Ictédto a recognized construction or code or standard, the principles in this Standard may be|used to

ents of

this type shall be performed by an Engineer (except for Level 1 Assessment) knowledgeable and experienced
in the design requirements of the applicable code, see Part 1, paragraph 1.4.3.

2.2.4

Specific Applicability and Limitations

Each Part in this Standard where a FFS Assessment procedure is described includes a statement of the
applicability and limitations of the procedure. The applicability and limitations of an analysis procedure are

stated

relative to the level of assessment, see paragraph 2.4.
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2.3 Data Requirements

2.3.1

Original Equipment Design Data

2.3.1.1 The following original equipment design data should be assembled to perform a FFS assessment.
The extent of the data required depends on the damage mechanism and assessment level. A data sheet is
included in Table 2.2 to record the required information that is common to all FFS assessments. In addition,
a separate data sheet is included with each Part of this Standard to record information specific to the flaw
type, damage mechanism, and assessment procedure.

a) Da

1)

2)

3)

4)
5)
6)

7

8)

b) Da

1)

2)

3)

4)
5)

6)

a 10l pressure vessels and poller components may Inciude sorme or all or the 10llowing.

An ASME Manufacturer's Data Report or, if the vessel or system is not Code stamped
equivalent documentation or specifications.

Fabrication drawings showing sufficient details to permit calculation of the~’ MAWP
component containing the flaw. If a rerate to a different condition of pressure<and/or tempers
desired (i.e. increase or decrease in conditions), this information should be‘available for all a
components. Detailed sketches with data necessary to perform MAWRP-calculations may be
the original fabrication drawings are not available.

The original or updated design calculations for the load cases in Annex 2C, Table 2d

other

of the
ture is
fected
used if

.3, as

applicable, and anchor bolt calculations.

The inspection records for the component at the time of fabrication.

User Design Specification if the vessel is designed:to-the ASME Code, Section VIlII, Division 2|
Material test reports.

Pressure-relieving device information including pressure relief valve and/or rupture disk setti
capacity information.

A record of the original hydrotest including the test pressure and metal temperature at the timg
test or, if the metal temperature. is unavailable, the water or ambient temperature.

a for piping components may include some or all of the following:

Piping Line Lists or{other documentation showing process design conditions, and a descriptior]
piping class including material specification, pipe wall thickness and pressure-temperature rati

Piping isomeétric drawings to the extent necessary to perform a FFS assessment. The
isometric-drawings should include sufficient details to permit a piping flexibility calculation if s
analysis”is deemed necessary by the Engineer in order to determine the MAWP of all
components. Detailed sketches with data necessary to perform MAWP calculations may be

g and

of the

of the
ng.

piping
Lich an
piping
used if

the original piping isometric drawings are not available

The original or updated design calculations for the load cases in Annex 2C, Table 2C.3, as

applicable.
The inspection records for the component at the time of fabrication.

Material test reports.

A record of the original hydrotest including the test pressure and metal temperature at the time of the

test, or if the metal temperature is unavailable, the water or ambient temperature.
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d)
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Data for tanks may include some or all of the following:

1) The original API data sheet.

2) Fabrication drawings showing sufficient details to permit calculation of the maximum fill height

(MFH) for atmospheric storage tanks and the MAWP for low-pressure storage tanks.
data with sketches where necessary may be used if the original fabrication drawings
available.

Detailed
are not

3) The original or updated design calculations for the load cases in Annex 2C, Table 2C.3, as

appticabte;amdamchor bott catcotations:
4] The inspection records for the component at the time of fabrication.

5] Material test reports.

time of the test or, if the metal temperature is unavailable, the water or ambient temperature.

Maintenance and Operational History

2]1 A progressive record including, but not limited to,:the following should be available
ipment being evaluated. The extent of the data required depends on the damage mechan

The actual operating envelope consisting of pressure and temperature, including upset condition
b¢ obtained. If the actual operating conditions-envelope is not available, an approximation of on
b¢ developed based upon available operational data and consultation with operating person
operating histogram consisting of pressure and temperature data recorded simultaneously
rgquired for some types of FFS &ssessments (e.g., Part 10 for components operating in th
rggime).

Dpcumentation of any significant changes in service conditions including pressure, temperatu
ontent and corrosion rate., ‘Both past and future service conditions should be reviewed and docu

(@]

The date of installation and a summary of all alterations and repairs including required calc
material changes, drawings and repair procedures, including PWHT procedures if applicabl
célculations .ghould include the required wall thickness and MAWP (MFH ) for atmospheric
tgnks) with\definition and allowances for supplemental loads such as static liquid head, w
earthquake loads.

6] A record of the last hydrotest performed including the test pressure and nietal temperature at the

12 If some of these data are not available, physical measurements or field inspection of the component
should be made to provide the information necessary to perform the assessment.

for the
sm and

5 should
b should
nel.  An
may be
e creep

re, fluid
mented.

ulations,
e. The
storage
nd, and

temperature at the time of the tests or, if the metal temperature is unavailable, the water or
temperature at the time of the test if known.

d metal
ambient

Results of prior in-service examinations including wall thickness measurements and other NDE results

that may assist in determining the structural integrity of the component and in establishing a ¢
rate.

Records of all internal repairs, weld build-up and overlay, and modifications of internals.
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g) Records of "out-of-plumb" readings for vertical vessels or tank shells.

h)  Foundation settlement records if corrosion is being evaluated in the bottom plate or shell courses of the

tan

2.3.2.2

k.

If some of these data are not available, physical measurements should be made to provi

information necessary to perform the assessment.

2.3.3

2331
require
evaluat
depth,

assess

2.3.3.2
period.
compo
or othe
COITOSI

inspection code. The FFS assessment procedures in this Standartinclude provisions to ensure t

FCA

234

Recomn
particul3
2.4 A
24.1

Three U
procedu

interrelated. In general, each\assessment level provides a balance between conservatism, the amg

informat
complex
usually

Required Data/Measurements for a FFS Assessment

ments for data measurements and flaw characterization based on the damage mechanism
ed. Examples of flaw characterization include thickness profiles for local corrosion/erosion,
and dimensions of crack-like flaws. The extent of information and data required for a

ment depends on the assessment level and damage mechanism being evaluated,

The Future Corrosion Allowance ( FCA) should be established for the intended future op
The FCA should be based on past inspection information or corrosion rate data relative

nent material in a similar environment. Corrosion rate data may be obtained from API Publicati
r sources, see Annex 2C, paragraph 2C.2.8. The FCA is calculated by multiplying the antig

bn rate by the future service period considering inspection interval requirements of the app

s available for the future intended operating period.

Recommendations for Inspection Technique and Sizing Requirements

r damage mechanism and/or flaw type are provided in each Part.

\ssessment Techniques and Acceptance Criteria

Assessment Levels

evels of assessment are provided in each Part of this Standard that cover FFS asses
fes. A logic diagram is_jincluded in each Part to illustrate how these assessment levg

on required for the-evaluation, the skill of the personnel performing the assessment, al
ity of analysis being performed. Level 1 is the most conservative, but is easiest to use. Practi
proceed sequentially from a Level 1 to a Level 3 analysis (unless otherwise directed

de the

pecific
being

pitting
FFS

brating
to the
bn 581
ipated
licable
nat the

nendations for Nondestructive Examination (NDE):procedures with regard to detection and sizifg of a

sment
Is are
unt of
nd the
ioners
by the

assessment technigues) if the current assessment level does not provide an acceptable result, or & clear

course
describg

f action.eannot be determined. A general overview of each assessment level and its intended U
d_below.

se are

2411

Level 1 Assessment

The assessment procedures included in this level are intended to provide conservative screening criteria that
can be utilized with a minimum amount of inspection or component information. A Level 1 assessment may be
performed either by plant inspection or engineering personnel, see Part 1, paragraphs 1.4.2 and 1.4.3.

24.1.2

Level 2 Assessment

The assessment procedures included in this level are intended to provide a more detailed evaluation that

produces results that are more precise than those from a Level 1 assessment.
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inspection information similar to that required for a Level 1 assessment is needed; however, more detailed
calculations are used in the evaluation. Level 2 assessments would typically be conducted by plant engineers,

oren

gineering specialists’ experienced and knowledgeable in performing FFS assessments.

2.4.1.3 Level 3 Assessment

The assessment procedures included in this level are intended to provide the most detailed evaluation that
produces results that are more precise than those from a Level 2 assessment. In a Level 3 Assessment the
most detailed inspection and component information is typically required, and the recommended analysis is

based —ep—humeticaltechnigues—such—as—the finite element method—or—experimental technigu
| 1 |

s when

approfriate. A Level 3 assessment is primarily intended for use by engineering specialists experiénced and

knowlgdgeable in performing FFS assessments.

24.2

Each

accep

2.4.2]1 Allowable Stress

This

classif|cation and superposition of stress results, and comparison of the calculated stresses in an ¢
categdry or class to an allowable stress value. An overview and“aspects of these acceptance criferia are
included in Annex 2C. The allowable stress value is typically.established as a fraction of yield, te

rupturg stress at room and the service temperature, and thisraction can be associated with a design

This

applications, this method has limited applicability -because of the difficulty in establishing suitabl
classiffcations for components containing flaws. _As an alternative, assessment methods based on
plastic| analysis may be used, see Annex 2C. “Elastic-plastic analysis methods were used to dev
Remaining Strength Factor, see paragraph.2/4:2.2.

2.4.22 Remaining Strength Factor.

Structdral evaluation procedures-using linear elastic stress analysis with stress classification and g

stres

withouf failure. A better estimate of the safe load carrying capacity of a component can be provided

non-|

of the pomponent (e{g--deformation or strain limits associated with component operability), and asses
and/or|creep damage including ratcheting.

a)

b)

FFS Acceptance Criteria

Ethe FFS assessment methodologies presented in this Standard utilize one<er'more of the f
nce criteria.

acceptance criterion is based upon calculation of stresses resulting’ from different loading co

dcceptance criteria method is currently utilized in“most new construction design codes. |

s|acceptance criteria previde only a rough approximation of the loads that a component can W

inear stress analysis\to: develop limit and plastic collapse loads, evaluate the deformation chara

n this.Standard, the concept of a remaining strength factor is utilized to define the acceptab

ollowing

nditions,
1Ssigned

ensile or
margin.
n FFS
b stress
elastic-
elop the

llowable
ithstand
Dy using
teristics
5 fatigue

lity of a

chponent for continued service. The Remaining Strength Factor ( RSF ) is defined as:

RSF = oc

C

2.1)

With this definition of the RSF , acceptance criteria can be established using traditional code formulas,
elastic stress analysis, limit load theory, or elastic-plastic analysis. For example, to evaluate local thin

areas, the FFS assessment procedures provide a means to compute a RSF |, see Part 5. The

reduced

maximum allowable working pressure, MAWP., for the component can then be calculated from the

RSF using Equations (2.2) and (2.3). The resulting value of the MAWRP, , minus the static

2-7
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appropriate, should be compared with the existing equipment design pressure or equipment MAWP ,
see paragraph 2.4.2.2.e.

MAWP. = MAWP {RS—FJ (for RSF <RSF,)

RSF,

MAWP. = MAWP ( for RSF >RSF,)

c) Fortankage, the RSF acceptance criteria is:

2.2)

(2.3)

d) Thd

for

e) Thé
eith
the
equ

pre
pre
f) Ifd
dar
2.4.2.3
The Fail
a) The
me

me
fail
cor

FH

sol

RSF

a

MFH,:Hf+(MFH—Hf)[RS—F) (for RSF <RSF,)

MFH, = MFH (for RSF > RSF,)

b recommended value for the allowable Remaining Strength Factor, RSFa, is:0.90. Alternative

the RSF, may be used based on the information provided in Annex 2F;

> MAWP. for the component with the static head subtracted @s appropriate shall be compa
er the equipment design pressure or equipment MAWP . ifthé MAWP. is greater than or e

equipment design pressure or equipment MAWP , the.component is acceptable for operating
ipment design pressure or equipment MAWP . If the MAWP. is less than the equipment

ssure or equipment MAWP |, the component is unacceptable for operating at the equipment
ssure or equipment MAWP |

nacceptable, the equipment shall be rerated, repaired or the equipment retired. Options spe|
nage type are listed in the corresponding*Part.

Failure Assessment Diagram
ure Assessment Diagram (FAD) is used for the evaluation of crack-like flaws in components.

b FAD approach was ,adopted because it provides a convenient, technically based method to prg
psure for the acceptability of a component with a crack-like flaw when the failure mechar
asured by two.distinct criteria: unstable fracture and limit load. Unstable fracture usually c
ire for smalh\flaws in components fabricated from a brittle material and plastic collapse ty

S analysis of crack-like flaws, the results from a stress analysis, stress intensity factor and lin]
Iitions) the material strength, and fracture toughness are combined to calculate a toughness rati

trols failuresfor large flaws if the component is fabricated from a material with high toughness.

(2.4

(2.5)

values

ired to

fual to
at the
design

design

cific to

vide a
ism is
ontrols
pically
In a
it load

b, K,,

an

Ioad ratio, Lr . I'hese two quantities represent the coordinates of a point that IS plotted on

a two-

dimensional FAD to determine acceptability. If the assessment point is on or below the FAD curve, the
component is suitable for continued operation. A schematic that illustrates the procedure for evaluating a
crack-like flaw using the Failure Assessment Diagram is shown in Figure 2.2.

b) The in-service margin for a component with a crack-like flaw provides a measure of how close the
component is to the limiting condition in the FAD. The in-service margin is defined by how far the
assessment point, which represents a single operating condition, is within the failure envelope of the
FAD. This point is determined based on the results from stress and fracture mechanics analyses. The in-
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service margin is defined to be greater than or equal to one when the point resides underneath or on the
FAD failure curve. The recommended minimum allowable value for the in-service margin is set at 1.0.

243

Data Uncertainties

The FFS assessment procedures provided in this Standard are deterministic in that all information required
for an analysis (independent variables) is assumed to be known. However, in many instances not all of the

important independent variables are known with a high degree of accuracy.

In such cases, conservative

estimates of the independent variables are made to ensure an acceptable safety margin; this approach can

lead t
depen

assesy

2.4.3

overly conservative results. The following types of analyses can be used to provide insight

Jency of the analysis results with variations in the input parameters. The deterministi
ment procedures in this standard can be used with any of these analyses.

1 Sensitivity Analysis

The purpose of such an analysis is to determine if a change in any of the independent (input) variabls

strong
differe
may b

and th
demor

when

demor

possib

2.4.3

The d¢

this ty,
variab
analyti

deterni
calculg

establi

2.4.3

Partial

asSesy

of the

probal

variab

influence on the computed safety factors. The sensitivity analysis shalild- consider the e
Nt assumptions with regard to loading conditions, material properties and/flaw sizes. For examp
b uncertainties in the service loading conditions; the extrapolation of matérials data to service co
e type, size, and shape of the flaw. Confidence is gained in an(assessment when it is po
strate that small changes in input parameters do not dramatically change the assessment res
realistic variations in the input parameters, on an individdal or combined basis, still lead
stration of an acceptable safety margin. If a strong dependence on an input variable is found, it
e to improve the degree of accuracy used to establishthe value of that variable.

2 Probabilistic Analysis

bpendence of the safety margin on the uncertainty of the independent variables can be evaluat
be of analysis. All or a limited numberef the independent variables are characterized as
es with a distribution of values. Using Monte Carlo simulation, first order reliability methods

inistic FFS assessment model* with the distributions prescribed for the independent va
te failure probabilities. Onc¢e)a probability of failure has been determined, an acceptable leve
shed based on multiple factors such as jurisdictional regulations and the consequence of failure

3 Partial Safety Faetors

b

Safety Factaers-are individual safety factors that are applied to the independent variable
ment procedure. The partial safety factors are probabilistically calibrated to reflect the effect t

es-of the model, and a target reliability or probability of failure. The advantage of this approa

into the

¢ FFS

bs has a
fects of
le, there
nditions;
5sible to
Ilts; and

to the
may be

bd using
random
or other
cal techniques, the failure probahility is estimated. These methods can be used to cofnbine a
iable to

can be

in the
at each

independent variables has on the probability of failure. Partial safety factors are developed using
ilistictanalysis techniques considering a limit state model, distributions of the main independent

is that

uncertainty can be introduced In an assessment by separately combining the partial safety factors with the
independent variables in a deterministic analysis model; the format of the analysis is similar to that used by
many design codes. In this Standard, partial safety factors are only considered in a Level 3 assessment of a
crack-like flaw.
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25 Remaining Life Assessment

25.1 Remaining Life

Once it has been established that the component containing the flaw is acceptable at the current time, the user
should determine a remaining life for the component. The remaining life in this Standard is used to establish
an appropriate inspection interval, an in-service monitoring plan, or the need for remediation. The remaining
life is not intended to provide a precise estimate of the actual time to failure. Therefore, the remaining life can
be estimated based on the quality of available information, assessment level, and appropriate assumptions to
provide an adequate safety factor for operation until the next scheduled inspection.

25.2 Guidance on Remaining Life Determination

Each FFS assessment Part in this Standard provides guidance on calculating a remaining life.” In general,
the remaining life can be calculated using the assessment procedures in each Part with the/ntroduction of a
parameter that represents a measure of the time dependency of the damage taking place{ The remainjng life
is then| established by solving for the time to reach a specified operatingscondition such as the
MAWP (MFH) or a reduced operating conditon MAWP, (I\/IFHr), see paragraph 2.4.2.2.b and 2.4.2.2.c.

Remaining life estimates typically fall into one of the following categories:

a) The Remaining Life Can be Calculated with Reasonable Certainty — An example is general yniform
corfosion, where a future corrosion allowance can be calculated’and the remaining life is the|future
corfosion allowance divided by the assumed corrosion ratexfrom previous thickness data, cofrosion
degign curves, or experience in similar services. Anotherseéxample may be long term creep dgmage,
where a future damage rate can be estimated. An appropriate inspection interval can be establish¢d at a
cerfain fraction of the remaining life. The estimate ofikemaining life should be conservative to accqunt for
undertainties in material properties, stress assumptiens, and variability in future damage rate.

b) The Remaining Life Cannot be Established“with Reasonable Certainty — Examples may be a|stress
corfosion cracking mechanism where thete are no reliable crack growth rate data available or hyg@rogen
blistering where a future damage rate_cannot be estimated. In these examples, remediation methods
shquld be employed, such as application of a lining or coating to isolate the environment, driling of
blisters, or monitoring. Inspection would then be limited to assuring remediation method accepfability,
sudh as lining or coating integrity.

c) There is Little or Ne~Remaining Life — In this case remediation, such as repair of the damaged
component, application of a lining or coating to isolate the environment, and/or frequent monitdring is
nedessary for future operation.

2.6 Remediation

26.1 Requirements for Remediation

In some circumstances remediation should be used, see paragraph 2.5.2. Examples include where a flaw is
not acceptable in its current condition; the estimated remaining life is minimal or difficult to estimate; or the
state-of-the-art analysis/knowledge is insufficient to provide an adequate assessment.  Appropriate
remediation methods are covered within each Part of this standard that contains an FFS assessment

procedure.

2.6.2 Guidelines for Remediation

Only general guidelines are provided in this Standard; each situation will require a customized approach to
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Periodic checks should be made to ensure that the remediation actions have prevented

additional damage and can be expected to prevent future damage. The user may need to refer to other
standards for detailed remediation procedures; for example, weld repair guidelines can be found in applicable
repair codes, such as AP1 510, API 570, API 653, and ANSI/NB-23.

2.7

In-Service Monitoring

Under some circumstances, the future damage rate/progression cannot be estimated easily or the estimated
remaining life is short. In-service monitoring is one method whereby future damage or conditions leading to

future [damage can be assessed, or confidence in the remaining life estimate can be increased. M
methofls typically utilized include corrosion probes to determine a corrosion rate; hydrogen probes. ta
hydroden activity; various ultrasonic examination methods and acoustic emission testing to‘measu
loss oif cracking activity; and measurement of key process variables and contaminants. Appropriate ir
monitdring methods are covered within each Part of this standard that contains an~FFS ass
procedure.

2.8
2.8.1 General

FFS | analysis should be sufficiently documented such that~the analysis can be repeate

Docur:l:entation requirements specific to a particular assessment are described in the correspond
coveri

2.8.2 Applicability and Limitations

Applicability and limitation requirements should be daetimented along with any assumptions.

2.8.3 Data Requirements

The following items should be included inithedocumentation.

a)
b)

c)

2.8.4 | Assessmeént Techniques and Acceptance Criteria

The agsessmentlevel used, i.e. Levels 1, 2 and/or 3, and acceptance criteria.

a)

b)

d)

Documentation

gthe FFS assessment procedure.

Original equipment design data.as.described in paragraph 2.3.1.

Maintenance and operational history as described in paragraph 2.3.2.

=

dadings utilized in‘the’ FFS assessment as described in paragraph 2.3.3.

Pprt;-edition, and assessment level of this Standard and any other supporting documents

bnitoring

assess
e metal
-service
bssment

d later.
ng Part

Type of flaw and characterization of the flaw including all sizing data. Inspection data inclgding all

used to

evaluate the 1law or damage.

Documentation of the criteria used in the FFS assessment.

The material specification of the component containing the flaw and all applicable material pr
required for the assessment.

operties

Loading conditions considered in the assessment including normal operation and upset conditions and

the stress analysis methods (handbook or numerical techniques such as finite-element analysis).
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thod used to evaluate data uncertainties.

f)  Any assumptions, deviations or modifications used for the assessment level including:

Future operating and design conditions including pressure, temperature and abnormal operating

conditions.

Description of how time dependent damage is modeled. For example, a description of the basis for

the future corrosion allowance for a Part 4 or Part 5 Assessment should be documented.

g) Assessment results.

2.8.5
A descri

a) Vol

dodumented.

[¢

=

b) C

c) Fat

d C

=

2.8.6

If appligable, all remediation methods shall be documented including the type of method and reag

gep Damage — the material model and associated constants.should be documented.

Remaining Life Assessment
ption of the method used to determine a remaining life.

umetric flaw — the assumptions used to determine the Future Corrosion AllowanceZ(FCA) sha

Remediation Methods

uld be

ck-Like Flaw — the assumptions used including the crack growth model.and associated constants
shquld be documented.

gue — the fatigue curve for fatigue crack initiation, and the grack growth model and assqciated
corjstants for fatigue crack growth should be documented.

on for

application of the method.

2.8.7 In-Service Monitoring

If applidable, a complete description of tkie,reason for in-service monitoring and the in-service monitoring
method ptilized shall be documented.

2.8.8 Retention

The documentation of the FES._assessment should be permanently stored with the equipment record files.
2.9 INomenclature

FCA future-corrosion allowance.

H, distance between the bottom of the flaw and the tank bottom.

Loc limit or plastic collapse load of the damaged component (component with flaws).

LUC limit or plastic collapse load of the undamaged component.

LOSS uniform metal loss away from the damage area at the time of the inspection.

MAWP maximum allowable working pressure of the undamaged component, see Annex 2C, paragraph
MAWEP, reduced maximum allowable working pressure of the damaged component.
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MFH maximum fill height of the undamaged component, see Annex 2C, paragraph 2C.1.2.

MFH, reduced maximum fill height of the damaged tank course.

RSF remaining strength factor computed based on the flaw and damage mechanism in the
component.

RSF, allowable remaining strength factor.

2.10 _References

Refergnces for this Part are provided in Annex 2A — Technical Basis and Validation — Fitnegs-FortService
Engingering Assessment Procedure.
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Table 2.1 — Overview of Flaw and Damage Assessment Procedures

Flaw or Damage
Mechanism

Part

Overview

Brittle Fracture

Part 3

Assessment procedures are provided for evaluating the resistance to brittle fracture of
existing carbon and low alloy steel pressure vessels, piping, and storage tanks. Criteria
are provided to evaluate normal operating, start-up, upset, and shut-down conditions.

Genera)] Metal Loss

Part 4

Assessment procedures are provided to evaluate general corrosion. Thickneps data
used for the assessment can be either point thickness readings or detailéd_thjckness
profiles. A methodology is provided to utilize the assessment procedures of |Part 5
when the thickness data indicates that the metal loss can be treated as localized|

Local Metal Loss

Part 5

Assessment techniques are provided to evaluate single and networks of Lodal Thin
Areas and groove-like flaws in pressurized components. Detailed thickness profiles are
required for the assessment. The assessment procedures ‘can also be utilized to
evaluate individual pits or blisters as provided for in Part 6:and Part 7, respectiely.

Pitting Corrosion

Part 6

Assessment procedures are provided to evaluate .widely scattered pitting, Iqcalized
pitting, pitting which occurs within a region of local.metal loss, and a region of Igcalized
metal loss located within a region of widely (Scattered pitting. The assgssment
procedures can also be utilized to evaluateta network of closely spaced blidters as
provided for in Part 7.

Blisters and
HIGQ/SOHIC
Damage

Part 7

Assessment procedures are provided to.evaluate isolated and networks of blisters and
HIC/SOHIC Damage. The assessment guidelines include provisions for blist¢rs and
HIC/SOHIC damage located at weld joints and structural discontinuities such as shell
transitions, stiffening rings, and<nozzles.

Weld Misalignment
and Shell
Digtortions

Part 8

Assessment procedures_ aresprovided to evaluate stresses resulting from gepometric
discontinuities in shell type Structures including weld misalignment and shell distortions
(e.g. out-of-roundness-and bulges).

Crack{Like Flaws

Part 9

Assessment procedures are provided to evaluate crack-like flaws. Solutions fof stress
intensity factors and reference stress (limit load) are included in Annex 9B and[Annex
9C, respectively. Methods to evaluate residual stress as required by the assgssment
procedute are describped in Annex 9D. Material properties required for the
assessment are provided in Annex 9E. Recommendations for evaluating crack| growth
including environmental concerns are also covered.

High Temperature
Operfation and
Creep

Part 40

Assessment procedures are provided to determine the remaining life of a component
operating in the creep regime. Material properties required for the assessmgnt are
provided in Annex 10B. Analysis methods for evaluating crack growth irlcluding
environmental concerns are also covered.

Fire|Damage

Part 11

Assessment procedures are provided to evaluate equipment subject to fire damage. A
methodology is provided to rank and screen components for evaluation based| on the
heat exposure experienced during the fire. The assessment procedures of the other
Parts of this publication are utilized to evaluate component damage.

Dent, Golge, and

Assessment techniques are provided to evaluate dent, gouge, and dent| gouge

Dent Gouge
Combinations

Part 12

combinations in components.

Laminations

Part 13

Assessment procedures are provided to evaluate laminations. The assessment
guidelines include provisions for laminations located at weld joints and structural
discontinuities such as shell transitions, stiffening rings, and nozzles.

Fatigue

Part 14

Assessment procedures are provided to evaluate pressurized components subject to
cyclic loading. The assessment procedures include specific requirements for welded
joints.
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Table 2.2 — Overview of Data Required for Flaw and Damage Assessment

The following data are required for most types of Fitness-For-Service assessments and it is
recommended that this completed table accompany the data table completed for the specific damage
type that are located in the respective Part of this standard.

Equipment Identification:
Equipment Type: Pressure Vessel Piping Component Boiler Component
Storage Tank

Component Type & Location:

Design Code: ASME Section VIII Div. 1 ASME Section VIl Div. 2 ASME Section |
ASME B31.1 ASME B31.3 API 650 API 620
other:

Materigl of Construction (e.g. ASTM Specification):

MA or MFH :

Miniméim Required Wall Thickness:
Temperature:
Cyclic [Operation:

f Damage

oss — General:
oss — Local:
oss — Pitting:
HIC & Blisters:

nment or Out-Of-Roundness:

Type
Metal
Metal
Metal
HIC,
Misali

mage:
Dent, Gouge & Dent/Gouge Combinations:
Lamingtions:

Fatigug:

Location of Damage (provide a sketch)
Interngl/External:

Near weld:

Orientation:

Envirgnment
Interngl:

Externpl:

Repaif and Inspection History (Including any Previous FFS Assessments)

Operatiorns History

Future Anticipated Operations
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2.12 Figures

Damage Classes
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Assessmgnt of
Crack-Like|Flaws -
Below the|Creep
Regime

Assessment of
Localized Metal
Loss

Part 6
Assessment of
Pitting Damage

Part 7
Assessment of
Blisters

Assessment of
General Metal
Loss

Part5
Assessment of
Localized Metal

Loss

Part 8
Assessment of
Weld Misalignment
and'Shell
Distortions

Part9
Assessment of
Crack-Like Flaws

Part 10
Assessment of
Creep Damage

Assessment of
Misalignment and
Shell Distortions

Part9
Assessment of
Crack-Like Flaws

Part 12
Assessment of
Dents, Gouges,

And Dent Gouge
Combinations

Part 13
Assessment of
Laminations

Figure:2,1 — FFS Assessment Procedures for Various Damage Classes

Brittle Frdcture Corrosion/Erosion Crack-Like Flaws Fire Damage Creep Damage Mgg::@;gal Fatigue pamage
Partp AsseF;Z:}twgnt of Part9 Part 11 Part 10 Part 5 Part 14
Brittle Fricture Goneral Metal Assessment of Assessment of Assessment of Assesgirient of Assessinent of
Assessipent L Crack-Like Flaws Fire Damage Creep Damage Localized Metal Fatigue

0ss Loss
Partp Part5 Part 4 Part 8
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Flaw Dimensions Stress Analysis
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e 2.2 — Overview of an.BFS Analysis for Crack-Like Flaws Using the Failure Assessment D
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ANNEX 2A — TECHNICAL BASIS AND VALIDATION — FITNESS-FOR-

SERVICE ENGINEERING ASSESSMENT PROCEDURE
(INFORMATIVE)

CONTENTS

ANNEXZA—TFECHMNEALBASIS-ANDVAHBATHON—HTNESS-FOR-SERHEEENGINEERING-ASSESSMENTPROCEBDURE...... 2A-1
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2A.2  REFERENCES «...tviueetirtentetestetesesteseesestessesessessesessessesessensesessessenessensenessensenessensanessesensssessenessessensesengensesoenesensforenes 2A-1
2A.1 | Technical Basis and Validation

The pfimary references for the basis of the assessment procedures in this sstandard are summgrized in

referemces [9] and [11]. The remaining references provide additional information on specific [damage

mechgnisms or industry experience with Fitness-For-Service technologies.

2A.2 | References

1. Arderson, T.L., and Osage, D.A., “API 579: A Comprehefsive Fitness-For-Service Guide”, Intefnational

Joprnal of Pressure Vessels and Piping 77, pages 953:963, 2000.

2. Aipsworth, R.A., Ruggles, M.B., and Takahashi, Y.5\'Flaw Assessment Procedure for High-Temperature
actor Components," Journal of Pressure Vessel-Technology, Vol. 114, American Society of Metchanical
gineers, New York, May, 1992, pp. 166-170:

3. I, Base Resource Document on Risk*Based Inspection, API Publication 581, American P¢troleum
titute, Washington D.C., 1996.

4, chheim, G.M., Osage, D.A., Rrager, M., Warke, W.R., "Fitness-For-Service and Inspection| for the
trochemical Industry," ASME)PVP-Vol. 261, American Society of Mechanical Engineers, Ngw York,

3, pp. 245-256.

5. chheim, G.M., Osage,\D.A., Warke, W.R., Prager, M., "Update for Fithess-For-Service and Ingpection
the Petrochemical Industry,” ASME PVP-Vol. 288, American Society of Mechanical Engineqrs, New
rk, 1994, pp. 253-260.

6. elle, J.L.AOsage, D.A., and Burkhart, S.J., An Overview and Validation of the Fitness-ForService
sessment Procedures for Local Thin Areas, WRC Bulletin 505, The Welding Research Coungcil, New
rk, N¥Y4, 2005.
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ANNEX 2B - DAMAGE MECHANISMS
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2B.1 | Deterioration and Failure Modes

This Ahnex provides a general overview of the types of flaws and damage observed, concentrating on|service-
induced damage mechanisms. It also provides general information about mitigation and monitoring methods.
A mor¢ complete overview of the damage mechanisms that occur in the following industries are shown| below.

a) API RP 571 Damage Mechanisms Affecting Fixed Equipment In The Refining Industry

b) WRC 489 Damage Mechanisms Affecting Fixed Equipment In The Refining Industry

c) WRC 488 Damage Mechanisms Affecting Fixed Equipment In The Pulp And Paper Industry
W

d) RC 490 Damage Mechanisms Affecting Fixed Equipment In Fossil Electric Power Industry

2B.2 | FFS Assessment and the Identification of Damage Mechanisms

When |conductingsa FFS assessment, it is very important to determine the cause(s) of the dafage or
deterigration ‘ebserved to date and the likelihood and degree of further damage that might occur in the future.

Flaws |and-damage that are discovered during an in-service inspection can be the result of a preexisting
conditimmmmmmmmwmmmmmjuses of

deterioration could be due to inadequate design considerations including material selection and design details,
or the interaction with aggressive environments/conditions that the equipment is subjected to during normal
service or during transient periods.
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Pre-Service Deficiencies

Types of Pre-service Deficiencies

a) Material Production Flaws — Flaws which occur during production including laminations and laps in
wrought products, voids, segregation, shrinks, cracks, and bursts in cast products.

b) Welding Related Flaws — Flaws which occur as a result of the welding process including lack of
penetration, lack of fusion, delayed hydrogen cracking, porosity, slag, undercut, weld cracking, and hot
shortness.

C) Fall;rication Related Flaws — Imperfections associated with fabrication including out-of-roundness¢f

cra|

Cks, grinding cracks and marks, dents, gouges, dent-gouge combinations, and lamellar tearing.

d) Heqt Treatment Related Flaws or Embrittlement — Flaws associated with heat treatment.including

cra|

cking, quench cracking, sensitization, 475°C (885°F) embrittlement, and sigma @phase embirittl

Similar flaws are also associated with in-service elevated temperature exposure.
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pk (i.e. a location in a component where a change in material specification is designated), or

inadvertent substitution of a different alloy or heat treatment, condition due to a lack of p
ferial identification (PMI), the installed component does not have-the expected resistance or 1
perties for the service or loading.

In-Service Inspection

In most instances, one or more of these pre-service deficiencies do not lead to an imn
Usually, only gross errors cause a failure during-apre-service hydrostatic or pneumatic test.

Flaws or damage associated with pre<service deficiencies or damage are often only disc
n In-Service Inspection (ISI), becausein-many cases the ISI techniques used are more sens
pction scope is wider than the inspegtion techniques or extent of inspection used during the ¢
tion. Some damage can be classified relatively easily as pre-service, based on its characteristi
(e.g. void in the interior of a weld'is porosity). However, some pre-service damage is indistingui
vice-induced damage (e.g.,delayed hydrogen cracking and sulfide stress cracking). Therefg

progress in the future based on the material, stress, service conditions, and flaw size.

n-Service Detéerioration and Damage

Overview

©nce equipment enters service, it is subjected to operating and/or downtime conditions th

Drming

reheat
bment.

bng Material of Construction — Due to either faulty material selections, peor choice of a specification

due to
ositive
eeded

ediate

bvered
tive or
riginal
Cs and
shable
re, the

sion that needs to be made is whether the flaw and associated deterioration (regardless of its ofjigin) is

at can

deterior

pted or _damage the equipment One factor _that complicates _a FFES analysis i

5 that

material/environmental condition interactions are extremely varied; many plants contain numerous processing
units, each having its own combination of aggressive process streams and temperature/pressure conditions.
In general, the following types of damage are encountered in process equipment:

a) General and local metal loss due to corrosion and/or erosion.

b) Surface connected cracking.

c) Subsurface cracking.
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d) Microfissuring or microvoid formation.
e) Metallurgical changes.

2B.4.1.2  Each general type of damage is caused by a multitude of damage mechanisms, which are specific
types of corrosion (e.g. naphthenic acid corrosion of carbon steel), stress corrosion cracking (SCC - e.g.
polythionic acid stress corrosion cracking of sensitized austenitic stainless steels (PSCC)), or types of
embrittlement (e.g. temper embrittlement of 2-1/4 Cr -1 Mo alloy steel). Each of the damage mechanisms
occurs under very specific combinations of materials, process environments, and operating conditions.

2B.4.1.3  The following sections of this Annex describe each of the damage types and provide som’té typical
examples of damage mechanisms and potential mitigation methods. These sections are intended, to iptroduce
the cohcepts of service-induced deterioration and failure modes to the specialist in corrosion/metallurgy. The
user i urged to consult with engineers familiar with damage modes and to refer to publications such as API
RP 571 and WRC Bulletins 488, 489, and 490 that provide a more detailed ,description of [damage
mechdnisms in various industries (see paragraph 2B.1).

2B.4.144  When performing a FFS assessment it is important that the potential for further damage is
considered or that steps are taken to preclude further damage from occurring by means of mitigation methods.
A list gf the types of information needed for a specialist to judge whether,"and at what rate, further dgmage is
likely tp occur is provided in Table 2B.1 for damage mechanisms in th€ refining industry.

2B.4.20 General Metal Loss Due to Corrosion and/or Erosion

2B.4.21  General metal loss is defined as relatively uniform thinning over a significant areg of the
equipment (see Part 4). Examples of general corrosion for-carbon steel and low alloy steels are sulfiflation in
crude bnits, H,/H,S corrosion in hydrotreaters, and souf.; Water corrosion in moderate velocity situationg in sour
water s$trippers.

2B.4.212 A corrosion rate can usually be caleulated from past and current thickness readings, for gxample
see API 510, API 570, and APl 653. The' corrosion rate can also be predicted from standard gorrosion
curvegreferences, such as the modified McConomy Curves for sulfidation of carbon and low allgy steels
(these|curves are a function of temperature and sulfur content versus alloy). The measured or calculated rate,
or a modified rate if conditions (have changed, can be factored into a FFS assessment to evaluafe future
operatjon.

2B.4.23 Remediation;and monitoring methods for general metal loss are described in Part 4.

2B.4.3 LocalizedsMetal Loss Due to Corrosion and/or Erosion

2B.4.31 Unlike general metal loss, localized metal loss rates can vary significantly within a given area of
the equipment. Examples of localized metal loss are under deposit corrosion in crude unit overhead gystems,
naphtheRieacid corrosion, injection point corrosion, and corrosion under insulation. Localized corrogion can
take many forms, such as pitting resulting in numerous surface cavities, selective galvanic corrosion in the
region between two electrochemically different metals, selective corrosion attack along a weld heat affected
zone (HAZ), corrosion attack in crevices resulting from the concentration of aggressive chemical specie(s), or
local grooving due to impingement. In general, the more resistant an alloy is to general corrosion, the more
likely it is that corrosion, if it occurs, will be localized.

2B.4.3.2 When localized metal loss is detected, it is important to locate and characterize all of the locally
thinned areas and obtain accurate measurements to calculate a metal loss rate. Predicting a localized
corrosion rate is difficult, since the damage may only occur under very specific operating conditions
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(temperatures, chemical species, flow velocity) and is more of an on/off situation and usually does not occur at
a steady constant pace. Since localized corrosion rates are extremely sensitive to minor variations in process
conditions/materials it is difficult to find applicable reference sources of corrosion data.

2B.4.3.3  Remediation and monitoring methods for local metal loss are described in Part 5.

2B.4.4  Surface Connected Cracking

2B.4.4.1  Most service-induced cracking mechanisms initiate at the surface of the component. Examples of
service-induced surface cracking are mechanical and thermal fatigue and various forms of Stress Corrosion
Cracking (SCC), such as polythionic acid stress corrosion cracking (PASCC) or chloride SCC of ausgtenitic
stainles$ steels, amine type cracking of carbon steels, and sulfide stress cracking of carbon and-\loy alloy
steels. [Fatigue cracking data is available from a number of reference sources and future crack, growth rate
can be dalculated if the stresses can be characterized (see Annex 9F).

2B.4.4.1 The occurrence of SCC requires a combination of three conditions to be<present: a suscgptible
material| or material condition, a chemically aggressive environment, and a suffigiently high tensile stress.
Since three factors are involved, generalizations about environments that can cause SCC are difficult even
when regtricted to a specific class of material. However, experiments and service experience have id¢ntified
environrents that can or have caused SCC in carbon and low alloy steels, and these have been tabulatgd and
describgd in API RP 571.

2B.4.4.3 The metallurgical condition of the material is an important determinant of the severity of the SCC
probleml For example, high hardness and strength make "steel, particularly the HAZ of welds) more
susceptiple to sulfide stress cracking. Another material~condition is sensitization of austenitic | steels
(chromiym-rich carbide precipitation at grain boundaries).\that is necessary for PASCC. The environmental
and opdrating conditions of the component are alsojimportant. For example, there is a threshold I¢vel of
caustic poncentration and temperature that must be exceeded before carbon steel is susceptible to ¢austic
crackind. In general, the greater the concentration of the causative agent, Cl, ammonia, H,S, CN, ef{c., the
greater fhe likelihood of SCC. For some meghanisms, increasing temperature increases susceptibility, while
for othefs it decreases susceptibility. Concentration of the causative agents due to boiling, crevices, e[c. can
lead to problems where bulk stream €omposition would not predict susceptibility. Tensile stress is the third
required ingredient for SCC. High'\tensile stresses, both applied and residual, increase the severity|of the
problem|. Residual stress estimation is very important, because many cracks in practice arrest when they
enter a lower residual stress field.

2B.4.4.4  Surface cracks often are found by surface inspection techniques, such as visual, PT and MT,
althoughh UT methaods*and AET are also used to detect cracks. Sizing surface connected cracking, in
particuldr SCC, iS-very difficult, because in many cases the cracks are branched. PT or MT examjnation
methodg can.be.used to determine the length of surface cracks and UT examination methods can be ysed to
determirre the’depth of cracking. Crack depth can also be determined by destructive grinding.

2B.4.4.5 Predicting crack growth rates for SCC is also very difficult, because of a lack of relevant data and
lack of precise knowledge of the environmental conditions near the crack tip, which can be different from the
bulk stream composition. SCC is also more of an on/off damage type, i.e. cracks can grow very rapidly if all
the conditions are conducive, but it can also be dormant for a very long time.

2B.4.4.6  Mitigation methods to slow/prevent further SCC without removing cracks are somewhat limited.
Strip lining the area and possibly coating the area if the cracks are tight is possible. Other methods are to alter
the environment by means of chemical treatments, changing the temperature, or removing contaminants.
Monitoring methods consist of periodic UT measurements or continuous passive AET monitoring. Stream
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sampling/analysis and process variable monitoring to predict when conditions conducive to SCC are present
can also be used.

2B.4.4.7 If cracks are removed, additional mitigation options are available, such as PWHT or heat
treatment to remove residual stresses and/or improve the metallurgical condition such as grain refining, weld
overlays and coatings to isolate the susceptible material from the environment.

2B.4.5 Subsurface Cracking and Microfissuring/Microvoid Formation

2B.4.5.1  Service-induced damage that is not surface connected or initiates subsurface cracking falls into
the geheral class of low-temperature hydrogen related phenomena or high temperature mechanisms|such as
creep |and hydrogen attack. Hydrogen damage consisting of blistering, HIC, and SOHIC "is~ primarily
encouptered in carbon steels operating in wet H,S or HF environments. Much of refinery equipment ig subject
to wet] H,S charging conditions during service or shutdown. For example, deethanizers ‘in fluid [catalytic
crackipg light ends units typically have an environment with a high pH and cyanides that causeg severe
hydroden charging leading to damage. Low-temperature hydrogen related damage occurs because df a local
surface corrosion reaction that allows hydrogen atoms to diffuse into the steel. _.Once the hydrogen ¢harging
reachds a threshold concentration, damage can occur. Subsurface service-induced hydrogen dampge can
also eyentually connect with the surface, or this type of damage can initiate because of surface cracks, such
as sulfjde stress cracking.

2B.4.52  This mechanism is similar to SCC in that susceptiblé/material and an aggressive environment
must be present. Hydrogen blistering and HIC are however, Rot stress related, but SOHIC is. Hydrogen
damage often is an on/off mechanism, occurring under very specific environmental conditions that|may be
present only during upsets and startup/shutdowns. Damage often occurs very quickly at first and oncg surface
films Buildup they inhibit further damage, although if-films are disturbed in service or intentionally during
inspections accelerated damage can recur. Since-hydrogen charging normally only occurs from the [process
side of the equipment, the hydrogen concentration decreases through the wall and in practice many cracks
arrest mid-wall and blisters are less prevalent-on the external surfaces.

2B.4.53 Metallurgical and microstructural details (e.g. the sulfur impurity level of the steel) affect the
susceptibility to damage or threshold.level for damage by a certain level of hydrogen charging. Envirgnmental
variables, such as pH, temperature; CN, H,S content, and stream velocity influence the level of hydrogen
charging. Applied and residual stresses also influence SOHIC susceptibility. Much of the equipment|that will
be evaluated for FFS will tontain hydrogen damage. It is recommended that an expert in this|field be
consulted because it is very important to assess the future potential and rate of hydrogen damage. Réference
publications that can_be used in this assessment are: ANSI/ APl RP571; NACE Publications 8X194| 8X294,
and RIP0296; and.API 939.

2B.4.94 Finding subsurface hydrogen damage is normally accomplished by visual inspection and various
UT mgthods. Assessing the damage is very difficult because this is more a damage mechanics than|fracture

h niec—krablanm—ainea-thar ftaon 1o o diceor t ciaal aranl pranlia oo bhao tntaraoonaon tad—and t k d
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in arrays. Various UT methods are used to characterize the damage.

2B.4.5.5 Mitigation for low temperature hydrogen damage can consist of chemical treatment and/or water
washing to minimize hydrogen charging, strip lining or coatings to isolate the steel from the environment, and
venting for blisters to relieve the internal stress. If properly performed, PWHT may also reduce the propensity
for SOHIC cracking by lowering the residual stress. Monitoring methods consist of hydrogen probes that
measure hydrogen flux and periodic UT inspections to monitor damage extent.
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2B.4.5.6 Creep and/or high temperature hydrogen attack (HTHA) are mechanisms that form voids and
fissuring only during latter stages of damage. These mechanisms can be either surface-connected or initiate
subsurface. The variables that affect creep damage are the creep strength and strain capability of the material
and the exposure conditions (stress and temperature). The variables that affect hydrogen attack are similar,
but in addition the hydrogen partial pressure in the process stream and the alloy chemistry are very important.
Subsurface creep and hydrogen attack damage that is detectable with UT methods, indicates that the
component is at late stages of life for most common alloys. Creep and hydrogen attack damage rates can
only be reduced by lowering the severity of the operating conditions. Field metallography may be effective for
monitoring creep; however, the best monitoring method involves removing samples and conducting destructive
tests while recording the temperature and pressure of the process.

2B.4.6 | Metallurgical Changes

2B.4.6.1 Metallurgical properties, such as strength, ductility, toughness, and corrosion’ resistange can
change while a component is in-service due to microstructural changes because of thermal aging at elpvated
temperatures. In addition, properties can also change because of hydrogen «€harging. Examples of
embrittlegment are shown below:

a) Cafbon steels can strain age embrittle, spheroidize, or graphitize.

b) Feritic, austenitic, and duplex stainless steels may form sigma phaseé.or can sensitize.
c) Ferfritic and duplex stainless steels may experience 475°C (885°F) embrittlement.

d) 2.2b Cr-1Mo Steel may experience temper embrittlement,

2B.4.6.4 These changes in properties are often difficultito detect, since damage may not have occurrgd yet.
Sometimes inferences can be made from examining ‘Samples or surface replicas. Steel compositign and
microstrpcture, operating temperature, and accumulated strain are the most important factors that detgrmine
susceptibility to metallurgical changes. Often, an-equilibrium state of change is reached and further changes
will not ¢ccur. Hydrogen charging, even wjthout material damage, will typically lower the ductility and ppssibly
even the toughness of the material. Hydrogen charging is a reversible reaction and if it does not|cause
damage} has no permanent effect.

2B.4.6.3 Once the metallurgical-properties are changed in-service, they usually are not recoverable| Heat
treatmemt can be effective, although this often is only a temporary solution. To prevent further dampge or
degradation to metallurgical/properties, the operating conditions can be adjusted to a lower severity. | If the
degradation in propertiésiis known, then operating precautions such as start-up and shutdown procedures can
be alter¢d to prevent.damage from occurring despite the degraded physical properties.

2B.4.6.4 As\‘previously discussed, loss of toughness can occur in service because of the pfocess
environment’and service conditions. This form of metallurgical damage will have significant impact on the
structuralntegrity-of-a-component-containing—-a—crack-like—flaw—n-addition—experimental-evidence—indicates
that loss of toughness may also have an effect on the structural integrity of components with blunt flaws that
are typically associated with localized corrosion, groove-like flaws or pitting. Some of the service and
materials combinations that may be susceptible to loss of toughness are listed below. An evaluation of the
material toughness may be required depending on the flaw type, the severity of the environment, and the
operating conditions.

a) Carbon steel in wet H,S service and hydrofluoric acid service (hydrogen embrittlement).

b) Carbon steel and C-0.5 Mo between 149°C -316°C (300°F — 600° F) (strain age embrittlement).
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arbon steel above 427°C (800°F) (graphitization).

Carbon steel, low alloy steels (i.e. 0.5 Cr to 9 Cr), and 12 Cr in fire situation when temperatures exceed
704°C (1300°F) (various damage mechanisms, see Part 11).

Alloy steels (0.5 Cr — 9 Cr) above 593°C (1100 °F) (carburization).

25 Cr-0.5 Mo above 482°C (900°F) (reheat cracking/creep embrittlement).

25 Cr-1 Mo above 399°C (750°F) (temper embrittlement).

P Cr above 371°C (700°F) (475°C (885°F) embrittlement).

Listenitic stainless steel above 593°C (1100°F) (sigma phase embrittlement).
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Tables

Table 2B.1 — Damage Mechanisms Affecting Fixed Equipment

General Information

Data

Processing Unit/ltem

Year of Construction

Material Specification

Material Chemical Compaosition

PWHT {Yes/No)

Lining/Goating Material

Item (1)

Operating Information (2)

Normal

Start-Up /Shutdown

Upset

Crude Rraction Sulfur Content (%)

Crude Hraction Neut Number

Water Gontent (%/pH)

H>S (pgm in water)

NH3z (pgm in water)

NH3 (%

H.S (%

HCl (%

Chloridgs (%)

Sulfuric]Acid (%)

HF Acid (%)

Amine Type (MEA/DEA/etc.)

Amine Concentration (%)

Amine [Loading (mole H,S & COz/mole
amine)

Caustic|Concentration (%)

H.S Patftial Pressure (bar:psia)

H, Partigl Pressure (bar:psia)

Cyanidgs (Yes/No)

Water Wash/Injection (Yes/No)

Polysulfide Injection (Yes/No)

Neutralizing Amine Injection (Yes/No)

Filming JAmine Injection (Yes/No)

Causticllnjection (Yes/No)

Hydrogén Absorptionsnjection Inhibitor

Temperature (°CXF)

Pressure (barg:psig)

Flow Vglocity’(m/sec:ft/sec)

2.

Notes:

1.  Other process stream constituents or operating parameters that may affect the Fitness-For-Service assessment

can be entered at the end of this list.

Values for the process stream constituents and operating parameters for the start-up, shutdown, and upset
conditions, as well as the normal operating condition, need to be defined because significant damage may occur

during these phases of operation.
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2C.10 FIGURES euiittie ittt ettt e e etee e et e et et e e e eaa e e e et e e s aaa e eesa s esasanesssansesasasssstnsesssnnsesastssssssnsessssnserssnnserssnneerssnnesnnnns 2C-37
2C.1 General

2C.1.1 Scope

The minimum required wall thickness, MAWP , and membrane stress for common pressure components are
required for many of the Level 1 and Level 2 Fitness-For-Service assessments in this Standard. These
parameters may be computed using the appropriate equations and other requirements from the construction
code. Hquations for thickness, MAWP , and membrane stress for internal pressure and external pressnllre are
provided in this Annex for easy reference, but they are not intended to replace those of cthe ¢riginal
construgtion code. It is the Users’ responsibility to ensure that equations and other requirements for the
calculatipn of thickness, MAWP , and membrane stress used in a Fitness-For-Service assessment are torrect
for the fpode of construction of the equipment. The equations are presented in an efganized fashion to
facilitatg use and are adjusted for metal loss and future corrosion allowance.

2C.1.2 | MAWP and MFH

In this Annex, the safe operating pressure capability of a pressure vessel is\described in terms of MAWP .
This terminology is also used for piping instead of the usual term, maximém allowable operating pressure. For
atmospheric storage tanks, the pressure capability is defined in terms of\a maximum fill height (MFH ).

2C.1.3 | Construction Codes and Common Rules

The desjgn-by-rule equations in this Annex are based on the following construction codes.
a) ASME B&PV Code, Section 1

b) ASME B&PV Code; Section VI, Division 1 (VAH-1)

c) ASME B&PV Code; Section VII, Division.2 (VIII-2)

d) ASME B31.3 Process Piping Design, (B31.3)

e) AP|650 Welded Steel Tanks(for Oil Storage (API-650)

In the development of VIII-2, an effort was made to harmonize the design-by-rule requirements in thjs new
code with VIII-1. Based ‘er'this effort, the design rules in VIII-2 are either identical to the rules in V|II-1 or
represemt a more resStrictive subset of the design rules in VIII-1. A comparison of the design-py-rule
proceduIes in VIII-2sand VIII-1 is shown in Table 2C.1. Based on the development of the new VIII-2, [ASME
has initipted a CGommon Rules effort to standardize the design-by-rule procedures in the VIII-1, VIII-2, and VIII-
3 Constfuctien;Codes. Common Rules are defined as those rules in VIII-1, VIII-2, and VIII-3 that are identical
and difficultto maintain because of complexity (i.e. either computationally or editorially complex), or frequent
updating due to the introduction of new technologies. Common rules typically occur in the design-by-rule or
design-by-analysis parts of the code; but also exist in material, fabrication, and examination requirements.

Some of the most commonly used design rules from VIII-1, B31.3, and API-650 have been re-produced for the
convenience of the user. These rules typically encompass procedures for design for internal pressure. Rules
for external pressure are addressed by reference.

2C.1.4 Use of VIII-2 Design Equations

The overall objective of the ASME Common Rules initiative is to have the design-by-rule and design-by-
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analysis procedures in VIII-2, and reference these procedures from other ASME Codes. Therefore, design-by-
rule procedures from VIII-2 are only referenced for use in the Annex. Additionally, the design-by-rule
procedures from VIII-2 may be used in place of the procedures in VIII-1 in accordance with ASME Code Case
2695, specific details are provided in Table 2C.2. The design equations of VIII-2 may be used in lieu of those
of VIII-1. The design rules of VIII-2 typically provide benefits for the following:

a) Torispherical and elliptical heads

b) Conical transitions

c) K

d)

pd

e) S

2C.2
2C.2.1

nuckles and flares
pzzle junctions [i.e. reinforcement requirements]

nells under combined loading

Calculation of t.;,, MAWP (MFH), and Membrane Stress

Overview

Complitation of the minimum wall thickness, MAWP or MFH , and membrane stress for existing equipment

typical

affect the final results (e.g. code revisions, determination of allowable stresses for in-service compone
fficiency in corroded regions). Methods to determine.these factors and parameters for if-service
hent are provided in Paragraph 2C.2.2.

joint e
equipn
2C.2.2

a) T
H

—

i)
i)

Minimum Required Wall Thickness and MAWP ' (MFH)

Option 1 — If the original design-cenditions have not been changed and t . —LOSS —FCA>t

y requires judgment on the part of the user to determine factors‘and parameters that may sigrrl:ificantly

ts, weld

ne minimum wall thickness and the MAWP ar*MFH of a component can be determined using one of
e following options:

min ?

then the MAWP or MFH .as-shown in the original documentation for the equipment may lpe used.
The MAWP for a component may be taken as the design pressure and the MFH for a tank may
be taken as the maximum design liquid level. In this case, the minimum required wall thickness may
be determined using_one of the following alternatives:

The minimum required wall thickness as shown in the original documentation for the equipment.

Themnominal or furnished thickness t, . minus the original specified corrosion allowancg.

m

Option’2 — The MAWP or MFH and minimum required wall thickness may be calculated as
follows.

1)

The MAWP and minimum required wall thickness for pressure vessel and piping components
may be calculated if the design pressure (including liquid head), supplemental loads (see
paragraph 2C.2.7) design temperature, component geometry, current measured thickness,
future corrosion allowance, material specification and allowable stress are known.

The MFH and minimum required wall thickness for atmospheric storage tank shell courses
may be calculated if the design fill height, fluid specific gravity, supplemental loads (see
paragraph 2C.2.7) design temperature, component geometry, current measured thickness,
future corrosion allowance, design temperature, material specification and allowable stress are
known.

2C-3
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If the component contains a flaw, the MAWP or MFH may be reduced as a function of the Remaining
Strength Factor (see Part 2, paragraph 2.4.2.2.b or 2.4.2.2.c).

2C.2.3

Code Revisions

The minimum wall thickness, MAWP or MFH , and membrane stress of a component can be determined
using the latest edition of the applicable construction code if the following essential details are known to

comply with that code.

If any of the essential details do not comply with the latest edition of the code, the

minimum thickness, MAWP or MFH , and membrane stress may be established using the edition of the
code to

the late

which the component was originally constructed. However, an assessment of the componen

using

t edition of the code should be made to ensure that the original construction code rules pfoy

adequate margin of safety.

a) Ma
b) Up
c) De
d)
e)
f) Ins
g) We
h) Ma
2C.2.4
The allg
MFH
a) The
Re
cor
b) Ifa
1)
2)
3)
c)

erial specifications
per and/or lower temperature limits for specific materials

bign details (e.g. nozzles, nozzle reinforcement, and conical transitions)

Special design requirements for cyclical and/or high temperature designconditions

Falrication details and quality of workmanship

bection requirements

Id joint efficiency

erial toughness (Charpy Impact Energy) requirenients
Determination of Allowable Stresses

wable stress to be used in the calculation of the minimum required wall thickness and MA
an be determined based on one of’the following items.

e allowable stress for alls.components can be based on the original construction
commendations pertaining-to/the revision of the construction code to use for an assessmg
tained in paragraph 2G:2.3.

pressure vessel was constructed to VIII-1, the allowable stress may be determined from VIlI-1

Addglenda and subsequent editions and addenda subject to all of the following:

The pressure vessel was constructed to the 1968 or later edition of the Code,

Thesessential detalils listed in paragraph 2C.2.3 comply with the latest edition of the Code, and

ide an

VP or

code.
nt are

, 1999

The pressure vessel satisfies one of the assessment levels of Part 3 of this Standard (no

e that

pressure vessels constructed to the 1987 edition of the code, or later edition automatically satisfy this
requirement unless the exemption of VIII-1, paragraph UG-20(f) was used in the original design).

If a pressure vessel was constructed to VIII-1 and the flaw is located in the base material of a cylindrical,
conical or spherical shell outside of the weld band (see paragraph 2C.2.5.a) the allowable stress may be
established in accordance with VIII-2. This provision also applies to other construction codes that permit
higher design allowable stresses in conjunction with design-by-analysis rules.
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If the specification for the material of construction cannot be identified, an allowable stress
estimated based on the material chemistry determined by chemical analysis, methods used for

can be
positive

materials identification (see APl RP 578) or other physical attributes, e.g. magnetic properties,

atmospheric corrosion behavior, hardness, color, etc. This chemistry can then be compared to

material

specifications and grade in the original construction code. The allowable stress should be based on a
specification and grade with a comparable chemistry that results in the lowest value of the code allowable

stress at the design temperature.

If a component was constructed to more stringent requirements than required by the original construction

ile taking into account the basis for establishing the design allowable stress in the codel\ E
lude guaranteed strength properties, increased inspection, design details that minimiz
concentration, and/or material selection to mitigate the effects of environmental damage ‘and/or to
higher fracture toughness. If the allowable stresses are established based on the ehhanced qual
cpmponent, the basis should be documented and included in the assessment records.

2C.2.5 Treatment of Weld and Riveted Joint Efficiency, and Ligament Efficiency

The npinimum thickness, MAWP or MFH, and membrane stress of a component shall incl
approgriate weld or riveted joint or ligament efficiency utilized in the original design unless alternativ
for thepe parameters can be established by stress analysis and/or inspection.

a)

b)

dint efficiency or weld joint quality factor, as applicablegshall be included in the minimum thickn
MAWRP or MFH calculations. A damaged region*s. considered to be at a weld or riveted joi
art of it is located within the weld or riveted jointpand. The weld band is defined to be centere
weld, and has a width of 50.8 mm (2 inches)\'or twice of the furnished plate thickness, whic
gleater. The riveted joint band is defined to\begin at the centerline of the riveted joint and exte
nmm (6 inches) beyond the outermost row of rivets either side of the riveted joint.

—

Fpr damaged regions (e.g. corrosion/erosion, pitting, etc,) at'a weld or riveted joint, the weld o
p

T

br damaged regions (e.g. corrosion/erosion, pitting, etc.) outside of the weld or riveted joint bg

bparagraph a above) in components without closely spaced openings, a joint efficiency of 1.0
lrilized in the minimum thiekness and MAWP or MFH calculations. For components with
clpsely spaced openings; the ligament efficiency associated with the hole pattern shall be utilizg
cqlculations.

c n

The joint efficiency of a riveted lap joint, E, may be determined by the following proced
determined by @ more detailed stress analysis. Alternatively, for atmospheric storage tanks desig
fgbricated” t6 API 12A, paragraph 4.3.4 of API 653 may be used and for atmospheric storag
designed to API 650, paragraph 4.3.4 or Table 4.3 of API 653 may be used.

ponent
kamples
p  stress

provide
ty of the

ude the
P values

r riveted
ess and
nt if any
d on the
hever is
d 152.4

\Ind (see
can be
multiple
d in the

Lres, or
ned and
e tanks

1) YSTEP 1 - Determine Allowable Stresses: o, . O,,. O, .and o, .

2) STEP 2 — Determine the unit width, W, , over which the riveted joint efficiency will be determi

the thickness of the plate to be used in the calculation, {.
3) STEP 3 - Determine the rivet shear load.

p _Nerdioy

2 n for a single lap joint

2C-5
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P — Nr”dl'ZGSI’

, i for a double lap joint (2C.2)

STEP 4 — Determine the plate or rivet compressive load.

R, =min| (N,d,t.;, ), (N,d,t.0;) | (2C.3)

r-p-c

STEP 5 — Determine the plate tension load. The plate tension load shall be computed using
Equation (2C.4) for the jth row of rivets. The plate tension loads should be calculated for each row

of rivets to determine the governing load, this load is designated as B; ., .

Py =(w, - j-d,)t.o, | ———— (2C.4)

rj N
Nr - Z Nem

(i-1)

STEP 6 — Determine the limiting load.

P, =min| P, P, Py | (2C.5)
STEP 7 — Determine the strength of the plate without airiveted joint.
Prp =wW_t.oy, (2C.6)
Step 8 — Determine the riveted joint efficiency:
E-= i (2C.7)
P

p

Treatment of Damage in Formed Heads

If damagie (e.g. corrosion/erosion,\pitting, etc.) occurs in the center section of an elliptical or torispherical head,
the mini

a)

b)

Elli

1)

2)

mum thickness, MAWRP ) and membrane stress can be determined as follows:

ptical Heads:

The minimum thickness and MAWP of the knuckle region for an elliptical head may be cal¢ulated
by the equations in paragraph 2C.3.5.

The,minimum thickness and MAWP of the spherical region of an elliptical head may be cal¢ulated
by the equation for spherical shells in paragraph 2C.3.4 using an equivalent radius. The spherical

region of an ellipsoidal head is the area located entirely within a circle whose center coincides with
the center of the head and whose diameter is equal to 80 percent of the shell diameter. The

equivalent radius of the spherical segment is the equivalent spherical radius KCD where Kc is
given in paragraph 2C.3.5.b and D is the inside shell diameter.

Torispherical Heads:

1)

The minimum thickness and MAWP of the knuckle region for a torispherical head may be
calculated by the equations in paragraph 2C.3.6.

2C-6
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2) The minimum thickness and MAWRP of the spherical region of a torispherical head may be
calculated by the equation in paragraph 2C.3.6 with M =1.0.

2C.2.7 Thickness for Supplemental Loads

2C.2.7.1  Supplemental loads, may result in an axial force and/or bending moment being applied to the end
of a cylindrical shell, conical shell or pipe section. This type of loading results in longitudinal membrane and
bending stresses (stresses acting on a circumferential plane) in addition to the longitudinal and circumferential
(hoop) membrane stress caused by pressure loading. The effects of supplemental loads for other loading
conditions and/or shell geometries can be evaluated using the stress analysis methods in Annex 2D

2C.2.71.2  The thickness necessary for supplemental loads shall be considered in the determinatign of the

minim{yim thickness, t MAWP or MFH , and/or membrane stress.

min *
a) Sppplemental loads include, but are not limited to: the weight of the component, contained fluid, insulation
of refractory; loads resulting from the constraint of free thermal expansjoni. thermal gradjents or
differences in thermal expansion characteristics; occasional loads due to wind; earthquake, snow, and
ce; loads due both to environmental and operating conditions; reaction forees from fluid discharggs; loads
gsulting from support displacements; and loads due to process upset ¢onditions.

_ =

b) Ah overview of supplemental loads, loading conditions, and allowances for pressure and/or temperature
variations that should be considered in an assessment are shown in Table 2C.3. Load definitions and
ad case combinations that shall be considered in an assessment are shown in Annex 2D, Tabljes 2D.1
nd 2D.2, respectively.

o

|

c) Sppplemental loads may be considered to be negligible if these loads do not affect the minimum fequired
Hickness, MAWP or MFH , fatigue life or crfeep remaining life of a component with a flaw, or the
gmaining life of a component operating in the\creep regime. Otherwise, these loads are considered to be
significant and must be included in an assessment.

-~

d) Typical pressure vessel and piping‘\configurations and flaw locations where the required thickpess for
slipplemental loads may be significant are listed below.

1] Vertical vessels subject to’wind or earthquake loading, with the flaw located in the lower sg¢ction of
the vessel.

2] Horizontal pressure vessels, with the flaw located in the mid-span between saddle support points or
close to the-saddle (see paragraph 2C.2.7.4).

3] Piping.systems, with the flaw located at support point locations or in the mid-span of piping s¢ctions.

2C.2.71.3 _<Fwo Options are provided for evaluating supplemental loads on vertical vessels.

Optio Al—_A_thickness is compl ited based an the alnlnlind Qllpplnmnntnl In,'-\rling ||Qing the Equatioh (2C.8)

with F and M equal to the weight of the tower, attachments, and contents, and the bending moment from
the wind or earthquake loading, respectively. Note that the thickness will vary with the elevation of the vertical
vessel based on the values of F and M that change with the elevation. Egquation (2C.8) is applicable to
both thick and thin shells. For compressive stresses, the allowable stress shall be established using VIII-2,
Part 4, paragraphs 4.3 and 4.4. The loads resulting from wind and earthquake load may be calculated using
the procedure in ASCE 7.
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o 2F X 16D,M
" SEx(D, +D)cos[a] SEz(D,+D,)(D?+D?*)cos[a]

(2C.8)

e) Option B — Detailed evaluation procedures are described in VIII-2, Part 4, paragraphs 4.3 and 4.4. Note
that the evaluation procedures in VIII-2 are based on computation of stress components and an
equivalent stress. Hence, the parameter t; is not explicitly calculated. This stress basis is also used in

Parts 5 and 6 of this Standard.

2C.2.7.

The thickness for supplemental loads may he computed using V-2 Part 4 _paragraph 4 1

2C.2.7.9

compon
evaluati
piping s
loads as

2C.2.8

a) The
uni

b) The Future Corrosion Allowance (FCA) is defined as the anticipated metal loss for the next pe

ope
allg
equ

2C.2.9

The eqliations presented in this Annex shalkbe” adjusted for mill tolerance, LOSS and FCA.

calculati
dimensi
shall be
the adju
adjusteg
adjusted
wall thic
than ong

2C.2.10

While in

Typically, t, is not explicitly calculated for piping systems because of the relationship betws

bnt thickness, piping flexibility or stiffness, and applied loading, both sustained and jthermal.
ng requirements for supplemental loads, a piping stress analysis is typically peffermed whe
ystem is modeled and all loads are applied. Separate cases are analyzed for pressure and sug
well as secondary loads.

Determination of Metal Loss and Future Corrosion Allowance

> metal loss (LOSS ) is defined as the amount of uniform metal loss at the time of inspection,
orm metal loss away from the damage area at the time of the inspection.

ration. The FCA is established based on the operatidg conditions and service. This co
wance may be estimated based upon previous thickness measurements, from corrosion ra
ipment in a similar service, or from information obtained from corrosion design curves.

Treatment of Metal Loss and Future Corrosion Allowance

ng the required thickness for future-gperation, the LOSS and FCA shall be applied to com
bns. When calculating the MAWP~or MFH , the wall thickness as well as component dime
adjusted for LOSS and FCA.: The location of metal loss should be considered when deter|
sted dimensions. For example, for internal corrosion the inside diameter and wall thickne]
for LOSS and FCA, while for external corrosion the outside diameter and wall thickne
for LOSS and ECA. If corrosion occurs on both sides, the inside diameter, outside diame
kness are adjustédfor LOSS and FCA. Note that in this case, LOSS and FCA may hav
e value for internal and external corrosion.

Treatmént of Shell Distortions

en the

When
re the
tained

or the

riod of
rosion
tes on

When
bonent
nsions
mining
SS are
5s are
r and
more

[ances

Lservice, components may evolve into a configuration that no longer satisfies the fabrication tole

of the o

iginal design code. This distortion in shape may result in areas with high localized stresses, and for

components subject to a compressive stress field, a reduction in structural stability. Assessment procedures

for shell

2C3 P
2C3.1

out-of-roundness and/or shell misalignment are covered in Part 8.

ressure Vessels and Boiler Components — Internal Pressure

Overview

The minimum required thickness and MAWP of a pressure vessel component subject to internal pressure
may be calculated based on the original construction code. Alternatively, the equations in this section may be

2C-8


https://asmenormdoc.com/api2/?name=ASME FFS-1 2016.pdf

API 579-1/ASME FFS-1 2016 Fitness-For-Service

utilized in the calculation of these parameters. The equations are based on VIII-1. The effects of
supplemental loads (see paragraph 2C.2.7) are included in these equations only for cylindrical and conical
shells (i.e. longitudinal stress direction) subject to a net section axial force and/or bending moment. The
effects of supplemental loads for other component geometries and loading conditions can be evaluated using
the stress analysis methods in Annex 2D.

2C.3.2 Shell Tolerances

The equations presented in this section are valid if the out-of-roundness tolerances for the shell satisfy the

tolerances in Part 8, Table 8.3.
2C.3.3 Cylindrical Shells
The mjnimum thickness, MAWP , and membrane stress equations are as follows:
a) Cjrcumferential Stress when P <0.385SE and t°. <0.5R (Longitudinal Joints):
© - PR (2C.9)
SE-0.6P
MAWP® = _SEt (2C.10)
R+ 0.6t
ops :E(EJFO.BJ (2C.11)
ELL
b) Cjrcumferential Stress when P >0.385SE or t, <> 0.5R (Longitudinal Joints):
tS =R|exp P -1 (2C.12)
min SE '
MAWPS = SE -In [%} (2C.13)
-1
c P R+t
o =—|In| —= (2C.14)
E R
c) Leéngitudinal Stréss when P <1.25SE and tr;in < 0.5R (Circumferential Joints):
T PR, t, (2C.15)
2SE +0.4P
MAWP!L = M (2C.16)
R-0.4(t-t,)
o _ P L—OA (2C.17)
2E | t—t,

2C-9
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L
min

> 0.5R (Circumferential Joints):

1/2
tt =R (i+1j ~1 |+t
SE
R+(t-t,)Y
MAWPLSE[(TS'] —1]

(2C.18)

(2C.19)

e) Fin

2C.34

a) If

equ

b) If

equ

Al Values:

tmin = max [triin ’ trlr_lini|
MAWP = min [MAWPC, MAWPL]
O = max[afn:, anﬁ]

Spherical Shell or Hemispherical Head

(RC.20)

(pC.21)
(RC.22)

(pC.23)

P <(0.665SE and t_. <0.356R, then the minimum thickness, MAWP , and membrane [stress

min —

ations are as follows:

¢ - PR
" 2SE-0.2P
2SEt

R+0.2t

o, :i E+0.2
2E\ t

P > 0.665SE _eri't ;. >0.356R, then the minimum thickness, MAWP, and membrane

ations are ds follows:

MAWP =

(RC.24)

(pC.25)

(RC.26)

stress

(C.27)

SR
e =ase| (B0 -1 (Rt 2]
(%)

2C-10

(2C.28)

(2C.29)
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2C.3.5 Elliptical Head

The minimum thickness, MAWP , and membrane stress equations may be computed using the equations
shown below with the following limitations (see Figure 2C.1):

a) Nominal values:

PDK
t = (2€.30)
2SE -0.2P
2SEE
MAWP = —— (2C.31)
KD +0.2t
o zi(%m.zj (2C.32)
2E\ t
where,
1 2
K= E(2.0+ R3) (2C.33)

b) Vplues in the center portion of the head — To compute the minimum thickness, MAWP , and mg¢mbrane
stress for the center section of an elliptical head (a section within 0.8D centered on the head cefterline),
use K, instead of K in the above equations.

K, = 0.25346 +0.13995R,, +0.12238R?, —0.015297R?, (2C.34)
c) Limitations — If these limitations are not satisfied; the rules of VIII-2 may be used.
17<R, <22 (2C.35)
D(0.44R,, +0.02 D(0.44R,, +0.02
( t d ) <5001, * or ( te” ) <500 (2C.36)

min
2C.3.4 Torispherical Head

The mjinimum thicknessC MAWP , and membrane stress equations may be computed using the efjuations
shown| below with thesfellowing limitations (see Figure 2C.1):

a) Npminal values:

PC.M
= (2C.37)
2SE —0.2P
MAWP = — 25Et__ (2C.38)
C.M +0.2t
c. :L(C“M +O.2j (2C.39)
2E( t

2C-11


https://asmenormdoc.com/api2/?name=ASME FFS-1 2016.pdf

API 579-1/ASME FFS-1 2016 Fitness-For-Service

where,

M :3[3.O+ /&]
4 r

(2C.40)

b) Values in the center or spherical portion of the head — To compute the minimum thickness, MAWP , and
membrane stress for the center section of a torispherical head, use M =1.0 in the above equations.

c) Limitations — If these limitations are not satisfied, the rules of VIII-2 may be used.

07<% <10
D
Y5006
D
tCr <500 or % <500

min

2C.3.7 | Conical Shell

(BC.41)

(RC.42)

(RC.43)

The mirfimum thickness, MAWP , and membrane stress equation$’ may be computed using the following

procedures (see Figure 2C.2):

a) Cirgumferential Stress (Longitudinal Joints):

c PD

tmin -
2cos[a|(SE -0.6P)

2SEtcos[a]
D +1.2tcos[«]

fops L LT
2E ( tcos[«]

b) Longitudinal Stress_(Circumferential Joints):

MAWP® =

L PD
tmin = +ts|
200s[cr|(2SE +0.4P)

4SE(t-t,)cos[a]

MAWP" =

(BC.44)

(BC.45)

(RC.46)

([BC.47)

(RC.48)

D-0.8(t—t,)cos[]

o e s o)

c) Final Values:

min? “min i|

e = Max| t

2C-12

(2C.49)

(2C.50)
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MAWP = min[MAWPC, MAWPL]

_ c L
Oy = max[am, am]

m

(2C.51)

(2C.52)

d) When determining the minimum thickness or MAWP of a corroded area on a conical shell section, the
inside diameter at the location of the minimum thickness reading adjusted for metal loss and corrosion

al

lowance may be used in the above equations instead of maximum cone diameter.

e) Eccentric Cone — The minimum thickness of an eccentric cone shall be taken as the greater of the two

icknesses obtained using both the smallest and largest « in the calculations (see Figure 2C.3).
Toriconical Head
nimum thickness, MAWP , and membrane stress equations are computed on a component ba
2C.2):
pnical Section — The equations in paragraph 2C.3.7 can be used to compute the minimum
ickness, MAWP and membrane stress of the cone section, designate these values as t;. , N
nd o, , respectively.
nuckle Section — The following equations can be used to eompute the minimum required th
IAWP and membrane stress:
Ko PL M
™ 2SE-0.2P
2SEt
MAWP" = ———*%
LM +0.2t,
P (LM
of =—| *—+0.2
2E\ t,
here,

R—r, (17¢0s[a])
cos[a]

M =1(3.0+ /i]
4 r

K =

sis (see

required

IAWP®,

ickness,

(2C.53)

(2C.54)

(2C.55)

(2C.56)

(2C.57)

th
2C.3.8
The m
Figure
a) C
th
a
b) K
\
Wi
c) Fi

ress are

provided on a component basis in paragraph 2C.3.8.a and 2C.3.8.b. The values of these quantities to be
used in an assessment depend on the location of the flaw. The following equations can be used if a

Ssi

ngle expression is required for the cone-knuckle configuration.

min? “min

i = Max[ to;,, th, |

MAWP = min[MAWP°, MAWPk]

2C-13

(2C.58)

(2C.59)
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k
O e =MaX | o7, oh | (2C.60)
2C.3.9 Conical Transition

a) The minimum thickness, MAWP , and membrane stress equations are computed on a component basis

(see Figure 2C.3).

b) Conical Section — The equations in paragraph 2C.3.7 can be used to compute the minimum required

thickness, MAWP , and membrane stress of the cone section, designate these values as t°. , MAWP®,

min ?

and o,,, respectively.

c) Knlickle Section (If Used) — Use the following equations to compute the minimum requiréd-thigkness,
MAWP , and membrane stress.

koo PLM (pC.61)
2SE -0.2P
MAWP* = _ 2SBh (pC.62)
LM +0.2t,
o _ P LM +0.2 (C.63)
2E t,
where,
R —r (1-cos|a
AT k( [ ]) (pC.64)
cos|]
M _1 3+ L (pC.65)
4 r,

d) Flaje Section (If Used) — Useé the following equations to compute the minimum required thigkness,
MAWP , and membrane-stress.

f PL, M
t =——5 (RC.66)
2SE=0.2P
~ 2SEt,
MAWP" = —"—f (bC.67)
L,M +0.2t,
LM
anﬂzi L 402 (2C.68)
2E| t,
where,
R, +r, (1—cos
L, =— ( @) (2C.69)

CoS

2C-14


https://asmenormdoc.com/api2/?name=ASME FFS-1 2016.pdf

f)

API 579-1/ASME FFS-1 2016 Fitness-For-Service

L
M=tay S
4 r,

(2C.70)

Final Values — Expressions for the minimum required wall thickness, MAWP , and membrane stress are
provided on a component basis in paragraphs 2C.3.9.b, 2C.3.9.c, and 2C.3.9.d. The values of these
guantities to be used in an assessment depend on the location of the flaw. The following equations can
be used if a single expression is required for the conical transition.

1

Case 1 — The conical transition nnly contains a cone (Qpp Eigure 2C ?(n))

tmin = tr‘;in

MAWP = MAWP*

c

o m

max — O,

Case 2 — The conical transition contains a cone and knuckle (see Figure:2C.3(b)).
k
tmin = max [tr%in ' tmin }
MAWP = min[ MAWP®, MAWP" |

On

_ c k
o =Mmax| o7, of |

Case 3 — The conical transition contains a conge, knhuckle and flare (see Figure 2C.3(c)).

i = MaX [ oy, thio, toi, |
MAWP = min| MAWP®, MAWP*, MAWP ' |
O = Max [O‘;, X, an:}
Case 4 — The conical transition contains a knuckle and flare (see Figure 2C.3(d)).
i = MaX ey Ty |
MAWP™= min| MAWP*, MAWP " |

k f
Gy = max[am, am]

Case 5 — The conical transition contains a cone and flare (see Figure 2C.4(d)).

tmin:max[tC t! }

MAWP = min [MAWPC, MAWP ]

_ c f
Oy = max[am, am]

m

(2C.71)

(2C.72)
(2C.73)

(2C.74)
(2C.75)

(2C.76)

(2C.77)
(2C.78)

(2C.79)

(2C.80)
(2C.81)

(2C.82)

(2C.83)
(2C.84)

(2C.85)

The half-apex angle of a conical transition can be computed knowing the shell geometry with the following
equations. These equations were developed with the assumption that the conical transition contains a

2C-15
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2C.3.10| Nozzles Connections in Shells

Two prdcedures are provided, area replacement and limiit load. The area replacement procedure m
all nozzles in spherical shells or formed headsand for pad reinforced nozzles in cylinders. The limit
load procedure may be used for unreinforced nozzles in cylindrical shells. A nozzle weld strength anal
required for both of these procedures.

used for

a)

cone section, knuckle, and flare.

API 579-1/ASME FFS-1 2016 Fitness-For-Service

components should be set to zero when computing the half-apex angle.

1)

2)

3)

Reguired Reinforcement, Area Replacement Method — This assessment procedure is the one us
degign of nozzles in VIII-1. The proecedure can be used for nozzle connections to most shell types
ithout a reinforcing pad. The procedure is known to produce conservative results for small nozzle

w

1)

2)

If (RL_rk)Z(RS +rf)

If the transition does not contain a knuckle or flare, the radii of these

a=¢+p (2C.86)

ﬁ:arctan{(RL _rk)lj(Rs +rf)} (2C.87)
If (R.—r)<(Rs+r;)

a=¢-pB (pC.88)

ﬁzarctan{(RS al )L_(RL _rk)} (bC.89)
In both cases shown above, the angle ¢ is given by the following eguation.

¢5:arcsin{(Irf +rkzcos[ﬂ]} (RC.90)

Limitations:

i)  For openings.n cylindrical shells, the opening does not exceed the following; for nozzles
not meep.this criterion, stress analysis techniques using either stress categorization or

collapsé are recommended to determine an acceptable MAWP .

i) For'vessels 1524 mm (60 inches) in diameter and less, min[D/2, 508 mm (20 in)].

ust be

ysis is

ed for
with or

D.

hat do
plastic

liiy” For vessels over 1524 mm (60 inches), min[D/3, 1016 mm (40 in)]

iv)  For openings in spherical shells or formed heads there is no restriction on the opening siz

e.

v) The effects of nozzle loading are not included in either of these procedures. If nozzle loads are

significant, a stress analysis must be performed to evaluate the acceptability of the
configuration.

The condition required for satisfactory reinforcement of a branch nozzle connection is given
following:

i)  The basic equations for all configurations are shown below:

2C-16

nozzle

by the
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A =dtF+2ttF(1-1,) (2C.91)
A =max| (d, (Et-Ft,)-B), (2(t+t,)-(Et-Ft,)-B)] (2C.92)
B=2t (Et—Ft )(1-f,) (2C.93)
A, =min[ (5t-t-f,,), (52 ,,), (2h-t-1,,)] (2C.94)
Ag =W, T, (2C.95)
i)  For nozzles without a reinforcing pad (see Figure 2C.5) for the definition of areas:
A+A+A+A +A;2T A (2C.96)
A, =min| (5(t, —t,,) ft), (5(t, —t,) froty)] (2C.97)
A, =W T, (2C.98)
iii) For nozzles with a reinforcing pad (see Figure 2C.5) for the definhition of areas:
A+A+A+A+A,+A+A 2T A (2C.99)
A, =min| (5(t, —t,) fot), (2(t, —t,)(25t, +1,) f,,) ] 2C.100)
A, =W T, 2C.101)
A,=wf, 2C.102)
A =(D,-d, -2t )t f 2C.103)
iv) Inthe above equations:
A <0.0 then ¢, =LOSS, + FCA 2C.104)
A <0.0 then A, =0.0 2C.105)
fa :% for a set—in nozzle 2C.106)
f,=1.0 for a set—on nozzle 2C.107)
f,= % 2C.108)
Sy
L= mm[:v”’s”] (2C.109)
f,= % (2C.110)

2C-17
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Required Reinforcement, Limit Analysis Method — This assessment procedure can be utilized to evaluate
nozzles in cylindrical shells subject to internal pressure that do not have a reinforcing pad (see VIII-1,
Appendix 1-9). The procedure can be used to check a nozzle with a reinforcing pad if the pad is
neglected in the analysis. The procedure cannot be used if the nozzle is subject to significant
supplemental loading (i.e. applied net section forces and moments from piping loads). Any combination
of thicknesses in the nozzle neck or vessel shell is acceptable provided all of the conditions listed below
are met. This method is effective for evaluating a region of local metal loss at nozzles where an average
thickness is used to represent the metal loss in the nozzle reinforcement zone (see Figures 2C.6 and
2C.7).

1) | Limitations — All the following must be satisfied:

i)  The allowable stress is based on time-independent properties, refer to the applicable nptes in
the allowable stress tables of the original construction code.

i)  The nozzle and shell are fabricated from a ferrous material with YS /UTS < 0.80 where| YS is

the minimum specified yield strength and UTSis the minimum «Specified ultimate [ftensile
strength.

iii) The opening does not exceed NPS 24.

iv) The parameters (d,,/D,,) and (d,, /t) shall meet the following requirements:

o Ifd,/D,>0.5,then D, /t<100.
o |If dm/Dm <0.5, then Dm/tSZSO.
v) The opening is not subject to cyclic loading.
vi) The opening is in a cylindrical vessel and is located a distance of 1.8\/D_mt from any| major

structural discontinuities.

vii) The spacing between thé.centerlines of the opening and any other opening is more thaf three
times the average diameters of the openings.

viii) The opening is circular in cross section and the nozzle is normal to the surface of the cylindrical
vessel. Theserules do not apply to laterals or pad reinforced nozzles.

ix) If L<05yd t

mmn ?

then use t, =t in Equations (2C.111) and (2C.112).

x) 1->.0.875t,, through an axial length of L <0.5,/dt .

Xi)y~/ The effects of nozzle loading are not included in either of these procedures. If nozzle logds are

significant—a-stress—analvsis_must be performed-toevaluate the acceptability of the Inozzle
4 4 7 L 1 4

configuration.

2C-18
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2) Assessment Procedure — The following two equations must be satisfied:

q 3/2 t 2
2+ Z(mj (“j +1.254
D, t

2C-19

t
72 P < 2.95(—j (2C.111)
d, (gj L
14| = | |
D, t
, -
A(t”J . 228(t”j(dm} —B——A+155
t t )\ D, t
- > (0.93+0.005/1)[Tfj 2C.112)
1084° +| 228 Gy +228 |1 +152
Dm
where,
d D,
A== || 2C.113)
D, )V t
t
A=162 for T”£1 0 2C.114)
t
B=210 for T” <1.0 2C.115)
t
A=54 for T”>1.0 2C.116)
t
B=318 for T”>1.0 2C.117)

Weld Strength Analysis

1] If the nozzle conpection is subject to corrosion, the corroded dimensions of the groove and fillet
welds should be-used in the strength calculations.

2] The followinhg-analysis should be used when the nozzle neck is inserted through the vessel wall (set-
in nozzle),)(see Figure 2C.8); the reinforcement areas to be used in the calculations are dgfined in
paragraph 2C.3.10.a.
i)~" The required strength is:

W=[A-A+2t f,(Et-Ft)]S, (2C.118)
Wy, = (A + AL+ A, +A)S, (2C.119)
W,, = (A +A+A +A,+2t -t f)S, (2C.120)
Wy =(A+A+A+A +A, +A +2t,t-f)S, (2C.121)
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The computed strength with a reinforcing pad is:

W® = min[W,g, Wi, Wy, |

WS = % D,w, (O.495Wp)+%dmtn (0.7S,)

. [%down (0'498wn)+%dowpg (0'748""’)9)4_}
W,, =

(2C.122)

(2C.123)

(2C.124)

ii)

iv) The acceptance criteria is given by the following equations:

0""ng

L%dw (0.74swng)+%dowh(O.4QSwh) J

T
0""ng

W5, =7 D,w, (o.495wp)+%d w, (0.74swng)+%dowh (0.49s,,)

The computed strength without a reinforcing pad is:

We =min[W;, W, |

WS = %down (0.49s,,,) +%dmtn (0.7S,)

WS =%down (o.493wn)+%d W (0.74swng)+%dowh(0.4QSwh)

0""ng

WS =0.0

wWe>w
W5 > min[W,, W]
227

W,, > min [W,, \W |

W, > min{W,,, W |

(2c.125)

(2.126)

.127)

2c.128)

2c.129)

(2[c.130)

(2.131)
(2€.132)

2lc.133)

The followingyanalysis should be used when the nozzle neck abuts the vessel wall (set-on npzzle),
(see Figure~2C.9); the reinforcement areas to be used in the calculations are defined in paragraph
2C.3.10%:

)

The required strength is:

i)

The computed strength with a reinforcing pad is:

W = min[ W, W, |

2C-20

(2C.134)
(2C.135)

(2C.136)

(2C.137)
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WS = % D,w, (O.49SWp)+%deng (0.60s,,,, ) (2C.138)

W, = %down (0.495m)+%dmwng (0.608,,,, ) (2C.139)

iii) The computed strength without a reinforcing pad is:

W =W} (2C.140)

2C.3.1

Junctig
origing
paragn

2C.3.1

Calcul
Refere

a) T

b) F

WS = %down (0.4QSwn)+%deng (0.60S,,,)

WS, =0.0
iv) The acceptance criteria is given by the following equations:
W >w
W5 > min[W,, W]
W,, >min[W,,, W |
The reinforcement and weld strength calculations aboverare given in terms of thicknesses an

is assumed and the corresponding wall thicknesses, reinforcement areas, and weld stren
computed are checked against required values: This process is repeated until a pressure
that results in satisfaction of all required values. This resulting pressure is the MAWP of th
component.

1 Junction Reinforcement Requirements at Conical Transitions

n reinforcement at the small end and large end of a conical transition may be evaluated base
| construction code. Alternatively, VIII-1, Appendix 1-5 or the design-by-rule procedures in VIII-3
aph 4.3 may be used.

2 Other Components

htion procedures-for other components should be evaluated based on the original constructig
nces for these‘components constructed to VIII-1, VIII-2, or the TEMA standard are cited below.

besheéts:*VIII-1 Part UHX, VIII-2, Part 4, paragraph 4.18 or TEMA.

at.hiead to cylinder connections: VIII-1 paragraph UG-34 or VIII-2, Part 4, paragraph 4.3.

2C.141)

2C.142)

2C.143)

2C.144)
2C.145)

d areas.

Therefore, to compute an MAWRP , an iterative progedure is required. In this procedure, a pressure

hths are
is found
b nozzle

 on the
, Part 4,

n code.

c) Bolted Flanges: VIII-1, Appendix 2 or VIII-2, Part 4, paragraph 4.16.

2C4

Pressure Vessels and Boiler Components — External Pressure

The minimum thickness and MAWP of a pressure vessel or boiler component subject to external pressure

may be computed based on the original construction code. Alternatively, the design-by-rule procedures in VIII-
2, Part 4, paragraph 4.4 may be used because these rules are considered to be superior to those in VIII-1.
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2C.5 Piping Components and Boiler Tubes
2C.5.1 Overview

The minimum thickness and MAWP of a straight section or curved section of pipe subject to internal or
external pressure with supplemental loads may be computed based on the original construction code.
Alternatively, the equations in this section may be utilized in the calculation of these parameters. In addition, a
procedure to evaluate branch connections subject to internal pressure is provided. These equations are
based upon the ASME B31.3 and ASME Section |. The effects of supplemental loads (see paragraph 2C.2.7)
are included in these equations only for straight pipe (i.e. longitudinal stress direction) subject to a net-section
axial force and/or bending moment. The effects of supplemental loads for other component geomel}ies or
loading fonditions can be evaluated using the stress analysis methods in Annex 2D.

2C.5.2 | Metal Loss

The eqyations in paragraph 2C.5 are written in terms of outside diameter of the pipey DO; therefore, the

equations do not need to be adjusted for metal loss and future corrosion allowance which occur on the|inside
surface.| If metal loss has occurred on the outside diameter (e.g. corrosion under.insulation), then D0 would

need to pe modified to account for this metal loss.

2C.5.3 | Required Thickness and MAWP — Straight Pipes Subject Todnternal Pressure

The minimum thickness, MAWP , and membrane stress equations'for straight sections of pipe sulbjject to
internal pressure are as follows:

a) Cireumferential stress (Longitudinal Joints):

. PD

t =———2——+MA 2[C.146
" T 2(SE + PYyy ) (2f°-146)
2SE(t—MA
MAWP® = ( ) (2€.147)
D, —2Yg,, (t — MA)
c P D
o =—| "o ¥ 2[C.148
" E|2(t-MAYL ( )
b) Longitudinal stress{E€ircumferential Joints):
toin = SPD, t, + MA 2lc.149)
4(SE + PYg,,)
Kiawp. — 4SE(t-t, —MA) (2C.150)
Do - 4Y531 (t _tsl - MA)
. P D
O =Tl T oo 2C.151
" E(4(t—ts,—MA) s ( )
c) Final Values:
trin = Max [triin’ trlr_nn} (2C.152)
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MAWP = min [MAWPC, MAWPL] (2C.153)

m

Required Thickness and MAWP — Boiler Tubes

Orax = max[afn:, O'H (2C.154)

The minimum thickness, MAWP , and membrane stress equations for straight sections of pipe and pipe
bends subject to internal pressure are shown below. These equations only cover circumferential stress. If
longitudinal stresses are significant, the equation in paragraph 2C.3.3 may be used.

a) Cjrcumferential Stress when t, <0.5R and D <125 mm (5.0 in) (Longitudinal Joints):
PD
C = +0.005D +¢, 2C.155)
25+ P
2S(t—0.005D —e
MAWP® = ( ) 2C.156)
D—(t—0.00SD—et)
P| D—(t-0.005D-e
c_ [ ( t)] 2C.157)
2(t —0.005D —et)
b) Cjrcumferential Stress when t, >0.5R and D <125 mm (5.0 in) (Longitudinal Joints) — the efuations
inf paragraph 2C.3.3.b may be used.
2C.5.59 Required Thickness and MAWP — Pipe Bends Subject To Internal Pressure
The rgsults for circumferential stress, and the minimum required thickness and MAWP are shown Helow for
thin wall bends (Rm/tC 210). Results for thick wall pipe bends which do not satisfy this criterior] can be
found [n DIN 2413, Parts 1 and 2.
a) Cjrcumferential stress
1] The results for any lo€ation defined by the angle @ (see Figure 2C.11) are given by the following
equations:
PD
toin = o +MA 2C.158)
SE
2| —+PY
[ Lf BSlJ
SE
2() (t=MA)
T
MAWPS = "/ (2C.159)
D, 2Y331(t MA)
PL D
C f 0
o, = =Y, (2C.160)
" E [2(t—MA) B“}
2) Inequations shown above, L, is the Lorenz factor which is a measure of the stress magnitude in an

elbow relative to that in a straight pipe. If L; =1.0, then equations for stress, minimum
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wall thickness and MAWP are the same as those for straight pipe. If the pipe bend contains a flaw,
the position defined by the angle & should coincide with the centerline of the location of the flaw if
the flaw is located in the center section or middle one-third of the bend. If the flaw is not located in
the center section of the bend, then use the calculated value of L, .

)

The Lorenz factor is computed using Equation (2C.161).

R, sing
7+7
R, 2
| (2C.161)

ii)

iv)

gitudinal’Stress — The equations in paragraph 2C.5.3.b can be used.

hl.\alues — The equations in paragraph 2C.5.3.c can be used.

L & +sing@ J
Rm
At the intrados (0 =-90° or 8= 270°) the Lorenz factor is:

R,

R——O.S

L =| =2 (2[.162)
-2 -1.0
Rm

and a the extrados (6? = 90°) the Lorenz factor is:

&+O.5
R

L, = Rm (2[.163)
—b 11.0
R

m

If the bend angle, [, is greater than 2/, where S, is computed in degrees using Equation

(2C.164), the equations«in paragraph 2C.5.5.a.1 will give the correct value for the maximum
circumferential stress~Otherwise, the actual maximum circumferential stress will be leds than
that given by these‘equations because of the strengthening effect of the attached straight pipe
sections.

5 [L2L5R, ) [T ok 160
AR -R JVR B

m

Required Thickness and MAWP for External Pressure

The minimum thickness and MAWP for straight and curved sections of pipe subject to external pressure can
be determined using the methods in paragraph 2C.4.

2C.5.7

Branch Connections

Branch connections in piping systems have a thickness dependency and are evaluated in a Level 2
Assessment procedure. The following analysis method based on the area replacement rules in ASME B31.3
may be used for a Level 2 Assessment. The condition for satisfactory reinforcement of a branch nozzle
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connection may be determined using the equations shown below (see Figure 2C.10).

A+A+AZA (2C.165)
where,

A =td,(2-sin[]) (2C.166)

A, =(2d, —d,)(T, - t,) (2C.167)

A :M 2C.168)

sin[ 8]

A=A +A,+A; 2C.169)

A, =W, 2C.170)

Ap =W, 2C.171)

A :(Dp — sirllj[bﬁ]]-rr f 2C.172)
with,

d, =max[d,, (T, +T, +d,/2)] 2C.173)

U, =min[ 25T, (2.5T,+T,)] 2C.174)

f :minHZ—W}, 1.0} 2C.175)
.1 [S
f, = mlanf}, 1.0} 2C.176)

In the pbove equations, if. A <0.0 use A =0.0,andif A, <0.0 use A,=0.0.

2C.6 [|API 650 Sterage Tanks
2C.6.11 Owernview

The equations to evaluate the minimum thickness and maximum fill height of an atmospheric storage tank are
covered in Part 4 of APl 653. The minimum thickness and Maximum Fill Height (MFH ) can be computed by
the 1-Foot Method (see paragraph 2C.6.3) or the Variable Point Method described in APl 650.

2C.6.2 Metal Loss

The equations in this paragraph are written in terms of the nominal diameter of the tank, Dn; therefore, the

diameter does not need to be adjusted for metal loss and future corrosion allowance. The wall thickness is
adjusted for metal loss and future corrosion allowance.
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2C.6.3 Required Thickness and MFH for Liquid Hydrostatic Loading

a)

b)

2C.7 Npmenclature

S P> P

&=

The minimum thickness and MFH in Metric Units are shown below. In these equations, the tank
nominal diameter D is in meters, the design fill height H is in meters, the allowable stress S is in MPa,

the wall thicknesses {;, and t are in millimeters.

n

4.9DG(H -0.3)
toin = (2C.177)
S
e tS oo
VIFE = F0.3 (ZIc.178)
4.9DG

The¢ minimum thickness and MFH in US Customary Units are shown below. In these equatiops, the
tank nominal diameter D is in feet, the design fill height H is in feet, the allowable stress S is in psi, the

wall thicknesses t_; and t are in inches.

. :w (2.179)

min S "

MFH = 5 +1 (2[c.180)
2.6DG

cross-sectional area of cylinder or the nozzle*calculation parameter.

required reinforcement area.
available reinforcement area resultingfrom excess thickness in the shell.

available reinforcement area pesulting from excess thickness in the nozzle or run pipe, as

applicable.

available reinforcentent area resulting from excess thickness in the nozzle internal projedtion or

branch pipe, as-applicable.

available reinforcement area provided by the welds and, for piping, the reinforcement pad
availdble reinforcement area provided by a reinforcing pad.

available reinforcement area provided by the nozzle to pad or nozzle to pipe attachment welds.

available reinforcement area provided by the reinforcement pad attachment welds.

available reinforcement area provided by the reinforcement pad.

one-half apex angle of the cone in a conical shell or toriconical head (radians).

offset cone angle.
offset cone angle.

nozzle calculation parameter.
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angle between the axis of the header and branch pipe, or an angle used to compute the

geometry of a conical transition with a knuckle and/or flare, as applicable.

angle used to determine the applicability of the Lorentz factor.
inside crown radius of a torispherical head.

inside shell diameter.

diameter.

tank nominal diameter.

cone outside diameter, large end.

cylinder outside diameter, large end.

cone outside diameter, small end.

cylinder outside diameter, small end.
outside diameter of the branch pipe.

vessel or run pipe mean diameter.

outside diameter.

outside diameter of the reinforcing pad.
diameter used in the flare stress calculation.

diameter of the circular opening, or chord length at the vessel wall mid-surface of a n

opening, in the plane under consideration.

nozzle or branch pipeynean diameter.

outside diameterjof the nozzle.

diameter ‘of\the rivet.

diameter of the rivet hole in the plate.

effective length removed from the pipe at the branch location.

half-width of reinforcement zone.

bn-radial

parameter used for computing the boiler tube thickness determined as follows: € = 0.0 for

tubes strength-welded to headers and drums, and €, = 0.04 over a length equal to the length

of the seat plus 25 mm (1 inch) for tubes expanded into tube seats except €, = 0.0 for tubes

expanded into tube seats provided the thickness of the tube ends over a length of the seat plus

25 mm (1 inch) is not less than the following:
e 2.41 mm (0.095 inches) for tubes 32 mm (1.25 inches) OD and smaller,
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e 2.67 mm (0.105 inches) for tubes above 32 mm (1.25 inches) and up to 51 mm (2

inches) inclusive,

e 3.05 mm (0.120 inches) for tubes above 51 mm (2 inches) and up to 76 mm (3 inches)

inclusive,

e 3.43 mm (0.135 inches) for tubes above 76 mm (3 inches) and up to 102 mm (4 inches)

inclusive,

e 3.81 mm (0.150 inches) for tubes above 102 mm (4 inches) and up to 127 mm (5 inches)

inclusive.

weld joint efficiency or quality factor from the original construction code, IT unknown use-0

equal to 1.0 when the opening is in solid plate or in a Category B butt joint, otherwise, th

efficiency of the weld joint the nozzle intersects.

shear stress from applied loads.
weld strength factor.

weld strength factor.

7.

e joint

applied net-section axial force, use a negative value if thedaxial force produces a compiessive

stress at the location of the assessment point.

strength reduction factor.
strength reduction factor.
strength reduction factor.
strength reduction factor.

fluid density.

height of the horizontalivessel head, or the design liquid level in an atmospheric storag
as applicable.

height of the elliptical head measured to the inside surface or the inside nozzle project
applicable.

rivet rownumber.
reinforcement factor equal to 1.0 for internal pressure and 0.5 for external pressure.

elliptical head coefficient.

b tank,

on, as

equivalent radius coefficient.
Lorentz factor.

uniform metal loss away from the damage area at the time of the inspection.

applied net-section bending moment, use a negative value if the bending moment produces a

compressive stress at the location of the assessment point. For a formed head M
knuckle factor.
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mechanical allowances (thread or groove depth); for threaded components, the nominal thread

depth (dimension h of ASME B.1.20.1) shall apply.

maximum allowable working pressure.
maximum allowable working pressure based on circumferential stress.
maximum allowable working pressure based on longitudinal stress.

maximum allowable working pressure for the cone.

MAiCle
MAWP*
MFH

rm

-0 T

Z

o

o

-0

=9 =
3
&

U O

=l

=

w

0 X0 OV OV OV O

maximum allowable working pressure for the flare.
maximum allowable working pressure for the knuckle.

maximum fill height of the liquid to be stored in an atmospheric storage tank:

number of rivets.

total number of rivets over the width W, , for a butt joint, this will encompass one half of

pattern.
internal design pressure.

rivet shear load.

minimum compressive load in a riveted joint.

plate tension load for the jth row of rivets:in a riveted joint.
governing plate tension load for a riveted joint.

limiting load of a riveted plate:

limiting load of a plate without a rivet.

angle used to compute the cone geometry.

inside radius/of the component.

large endradius at a conical transition .
small-end radius at a conical transition.

centerline bend radius (see Figure 2C.1).

aure 2C 1)

mean radius of the component; use the large end radius for a conical shell.

inside radius of the flare at a conical transition.

inside knuckle radius of a torispherical head, toriconical head, or conical transition.

allowable stress.
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allowable stress for the nozzle.
allowable stress for the reinforcing pad.
allowable stress for the vessel.
allowable stress for the weld metal.

yield stress of material at the assessment temperature.

allowable stress for the nozzle-to-vessel (inside surface) attachment weld.
allowable stress for the nozzle-to-reinforcing pad or nozzle-to-vessel fillet weld.
allowable stress for the shell to reinforcing pad fillet weld.

allowable stress for the nozzle-to-pad groove weld.

allowable stress for nozzle-to-vessel groove weld.

allowable bearing stress of plate.

allowable bearing stress of rivets.

allowable shear stress of rivets.

allowable tensile stress of plate.

nominal membrane stress.

nominal circumferential membrane stress for a cylinder or cone, as applicable.
nominal longitudinal membrane stress for a cylinder or cone, as applicable.
maximum stress in the-cone.

maximum stress)in the flare.

maximunistress in the knuckle.

maximum stress.

nominal or furnished branch pipe thickness.

IIUIIIiIId.i Ul Irulllibill:ul ill;'aUICI Ol Turl plpC lilibkl [SSH
nominal or furnished thickness of the reinforcing pad.

thickness of the shell or pipe adjusted for mill tolerance, LOSS and FCA, or

cylinder

thickness at a conical transition for a junction reinforcement calculation adjusted for mill

tolerance, LOSS and FCA, as applicable.

required thickness of the branch pipe (see paragraph 2C.5.3).
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nominal thickness of the reinforcing pad.

flare thickness.

required thickness of the header or run pipe (see paragraph 2C.5.3); for welded pipe, when the

branch pipe does not intersect the longitudinal weld on the run pipe, the basic allowable stress

for the pipe may be used in determining the required wall thickness. If the branch pi

pe does

intersect the longitudinal weld of the run pipe, then the product of the basic allowable stress and

the weld joint efficiency should be used in calculating the required wall thickness.

nominal thickness of the internal projection of the nozzle wall.
knuckle thickness.
minimum required thickness.

minimum required thickness based on the circumferential membhrané stress for a cyl

cone, as applicable.

minimum required thickness based on the longitudinal membrane stress for a cylinder

as applicable.

minimum required thickness for the cone.
minimum required thickness for the flare.
minimum required thickness for the knuckle.
nominal thickness.

furnished nozzle wall thickness (see Figures 2C.6 and 2C.7) — For an integrally rg
nozzle (see Figure 2G:7)-t, =t if L <0.5(/dt, .

furnished wall thickness of the pipe section for an integrally reinforced nozzle (see Figur

required thickness of the vessel shell for the nozzle reinforcement calculation compy

E=%k0.

(X)- Cylindrical shell (see paragraphs 2C.3.3 and 2C.4).

(2) Spherical shell (see paragraphs 2C.3.4 and 2C.4).

inder or

or cone,

inforced

p 2C.7).

ted with

(3) Flliptical head (see paragraphs 2C 35 and 2C.4); for the internal pressure call

Culation,

when the nozzle opening and its reinforcement are completely within a circle the center of
that coincides with the center of the head and the diameter of which is 80% of the shell

diameter, the required wall thickness shall be determined using K_ instead of K.

(4) Torispherical head (see paragraphs 2C.3.6 and 2C.4; for the internal pressure calculation,

when the nozzle opening is entirely within the spherical of a torispherical h
required wall thickness is computed using M =1.0.

(5) Conical shell (see paragraphs 2C.3.7 and 2C.4); when the nozzle opening is in

2C-31
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the required wall thickness is determined based on the shell diameter where the nozzle

axis intersects the conical shell.

required thickness for future operation.

required thickness of a seamless nozzle wall.

supplemental thickness for mechanical loads other than pressure that result in longitudinal

stress; this thickness is usually obtained from the results of a weight case in a stress analysis of

the pipimg SyStenT (SEE paraqrapit 2C-2-77.

nominal thickness of ANSI B36.10 standard weight pipe.

angle around the elbow circumference where results are to be computed (degrees).

weld leg size of the nozzle-to-vessel attachment weld on the inside surfacé of the vessel.

weld leg size of the nozzle-to-vessel or nozzle-to-reinforcing pad (if.a‘pad is used) attag
weld.

depth of nozzle-to-shell groove weld; for a set-on nozzle with“a full penetration weld W,
for a set-in nozzle with a full penetration weld W,, =t.

weld leg size of the reinforcing pad-to-vessel attachment weld.

unit width over which the riveted joint efficiency will be determined.
depth of nozzle-to-pad groove weld; foria*full penetration weld Wy, = tp .
required weld stress.

required weld stress calculation parameter.
required weld stress calculation parameter.
required weld stress calculation parameter.

computed weld stress.

computed weld stress calculation parameter.

cOmputed weld stress calculation parameter.

computed weld stress calculation parameter.
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Yas coefficient from ASME B31 Piping codes used for determining the pipe wall thickness, the
coefficient can be determined from the following table that is valid for t . < D0/6.
Value of YB31 (interpolate for intermediate temperatures)
Temperature °C (°F)
Materials <482 538 566 593 >621
o00) | 21050 | (1000) (1050) (1100) | (z1150)

Ferritic Steels 0.4 0.5 0.7 0.7 0.7 0.7

Austenitic Steels 0.4 0.4 0.4 0.4 0.5 0.7

Other Ductile Metals 0.4 0.4 0.4 0.4 0.4 0.4
Cast iron 0.0 --- --- ---
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Table 2C.1 — Comparison of Design Rules Between VIII-2 and VIII-1

Paragraph n Comments Pertaining to Section VIII, Division 1
Section VIII,
Division 2
4.1 General Requirements, harmonized with VIII-1, i.,e. MAWP introduced, etc.
4.2 Design Rules for Welded Joints, a restrictive subset of rules in VIII-1, UG & UW
4.3 Design Rules for Shells Under Internal Pressure, mostly new technology
Design Rules for Shells Under External Pressure and Allowable Cempressjve
4.4 Stresses, almost identical to CC2286 with exception of stiffening ring, fequirementd at
cone-to-cylinder junctions
4.5 Design Rules for Shells Openings in Shells and Heads, new techhology
4.6 Design Rules for Flat Heads, identical to UG-34
47 Design Rules for Spherically Dished Bolted Covers, identical to Appendix 1-6 and
' Appendix 14 except Soehern’s stress analysis method for Type 6D Heads is included
4.8 Design Rules for Quick Actuating (Quick Opening)\€losures, identical to UG-35.2
Design Rules for Braced and Stayed Surfaces, a restrictive subset of rules|in
49
paragraph UG-47(a)
4.10 Design Rules for Ligaments, identical to paragraph UG-53
411 Design Rules for Jacketed Vesselsz,a more restrictive subset of rules in Appendix ¢
412 Design Rules for Non-circular vessels, identical to Appendix 13 but re-written for
' clarity
4.13 Design Rules for Layered-Vessels, identical to Part ULW
Evaluation of Vessels Outside of Tolerance, new technology per APl 579-1/ASVME
4.14
FFS-1
4.15 Design Rules for Supports and Attachments, new for VIII-2 using existing technology
4.16 DesignRules for Flanged Joints, almost identical to Appendix 2
417 Design/Rules for Clamped Connections, identical to Appendix 24
4.18 Design Rules for Shell and Tube Heat Exchangers, identical to Part UHX
4.19 Design Rules for Bellows Expansion Joints, identical to Appendix 26
Notes:

1. “During the VIII-2 re-write project, an effort was made to harmonize the design-by-riile
requirements in VII-2 with VIII-1. As shown in this table, based on this effort, the design rules
in VIII-2 are either identical to the rules in VIII-1 or represent a more restrictive subset of the
design rules in VIII-1.

2. Inthe comparison of code rules presented in this table, the term identical is used but is difficult
to achieve and maintain because of coordination of ballot items on VIII-1 and VIII-2. There
may be slight differences, but the objective is to make the design rules identical. The
restrictive subset of the rules in VIII-1 was introduced in VIII-2 mainly in the area of weld
details. In general, it was thought by the committee that full penetration welds should be used
in most of the construction details of a VIII-2 vessel.
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Table 2C.2 — ASME BPV Code Case 2695

Code Case 2695 — Allowing Section VIll, Division 2 Design Rules to Be Used for
Section VIII, Division 1 Pressure Vessels

Inquiry: Under what conditions may the design-by-rule requirements in Part 4 of Section VIII, Division
2 be used to design the components for a Section VIII, Division 1 pressure vessel?

Reply: It is the opinion of the Committee that the design-by-rule requirements in Part 4 of Section VIII,
Division 2 may be used to design the components for a Section VIII, Division 1 pressure vessel,
provided the following conditions are met:

a)

b)

c)
d)

f)

9)

h)

)

k)

The allowable design tensile stress shall be in accordance with UG-23 of Section VIII, Divisief

The weld joint efficiency shall be established in accordance with UW-11 and UW-12 lof Se
VIII, Division 1.

Material impact test exemptions shall be in accordance with the rules of Section V111, Division

tion

1.

If the thickness of a shell section or formed head is determined using Section VIII, Divisipn 2

design rules, the following requirements apply:

1) For design of nozzles, any nozzle and its reinforcement attached to that shell sectio
formed head shall be designed in accordance with Section VI, Division 2.

2) For conical transitions, each of the shell elements comprising the junction and the jun
itself shall be designed in accordance with Section VIII, Division 2.

3) For material impact test exemptions, the required_thickness used in the coincident
defined in Section VIII, Division 1 shall be calculated:n accordance with Section VIII, Div
2.

The fatigue analysis screening in accordance with™ Part 4, paragraph 4.1.1.4 of Section
Division 2 is not required. However, it may bh& used when required by UG-22 of Section
Division 1.

The provisions shown in Part 4 of Section VII, Division 2 to establish the design thickness arn
configuration using the design-by-analysis procedures of Part 5 of Section VIII, Division 2 arg
permitted.

The Design Loads and Load Casej)Combinations specified in Part 4, paragraph 4.1.5.3 of Se
VIII, Division 2 are not required.

The primary stress check-specified in Part 4, paragraph 4.1.6 of Section VIII, Division 2 ig
required.

Weld Joint details shall'be in accordance with Part 4, paragraph 4.2 of Section VIII, Divisi
with the exclusion(of)Category E welds.

The fabrication\telerances specified in Part 4, paragraph 4.3 and 4.4 of Section VIII, Divisi
shall be satisfied. The provision of evaluation of vessels outside of tolerance per Pal
paragraph 4.14 of Section VIII, Division 2 is not permitted.

The xessel and vessel components designed using these rules shall be noted on
Manufacturer's Data Report.

Al other requirements for construction shall comply with Section VI, Division 1.

n or

tion

Fatio
sion

VI,
VI,

d/or
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Table 2C.3 — Loads, Load Cases, and Allowable Stresses To Be Considered in a FFS Assessment

Loading I .
Condition Load Description Typical Allowable Membrane Stress

1. Dead load of component less: insulation, | Code of construction design allowable
fireproofing, piping, all loose internals, catalyst, | stress as determine in paragraph

Erection packing, etc. 2C.2.4.

2. Temporary loads and forces cased by erection

3. Full wind or earthquake, whichever is greater.

1. Dead load of component plus insulation, | Code of construction design allowable
fireproofing, installed internals, platforms and other | stress as determined in pardgraph
equipment supported from the component in the | 2C.2.4. In addition, the following limits
installed position. may be considered:

2. Piping loads including pressure thrust 1. Tensile membrane stfesseq shall

3. Applicable live loads excluding vibration and not exceed 90%.of the mimimum

Pressure Testing maintenance live loads. specified yield ~strength at]| 38°C

4. Pressure and fluid loads (water) for testing and (100°F) = “umultiplied by [ the
flushing equipment and piping unless a pneumatic applicale weld joint efficienqy.
test is specified. 2. Londitudinal comprgssive

5. Wind load for a wind speed of 56.3 Km/hr (35 membrane  stresses shall  not
mph). exceed the allowable comprgssive

stress calculated at 38°C (100°F).

1. Dead load of component plus insulation,N\€ode of construction design allqwable
refractory, fireproofing, installed internals, catalyst) 'V/stress as determined in pardgraph
packing, platforms and other equipment supparted | 2C.2.4.
from the component in the installed position

Normal Operation | 2.  Piping loads including pressure thrust

3. Applicable live loads.

4. Pressure and fluid loading _during normal
operation.

Thermal loads.

Normal Operation Dead load of compgnent plus insulation, | Code of construction design allqwable
plus Jccasional refractory, fireproofing;.installed internals, catalyst, | stress as determined in parggraph
(Note: pccasional packing, platforms and ‘other equipment supported | 2C.2.4. Load definitions and load case
loads are usually from the component in the installed position. combinations that shall be consjdered
governgd by wind 2. Piping loads ifcluding pressure thrust are shown in Annex 2D, Tables|2D.1
and egrthquake; | 3 Appjicabledive’loads. and 2D.2, respectively.
howeyYer, other . . .
load types such 4. Pressure .7and fluid loading during normal
as sndw and ice opeyeNdr.

loagls may 5. Thermal loads

govérn, see 6. .SFull wind, earthquake or other occasional loads,

ASCE-7) whichever is greater.

1 Dead load of component plus insulation, | Code of construction design alldqwable
refractory, fireproofing, installed internals, catalyst, | stress as determined in pardgraph
packing, platforms and other equipment supported | 2C.2.4 modified as follows:
from the component in the installed position. Vessels — Abnormal or sfart-up

AbnomTator 2. Piping loads including pressure thrust operation is considered part of gormal
Start-up 3. Applicable live loads. operation in the ASME B&PV Code;
Operation plus 4. Pressure and fluid loading associated with the nmo(idlfgr:s:'lt?gdm design allowable stress
Occasional (See abnormal or start-up conditions ) _p ed. o
Note Above). 5. Thermal loads Piping — per Paragraph 302.3.5, limits
' ) . for occasional loads per Paragraph
6. Wind load for a wind speed of 35 mph.

302.3.6, allowances for pressure and
temperature variations per Paragraph
302.2.4. of the ASME B31.3 Piping

Code.
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2C.10 Figures
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(a) Elliptical Head Geometry
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Figure 2C.1 - Elliptical and Torispherical Head Geometries
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(a) Conical Shell Geometry

(b) Toriconical Head Geometry

Figure 2C.2 — Conical Shell and Toriconical Head Geometries
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Figure 2C.3 — Conical Transition Geometries
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Figure 2C.4 — Unsupported Length for Conical Transitions
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Figure/2C.5 — Nozzle Parameters — Area Replacement Method
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Figure 2C.6 — Nozzle Parameters — Limit Load Analysis
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(b) Weld Strength Paths

Figure 2C.8 — Definition of Paths for a Nozzle Weld Strength Analysis — Set-in Nozzle
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(b) Weld Strength Paths

Figure 2C.9 — Definition of Paths for a Nozzle Weld Strength Analysis — Set-on Nozzle
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Figure 2C.11 - Definition of Variables for Piping Bends
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ANNEX 2D — STRESS ANALYSIS OVERVIEW FOR A FFS ASSESSMENT
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2D.1 | General Requirements
2D.1.1] Scope
The apalytical methods contained within this Annex can be used for stress analysis when perfgrming a
Fitnes$-For-Semvice (FFS ) Assessment of a component with a volumetric flaw. These methods are [typically
employed ineither a Level 2 or Level 3 assessment. Detailed assessment procedures utilizing the restlts from
a stregds ‘analysis are provided to evaluate components for plastic collapse, local failure, and buckling.

Recommendations are provided on how to perform and utilize results from a stress analysis in an FFS
assessment. Procedures for performing linear and non-linear analysis, determination of stress categories and
classification of stress results obtained from a linear analysis, and a methodology to perform an elastic-plastic
analysis to determine a collapse load or to perform a fatigue evaluation are among the items covered in this

Annex
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2D.1.2 ASME B&PV Code, Section VI, Division 2 (VIII-2)

The stress analysis methods in this Annex are based on ASME B&PV Code, Section VIlI, Division 2 (VIII-2),
Part 5. The methods in this Annex reference VIII-2 directly and provide exceptions that are to be used in an
FFS Assessment.

2D.1.3 Applicability

The assessment procedures in this Annex may only be used if the allowable stress from the applicable
construction code evaluated at the design temperature is governed by time-independent properties unless
other : f T [ raction code
evalugted at the design temperature is governed by time-dependent properties and the fatigue ‘sgreening
of Part 14 are satisfied, then the elastic stress analysis procedures in this Annex may be used.

e noteda In a spe aesSigrn proceadaure e dllOWwable e [0 Nne app able CO U

Protection Against Failure Modes

The analysis requirements for volumetric flaws are organized based on protection,against the failur¢ modes
listed below. If multiple assessment procedures are provided for a failure mode,_only’one of these prdcedures
must e satisfied to qualify the component for continued operation. In addition, the component shall be
evaluated for each applicable failure mode.

a) Protection Against Plastic Collapse — The requirements of paragraph 2D.2 shall be satisfied.

b) Pfotection Against Local Failure — The requirements of paragraph 2D.3 shall be satisfied.

c) Protection Against Collapse From Buckling — The requiréments of paragraph 2D.4 shall be satisfigd.

d) Pfotection Against Creep or Creep-Fatigue Damagé*— Assessment procedures for components subject to
cyclic operation in the creep regime are covered in’Part 10.

e) Protection Against Fatigue Damage — Assessment procedures for components subject to cyclic gperation

below the creep regime are covered in\Ratt 14.

2D.1.4 Numerical Analysis

a) The assessment methods in this Annex are based on the use of results obtained from a detailgd stress
nalysis of a component. .Depending on the loading condition, a thermal analysis to determine the
gmperature distribution and resulting thermal stresses may also be required.

o D

b) Pfocedures are provided for performing stress analyses to determine protection against plastic ¢ollapse,
ocal failure, buckling, and cyclic loading. These procedures provide the necessary details to pbtain a
consistent result with regards to development of loading conditions, selection of material properti¢s, post-
pfocessing’of results, and comparison to acceptance criteria to determine the suitability of a component.

c) Recommendations on a stress analysis method, modeling of a component, and validation of janalysis
results are not provided. While these aspects of the assessment process are important and shall be
considered in the analysis, a detailed treatment of the subject is not provided because of the variability in
approaches and design processes. However, an accurate stress analysis including validation of results
shall be provided as part of the assessment.

2D-2
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Material Properties

The following material properties for use in the stress analysis may be determined using the data and material
models in Annex 2E. Material properties may also be obtained from test data from the actual material being
evaluated.

a) Physical properties — Young's Modulus, thermal expansion coefficient, thermal conductivity, thermal
diffusivity, density, Poisson’s ratio.

b) Strength Parameters — Allowable stress, minimum specified yield strength, minimum specified tensile

c) M

d C
2D.1.7
a) A

a
a

strength.

sfrain hardening.

considered in a design are shown in Annex 2C, Table 2C.3.

onotonic Stress-Strain Curve — elastic perfectly plastic and elastic-plastic true stress-strain cy

yclic Stress-Strain Curve — Stabilized true stress-strain amplitude curve.

Applicable Loads and Load Case Combinations

| applicable applied loads on the component shall be considered~when performing a
Esessment.  Supplemental loads shall be considered in addition to the applied pressure in the
pplicable load cases. An overview of the supplemental loadS<and loading conditions that

pad case combinations shall be considered in the FFS assessment. Typical load definit
efined in Table 2D.1. Load case combinations for elastic analysis, limit load analysis, and elast
nalysis are shown in Tables 2D.2, 2D.3, and 2D.4, respectively. In evaluating load cases invo

ad case combinations shall be considered in addition to any other combinations defined by the
Ser.

Loading Histogram

pf the loads vary with time, a<dgading histogram shall be developed to show the time variation
C load. The loads in the histogram shall satisfy the requirements of this Annex. In addition, the
e evaluated for fatigue jn accordance with Part 14, as applicable.

ne loading histogram,shall include all significant operating temperatures, pressures, supplement

he followingshall be considered in developing the loading histogram.

Thefnumber of cycles associated with each event during the operation life, these events shal
start-ups, normal operation, upset conditions, and shutdowns.

rve with

n FFS
form of
Shall be

ons are
C plastic
ving the

essure term, P, the effects of the pressure béing equal to zero shall be considered. The applicable

Owner-

of each
5e loads

Al loads,

nd the correspofiding cycles or time periods for all significant events that are applied to the conpponent.

include

b) L
d
a
p
lo
U
2D.1.8
If any
specifi
shall b
a) T
a
T
1
2

\Whan craatina-tha hictaoaram—tha hictarns t0 ha icad in tha accaccmant chall ha hacad
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anticipated sequence of operation.

3) Applicable loadings such as pressure, temperature, supplemental loads such as weight,

displacements, and nozzle reaction loadings.

4) The relationship between the applied loadings during the time history.

support

b) If an accurate histogram cannot be generated, then an approximate histogram shall be developed based
on information obtained from plant personnel. This information shall include a descriptio
assumptions made, and include a discussion of the accuracy in establishing points on the histogram. A

2D-3
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sensitivity analysis (see Part 2) shall be included in the FFS assessment to determine and evaluate the

effects of the assumptions made to develop the operating history.

Protection Against Plastic Collapse

2D.2.1 Overview

Three alternative analysis methods are provided in VIII-2, Part 5 for evaluating protection against plastic
collapse. A brief description of the analysis methods is provided below.

a)

b)

2D.2.2 Elastic Stress Analysis Method

a)

b)

cqtegories, and limited to allowable values that have been conservatively established such-that
collapse will not occur.

—

mit-Load Method — A calculation is performed to determine a lower bound tgZthe limit Ig
component. The allowable load on the component is established by applying design factors to
gad such that the onset of gross plastic deformations (plastic collapse) will not:oecur.

m

astic-Plastic Stress Analysis Method — A collapse load is derivedt{from an elastic-plastic
considering both the applied loading and deformation characteristics~of the component. The g
oad on the component is established by applying design factors td\the plastic collapse load.

Apsessment procedure — The assessment procedures for-the Elastic Stress Analysis Method i
tHe basis for determining stresses based on elastic atfalysis, stress categorization, and linearizat
bg in accordance with VIII-2, Part 5, paragraph 5.2:2 except that the allowable stresses that inc
e Allowable Remaining Strength Factor (RSFa) as shown in Table 2D.2 may be useg

—
-

assessment. The load case combinations ffom VIII-2 are shown in Table 2D.2.

>

lowable Equivalent Stress — The allowable equivalent stress, S, to be used in conjunction
astic Stress Analysis Method in a FFS assessment is established based on the type of equipm

m

1] Pressure Vessels— The. stress from the applicable pressure vessel construction code shall
for S. Alternatively, for'vessels constructed to the ASME B&PV Code, Section VIII, Divisi
may be taken frommW1I-2 for use in a FFS assessment if the component has similar desig
and NDE prerequisites as originally required for a Division 2 vessel design (see An|
paragraph 2C:2.4).

2] Piping.=Fhe allowable stress from the applicable piping construction code (e.g. ASME B3]
be uséd for S .

3] wl:dankage — The allowable stress from the applicable tank construction code (e.g. APl 650)

Elastic Stress Analysis Method — Stresses are computed using an elastic analysis, classified into

h plastic

ad of a
the limit

analysis
llowable

ncluding
on shall
Drporate
in the

with the
ent.

be used
pn 1, S
N details
nex 2C

.3) shall

shall be

— Q
useud 10r o .

2D.2.3 Limit-Load Analysis Method

e The assessment procedures for the Limit-Load Analysis Method shall be in accordance wit

h VilI-2,

Part 5, paragraph 5.2.3 except that the load case combinations that incorporate the Allowable

Remaining Strength Factor (RSFa) as shown in Table 2D.3 may be used in the assessment.
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2D.2.4  Elastic-Plastic Stress Analysis Method

The assessment procedures for the Elastic-Plastic Analysis Method shall be in accordance with VIII-2, Part 5,
paragraph 5.2.4 except that the load case combinations that incorporate the construction code design margin

for the ultimate tensile stress and the RSF, as shown in Table 2D.5 may be used in the assessment.

Note for the ASME B31.4, ASME B31.8 and B31.12 Piping Codes, the value of /3 is based on VIII-2 because

the design margin in these codes is based on the specified minimum yield strength of the pipe material. The
ultimate tensile strength is not used in establishing the design allowable stress. When performing an elastic-
plasticfanatysis imaccordance withT these coues, the foltowing shattbe considered i the analysis.

e ASME B31.4 — the design factor, F.
e ASME B31.8 — the design factor, f, and the temperature correction factor, T.

e ASME B31.12 — the design factor, f, the temperature correction factor, T, and the’material performance
fa¢tor H, .

2D.2.5 Treatment of the Weld Joint Efficiency

The weld joint efficiency is included in the analysis through either Method Ator B as detailed below. Method A
takes @ global approach and Method B takes a local approach. The material response guidelines in Method B
can bg applied to an entire component or specifically to a weld bandregion as defined in paragraph 24d.2.5.

a) Method A

Elastic Stress Analysis — The material allowable'stress is reduced by multiplying by the gpverning
weld joint efficiency.

o| Limit Load Analysis — The limit load is computed and subsequently reduced by the govern|ng weld
joint efficiency.
o[ Elastic-Plastic Analysis — The load multipliers on sustained loads as defined in paragraph 20).2.4 are
increased by multiplying by the inverse of the governing weld joint efficiency prior to determipation of
the plastic collapse load. The material true stress-strain curve is unaffected.

b) Method B

o[ Elastic Stress Analysis — The allowable stress for a component or weld band region ghall be
multiplied by the-weld joint efficiency for the weld.

¢| Limit Load Analysis — The elastic perfectly-plastic yield strength limit for a component or wgld band
region shatl‘be multiplied by the weld joint efficiency for the weld. The load multipliers usgd in the
analysis-are as defined in paragraph 2D.2.3.

¢| Elastic<Plastic Analysis — When defining the material true stress-strain curve for a component or weld
band region, both the engineering yield strength and the engineering ultimate tensile strength|shall be
multiplied by the weld joint efficiency for the weld. The load multipliers used in the analysis are as
defined in paragraph 2D.2.4.

2D.3  Protection Against Local Failure

2D.3.1 Overview

In addition to demonstrating protection against plastic collapse as defined in paragraph 2D.2, the applicable
local failure criteria below shall be satisfied for a component. The strain limit criterion typically does not need
to be evaluated if the component design is in accordance with the applicable construction code and the
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presence of a flaw does not result in a significant strain concentration. If the significance of
concentration cannot be established, then the strain limit criterion should be evaluated as part of the
assessment.

a strain

Two analysis methodologies are provided for evaluating protection against local failure to limit the potential for
fracture under applied design loads.

a)

b)

If a limit load analysis is used to evaluate protection against plastic collapse, the elastic-plastic
methog for local failure shall be used to evaluate protection against local failure (see Table“2D.3).

2D.3.2 Elastic Analysis Method

The apsessment procedures for the Elastic Analysis Method shall be in _decordance with VIII-2,
paragraph 5.3.2 except the acceptance criterion may be 4S/ RSF, rather than 4S .

2D.3.3 Elastic-Plastic Analysis Method
The agsessment procedures for the Elastic-Plastic Analysis Method shall be in accordance with VIII-2

paragraph 5.3.3 except that the RSF, may be applied for load case combinations as shown in Table 2

2D.4

2D.4.1 Assessment Procedure

The ag

2D.2 ip a Type 1 or Type 2 assessment, and that the load case combinations as shown in Table 2
incorpprate RSF, may be used jn‘aType 3 assessment.

2D.4.2 Supplemental Requirements for Components with Flaws

a)

b)

c)

Elastic Analysis Method — An approximation of the protection against local failure based on the results of

an elastic analysis.

m

astic-Plastic Analysis Method — A more accurate estimate of the protection against local fail
component is obtained based on the results of an elastic-plastic stress analysis.

a

Protection Against Collapse From Buckling

a

Apsessment of the\'structural stability of a component with flaws should consider growth aspe
gmaining life.~The location, size and reduced thickness associated with a flaw will affect the s
stability of a.eomponent. Therefore, the assessment should be performed for the flaw size at th
t$ usefullife. For volumetric-type flaws, account should be taken of the possibility of increased m
and expansion of the corroded area with time. For crack-like flaws, account should be take

-

ure of a

analysis

Part 5,

, Part 5,
D.4.

sessment procedures for Protection Against Collapse from Buckling shall be in accordance with VIII-2,
Part 5| paragraph 5.4 except that the RSFa may be applied for load case combinations as shown

n Table
D.4 that

cts and
tructural
b end of
etal loss
h of the

possibility of crack growth by fatigue, corrosion-fatigue, stress corrosion cracking and creep.

The significance of planar flaws parallel to a plate or shell surface in the direction of compressive stress
(laminations, laminar tears, etc.) should be assessed by checking the buckling strength of each part of the
material between the flaw and the component surface. This may be done by calculation as if the
individual parts of the material are separate plates of the same area as the flaw using the distance

between the flaw and the surface as an effective thickness.

If a flaw occurs parallel to the surface under the weld attaching a stiffener to a shell or plate loaded in
compression, it will reduce the effective length over which the stiffener is attached to the plate. If a flaw of
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this type is located, it should be assessed assuming that the stiffener is intermittently welded to the plate
and that the flaw forms a "space" between two welds. Rules for determining the allowable weld spacing

fo

r stiffener attachment from the original design code may be used in this evaluation.

d) The allowable compressive stress for a shell component with a flaw can be established using the

compressive stress equations in VIII-2, Part 4, paragraph 4.4.

The thickness to be used in the

compressive stress calculation should be the minimum thickness less any future corrosion allowance
unless another thickness can be justified.

2D.5

Classif

2D.6
f

2D.7
1. BUY

2. G4
Un
Cdq

3. Al

4. Mi
Cq

5. Og
Teg
Er
BY

Supplemental Requirements for Stress Classification in Nozzle Necks
ication of stresses for nozzle necks shall be in accordance with VIII-2, Part 5, paragraph 5.6
Nomenclature
design factor used in the ASME B31.8 or ASME B31.12 Piping Code} as applicable.

design factor used in the ASME B31.4 Piping Code.

materials performance factor used in the ASME B31.12 Riping Code.

allowable remaining strength factor (see Part 2).

allowable stress based on the material of construction and design temperature.

design load parameter to represent the self-restraining load case or temperature correction

factor used in the ASME B31.8 Piping:€ode.
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Table 2D.1 — Load Descriptions

Design Load Parameter

Description

P

Internal and external maximum allowable working pressure

P

S

Static head from liquid or bulk materials (e.g. catalyst)

Dead weight of the vessel, contents, and appurtenances at the location of

interest, including the following:

e Weight of vessel including internals, supports (e.g. skirts, lugs;»saddles,

and legs), and appurtenances (e.g. platforms, ladders, etc.)
e Weight of vessel contents under operating and test conditions
e Refractory linings, insulation

e Static reactions from the weight of attached equipment, such as n
machinery, other vessels, and piping

e Transportation loads

hotors,

e Appurtenance live loading
e Effects of fluid momentum, steady state and transient
e Wave loading

Earthquake loads (for example, see;ASCE/SEI 7 for the specific definitio
the earthquake load, as applicable)

N of

Wind Loads

Is the pressure test wind load case. The design wind speed for this case]
be specified by the Owner-User.

shall

Snow Loads

Is the self-restraining load case (i.e. thermal loads, applied displacement
This load case ‘'does not typically affect the collapse load, but should be
considered.in cases where elastic follow-up causes stresses that do not
sufficiently to redistribute the load without excessive deformation.

o
~—

elax
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Table 2D.2 — Load Case Combinations and Allowable Stresses for an Elastic Analysis

Load Case Design Load Combination (1) Allowable Stress
1 P+P.+D
2 P+P.+D+L
3 P+P+D+L+T
Determined based on the
4 P+P=D=+S; Stress Ca_*cgcry shewn in
VIII-2, Figure 5.1¢ 1[he
5 0.6D +(0.6W or 0.7E) (2) values of S/RSF, gnd
Sps /RSF, 'may be ufsed.
6 O.9P+PS+D+(O.6W or 0.7E)
7 0.9P+P,+D+0.75(L+T)+0.75S,
g 0.9P+P,+D+0.75(0.6W or 0.7E)+0.75L +0.75S,
Notes:

1. THe parameters used in the Design Load Combination column ar€ defined in Table 2D.1.

2. THhis load combination addresses an overturning condition for foundation design. It does not apply to

delsign of anchorage (if any) to the foundation.

additional reduction to W that may be applicable.

3. Loads listed herein shall be considered to act in the combinations described above; whichever prgduces
th@ most unfavorable effect in the component being-considered. Effects of one or more loads notacting
shpll be considered.

Refer to. ASCE/SEI 7-10, 2.4.1 Exception 2 for an
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Table 2D.3 — Load Case Combinations and Load Factors for a Limit Load Analysis

Design Conditions

Criteria Required Factored Load Combinations
Load Load Combination
Case
1 [15(P+P.+D)]-RSF,
2 L1.3(P+F’S+D+T)+1.7L+O.54SSJ-RSFa
Global Criteria
3 [13(P+P,+D)+1.7S,+(1.1L or 0.54W)]-RSF,
4 [1.3(P+P,+D)+1.1W +1.1L +0.548; 1-RSF,
5 [1.3(P+PS+D)+1.1E +1.1L+0.21SJ-RSFa
Local Criteria Per Table 2D.4 using an Elastie-Plastic Analysis.
. - o Per User’s Design Specification, if@pplicable (see VIII-2, Part 5,
Serviceability Criteria paragraph 5.2.4.3.b).
Hydrostatic Test Conditions
Global Criteria max {1.43, 1.25(%)](P +P, + D) +Wpt
Serviceability Criteria Per User's Design Specification, if applicable.

Pneumatic Test Conditions

VIII-2, Part 5, paragraph 5.2.3.4 for descriptions of global and serviceability criteria.
S is the allowable membrane stress at the design temperature.
ST is the_ allowable membrane stress at the pressure test temperature.

Loads-listed herein shall be considered to act in the combinations described above; whiche
preduces the most unfavorable effect in the component being considered. Effects of one
nore loads not acting shall be considered.

S
Global Criteria 1.15(—Tj (P+PR,+D)+W,,
S
Serviceability Criteria Per User’'s Design Specification, if applicable.
Notes:
1. The parameters used in the Design Load Combination column are defined in Table 2D.1. See

er
or
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Table 2D.4 — Load Case Combinations and Load Factors for an Elastic-Plastic Analysis

Design Conditions

Criteria Required Factored Load Combinations
Load Load Combination
Case
1 B(P+P,+D)
Z memv
Global Criteria
3 0.884(P+P, +D)+1.134S, +(0.715L or 0.368W)
4 0.888(P+P, + D)+0.714W +0.715L£0'36 3S,
5 0.884(P+P,+D)+0.715E +0.745L +0.14 3S,
Local Criteria 1.7(P +P + D)- RSF;

Serviceability Criteria Per User’s Design Specification, if applicable’(see VIII-2, Part 5, paragrgph

5.2.4.30).
Hydrostatic Test Conditions
Global and Local S_T )
Criteria max {0.95,8, 0.83ﬂ( 3 ﬂ (P +P, + D)+O.42,6’\Npt
Serviceability Criteria Per User’s Design Specification, if applicable.

Pneumatic Test Conditions

Global and Local S_T )
Criteria 0.75,8( S j (P+PS +D)+O.42,BVVpt
Serviceability Criteria Per User’s Design Specification, if applicable.
Notes:

The parameters-used in the Design Load Combination column are defined in Table 2D.1. Hee
VIII-2, Part 5, paragraph 5.2.4.3 for descriptions of global and serviceability criteria.

S is the allewable membrane stress at the design temperature.
S; is theallowable membrane stress at the pressure test temperature.

Loads listed herein shall be considered to act in the combinations described above; whicheyer

pteduces the most unfavorable effect in the component being considered. Effects of one|or
more loads not :\r‘fing shall be considered
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Table 2D.5 — Values of £ for an FFS Assessment Based on Elastic-Plastic Analysis

Construction Code

B

PD 5500 2.35-RSF, (1)
EN 13345 2.4-RSF, (1)
ASME Section VI Division 22007 Edition-andlater 24. RQFG [
ASME Section VIII, Division 2, prior to the 2007 Edition 3.0-RSF, (1
ASME Section VI, Division 1, 1999 Edition and later 3.5-RSK/ (1)
ASME Section VIII, Division 1, prior to the 1999 Edition 4.0°RSF, (1)
API 650 2.5-RSF, (1)
API 620 3.3-RSF, (1)
ASME B31.1 2007 Edition and later 3.5-RSF, (1)
ASME B31.1 prior to the 2007 Edition 4.0-RSF, (1)
ASME B31.3 3.0-RSF, (1)

ASME B31.4 2.4-F-RSF, (2)

ASME B31.8 24-1-T-RSF, (2

ASME B31.12 3.0-RSF, (1)

1. Tlhe factor<applied to the RSFa is the design margin for the ultimate tensile strength for the

cpnstructioh code.
2. Yee paragraph 2D.2.4 for analysis considerations.

bpecific
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ANNEX 2E — MATERIAL PROPERTIES FOR STRESS ANALYSIS
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2E.1 | General
2E.1.1) Material Properties Required
The informatief in this Annex is intended to provide guidance on the materials information required for the
Fitnes$-ForsService (FFS) assessments covered in this Standard. Specific materials data are proyided for
strengthiparameters, monotonic stress-strain curve relationships, cyclic stress-strain curve relationships, and
physical properties; however, some of the materials data are provided In terms of references to published

sources. To include, and keep up to date, all of the property information required by all of the assessment
methods in this Standard would be prohibitive. This is especially true of properties that are affected by the
service environment.

2E.1.2

Material Properties and In-Service Degradation

The FFS assessment procedures in this Standard cover situations involving flaws commonly encountered in
pressure vessels, piping and tankage that have been exposed to service for long periods of time. Therefore,
when selecting materials properties for an analysis, care must be taken to evaluate these properties in terms
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of equipment that has been in-service; the properties used in the assessment should reflect any change or
degradation, including aging, resulting from the service environment or past operation.
2E.2  Strength Parameters

2E.2.1 Yield and Tensile Strength

2E.2.1.1 Estimates for the material yield strength and tensile strength to be used in an FFS assessment
may be obtained as follows:

a) It may be necessary to obtain samples from a component and use a standard test procedure te iirectly
determine the yield and tensile strength when accurate estimates of these properties can, aff¢ct the
resllts of an assessment. The yield strength and ultimate tensile strength for plate and pipe/materjal can
be |determined in accordance with ASTM A370, ASTM E8, or an equivalent standard metho¢l, and
repprted on a mill test report for the particular heat of steel.

b) Hardness tests can be used to estimate the tensile strength (see Table 2E.1).«The conversions fqund in
thig table may be used for carbon and alloy steels in the annealed, nmormalized, and quendh-and-
tenjpered conditions. The conversions are not applicable for cold worked materials, austenitic stainless
stegls, or for non-ferrous materials.

c) If the temperature for which a FFS assessment is to be madediffers substantially from the tempgrature
for which the yield and tensile strengths were determined, thése values should be modified by a spitable
tenjperature correction factor. The temperature correction factor may be derived from the Materials
Prgperties Council (MPC) material data for the yield stfength and ultimate strength given in paragiraphs
2E2.1.2 and 2E.2.1.3, respectively.

d) In the absence of heat specific data, mean values for the tensile and yield strength can be approx|mated
using the following equations:

ore" = o™ + 69 MPa (2E.1)

o™ = ™" 110 ksi (2E.2)
ang,

opt =opn" +69MPa (2E.3)

o = olel +10 ki (2E.4)

2E.2.1.4 Analytical expressions for the minimum specified yield strength as a function of temperatufe and

the applicable temperature range are provided in Table 2E.2. The minimum specified yield strength at a
tempera f i oty f ctor in

these tables. The room temperature value of the minimum specified yield strength can be found in the
applicable design code. The analytical expressions for the minimum specified yield strength for a limited
number of materials are listed in terms of a material pointer, PYS, which can be determined for a specific
material of construction using Table 2E.3.

2E.2.1.3 Analytical expressions for the minimum specified ultimate tensile strength as a function of
temperature and the applicable temperature range are provided in Table 2E.4. The minimum specified
ultimate tensile strength at a temperature is determined by multiplying the value at room temperature by a
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temperature reduction factor in these tables. The room temperature value of the minimum specified ultimate
strength can be found in the applicable design code. The analytical expressions for the minimum
specified ultimate tensile strength for a limited number of materials are listed in terms of a material pointer,
PUS, which can be determined for a specific material of construction using Table 2E.5.

tensile

2E.2.1.4 A method to compute the yield and tensile strength as a function of temperature for pipe and tube
materials is provided in Table 2E.6. The data used to develop these equations are from APl Std 530, 6th
Edition, September 2008. The yield and tensile properties of API Std 530 have been updated to reflect
modern steel making practices for alloys currently produced and used for petroleum refinery heater

applicdfions (see Annex 10.B, paragrap Z.3). € yield and tensile values from ulefin]541 are
provided in Table 2E.7.

2E.2.1{5 Values for the yield and tensile strength below the creep regime for pressure vessel, pipjng, and
tankage steels can be found in the ASME Code, Section II, Part D. Other sources fof yield anI tensile
strength data for various materials are provided in paragraph 2E.7.1. These data saUrces provide values for
the yigld and tensile strength that are representative of those for new materials.

2E.2.2| Flow Stress

2E.2.2l1 The flow stress, o, can be thought of as the effective yield strength of a work hardened naterial.

The us
that c3
stress

2E.2.2
below.
In the
streng

a) A

by T

T

c)

e of a flow stress concept permits the real material to be treated as if it were an elastic-plastic
n be characterized by a single strength parameter. The flow stress can be used, for examplg
level in the material that controls the resistance of a cracked structure to failure by plastic collap

2 Several relationships for estimating the flow stress have been proposed which are sum
The flow stress to be used in an assessment will be covered in the appropriate Part of this S
absence of a material test report for plate and pipe, and for weld metal, the specified minim
h and the specified minimum tensile strength for the material can be used to calculate the flow g

erage of the yield and tensile strengths’(recommended for most assessments):

(O-ys T Ous )
2

o =
he yield strength plus89"MPa (10 ksi):
o; =0, +69MPa
o =@y +10 ksi

Dr austenitic stainless steels, a factor times the average of the yield and tensile strengths:

material
, as the
e

marized
tandard.
im yield
tress.

(2E.5)

(2E.6)

(2E.7)

1.15-(0},S +O'uts)
B 2

O

(2E.8)

d) For ferritic steels and austenitic stainless steels, the maximum allowable stress (S ) in accordance with
the ASME Code, Section VI, Division 2, multiplied by an appropriate factor:

o, =24-S for ferritic steels

o, =3-S for austenitic stainless steels

2E-3

(2E.9)

(2E.10)
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e) If Ramberg-Osgood parameters are available (see paragraph 2E.3.3), the flow stress can be computed
using the following equation.

= 2E.11
o > |14 0.002 ( )

exp[Ngo |

2E.3  Monotonic Stress-Strain Relationships

2E.3.1 MPC Stress-Strain Curve Model

The follpwing model for the stress-strain curve may be used in FFS calculations where required py this
Standarfl when the strain hardening characteristics of the stress-strain curve are to be consjdered.

& =i+71+72 DE.12)
Ey
where,

% :%(l.O—tanh[H ) PE.13)

7, =‘9—22(1.0+tanh [H]) PE.14)
1
my

gk (%j DE.15)

Oy (1+ gys)
AE—22 k) DE.16)

(In [l+(9st)m1

In[R]+(‘9p _gyS)

m,|= DE.17)
' ] In[1+ gp]
In [1+ gyJ
L
&F [%]mz PE.18)
_ Tus®Xp[m, ] (2E.19)
m,"™
b 2|:Gt—(GyS+K-(O'uts_O'ys))} (2E.20)
K (O-uts _O-ys)
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£, =0.002

K =1.5R" —-0.5R** —R*®

The parameters M, , and g, are provided in Table 2E.8 and o, is determined using Equation (2E.30)

(2E.21)

(2E.22)

(2E.23)

2E.3.2 :\V’:PC TU.I IUCI It rvl:uduluo :\VI:UdC:
The tangent modulus based on the MPC stress-strain curve model in paragraph 2E.3.1 is given\by Equation
(2E.24).
oo, (05 (1 N
&
B = a: :[a_att] :(E—y+ D1+D2+D3+D4J (2E.24)
where
1
G(E*J
D, =— - (2E.25)
2m1~Al(”‘1)
- 1
D, . 11 at[ml]- 2 (1= tanh?[H]) + -at[”‘l ]-tanh[H] (2E.26)
2 (E] K(O'uts O'ys) 3
A
4
D, =" (2E.27)
2m2-A2[mzj
1)1 Sl (2 2T s Lo
D, == —— 2 ————— |-(1-tanh®[H —_— > /.tanh|H 2E.28
) L e ) L A B
A
2E.3.3] Ramberg-Osgood Model
The stress=straimcarve of a materiat carm be Tepresented by Equation (2E-29) kmowm as theRamberg-Osgood

equation. The exponent used in this equation may be required for a J -integral calculation.

Oy

1
j”Ro

HRO

2E-5

(2E.29)
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where,
o, =(1+¢, )0 (2E.30)
&=In(1+¢,) (2E.31)

If multiple data points for a stress-strain curve are provided, the data fitting constants can be derived using
regression techniques. If only the yield and ultimate tensile strength are known, the exponent, N.,, can be

computed using Equation (2E.32) (for the range 0.02<o /o

s =1.0). The constant H., is computed

using Equation (2E.33).

US O-S i O-S ’
l+1.3495( £ j—5.3ll7( ! j +2.9643£ ! j

(o} O, O,
nR — uts uts uts 2E.32)

o o\
1.1249+11.0097( ysj—11.7464( ysj

O-uts O-uts

— Guts eXp [nRO ]

Nro

H i DE 33)

r‘IRO
2E.3.4 Ramberg-Osgood Tangent Modulus Model

The tangent modulus based on the Ramberg-Osgood stress-strain curve model in paragraph 2E.3.3 i§ given
by Equation (2E.34).

-1 i—1
£ |99 {ﬁj _ i+i( o j“" (Lj DE 34)
de,  \ doy E, Mg\ Heg Heo

2E.4 [Cyclic Stress-Strain Relationiships

—_

2E.4.1 Ramberg-Osgood

The cyclic stress-strain cupve-ef a material (i.e. strain amplitude versus stress amplitude) may be repregented
by the Bquation (2E.35)«.THie material constants for this model are provided in Table 2E.9.

‘| E K

Css

1
o Cr o, |
g, =—a+{M} DE.35)

y

The hysteresis1o0p Sress-Sirailt CUTVE Of a materiat (€. Straim range Versus Sress range) optamned by scaling
the cyclic stress-strain curve by a factor of two is represented by the Equation (2E.36). The material constants
provided in Table 2E.9 are also used in this equation.

1

g, =2t + 2[%} (2E.36)

Css

2E-6
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Uniform Material Law

Baumel and Seeger developed a Uniform Material Law for estimating cyclic stress-strain curve and strain life
properties for plain carbon and low to medium alloy steels, and for aluminum and titanium alloys. The method
is shown in Table 2E.10. The Uniform Material Law provides generally satisfactory agreement with measured
material properties, and may on occasion provide an exceptional correlation. It is the general
recommended for estimating cyclic stress-strain curves and strain life properties when actual data for a
specific material are not provided in the form of a correlation or actual data points.

method

2E.5
2E.5.1

The el
Values
B&PV
provid

2E.5.2

The v3
steels

2E.5.3

The c(
for the|
the AS
of vari

2E.5.4
The th

analys
tempe

2E.5.5

The th
results
for a fu

2E.5.6

Physicat PToperties

Elastic Modulus

for the elastic modulus for a full range in temperatures can be found in WRC Bulletin 503 or th
Code, Section Il, Part D. Additional reference sources for the elastic modulus*of various mate
bd in paragraph 2E.7.3.

Poisson’s Ratio

lue of Poisson’s ratio in the elastic range, v, can normally be taken-as 0.3 for steels. Data for
can be found in WRC Bulletin 503 or the ASME B&PV Code, Section II, Part D.

Coefficient of Thermal Expansion

efficient of thermal expansion is required to perform~a“thermal stress analysis of a component
thermal expansion coefficient for a full range in temperatures can be found in the WRC Bulleti
ME B&PV Code, Section Il, Part D. Additionaldeference sources for the thermal expansion cd
bus materials are provided in paragraph 2E.7.3.

Thermal Conductivity

s are utilized in a thermal stress calculation. Values for the thermal conductivity for a full
atures can be found in WRC_Bulletin 503 or the ASME B&PV Code, Section Il, Part D.

Thermal Diffusivity.

ermal diffusivity_is\required to perform a transient thermal heat transfer analysis of a compong
from this analysis are utilized in a transient thermal stress calculation. Values for the thermal d
Il range in temperatures can be found in WRC Bulletin 503 or the ASME B&PV Code, Section I

Density

hstic or Young's modulus is required to perform stress analysis of a statically indeterminate conpponent.

e ASME
rials are

specific

Values
h 503 or
efficient

ermal conductivity is required to perform a heat transfer analysis of a component. The results from this

ange in

nt. The
iffusivity
Part D.

The m

pterial density is required to perform a transient thermal heat transfer analysis, and in cases where body

force components are to be considered in a stress analysis of a component. The results from this analysis are
utilized in a transient thermal stress calculation. Values for the density for a full range in temperatures can be
found in WRC Bulletin 503 or the ASME B&PV Code, Section Il, Part D.

2E.6

a

A -

Nomenclature
parameter used in the Uniform Material Law.

A curve-fit coefficients for the yield strength data from API Std 530.

2E-7
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b fatigue strength exponent (Basquin's exponent).

B0 - 85 curve-fit coefficients for the tensile strength data from API Std 530.

C fatigue strength exponent (Coffin-Manson exponent) in the Uniform Material Law.

Cam conversion factor coefficient, 1.0 for units of ksi, (1.0/6.894) for units of MPa.

CO - C5 material coefficients for the yield strength or ultimate tensile strength data, as applicable.

Dl — L, material coefficients used in the tangent modulus calculation

E, tangent Modulus.

Ey Young's Modulus at the temperature of interest.

Es engineering strain.

&p 0.2% engineering offset strain for the proportional limit, other values‘may be used.

& true strain or total true strain.

Eia total true strain amplitude.

Ey total true strain range.

Eys 0.2% engineering offset strain.

& true plastic strain in the micro-strain regiofy of the stress-strain curve.

&, true plastic strain in the macro-strain-region of the stress-strain curve.

g: fatigue ductility coefficient.

VA true strain in the micre-strain region of the stress-strain curve.

Vs true strain in theqmacro-strain region of the stress-strain curve.

H Prager doctor factor.

HRO constantin Ramberg-Osgood Stress Strain Model.

K glastic crack driving force parameter,stress intensity factor, or a parameter in the MPC ptress-
Strain curve model, as applicable.

K material-parameterforthe-cyclic-stress-strair-curve-model

CSs *

m, curve fitting exponent for the stress-strain curve equal to the true strain at the proportional limit
and the strain hardening coefficient in the large strain region.

m, curve fitting exponent for the stress-strain curve equal to the true strain at the true ultimate
stress.

Negs material parameter for the cyclic stress-strain curve model.

2E-8
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Neo material parameter for Ramberg-Osgood stress-strain curve model.
N, number of cycles to failure in accordance with the Uniform Material Law.
R the ratio of the engineering yield stress to engineering tensile stress evaluated at the
assessment temperature, as applicable.
allowable stress.
o, total stress amplitude.
o, total stress range.
o, true stress.
lopF flow stress.
o, applied stress range.
Oy yield stress at the temperature of interest.
O uts engineering ultimate tensile stress evaluated at the temperature of interest.
o minimum specified ultimate tensile strength at roont.temperature.
O';ts minimum specified yield strength at room température.
o{,g"” ultimate tensile strength at T ;.
o yield strength at T ;.
o mean value of the ultimate tensile strength.
O'l:';si” minimum specified ultimate tensile strength from the original construction code.
O mean value of the\yield strength.
O'Y”;i” minimum specified yield strength.
0': fatiguestrength coefficient.
témperature.
min minimum temperature for applicability of material data from API Std 530.
Tmax maximum temperature for applicability of material data from API Std 530.
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2E.8 Tables

Table 2E.1 — Approximate Equivalent Hardness Number and Tensile Strength for Carbon and Low
Alloy Steels in the Annealed, Normalized, and Quenched-and-Tempered Conditions

Brinell Hardness No. . Approximate Tensile Strength
(3000 kg load) Vickers Hardness No. (MpPpa) (ngi)
441 470 1572 228
433 460 1538 223
275 250 1496 217
415 440 1462 212
405 430 1413 205
397 420 1372 199
388 410 1331 193
379 400 1289 187
369 390 1248 181
360 380 1207 175
350 370 1172 170
341 360 1131 164
331 350 1096 159
322 340 1069 155
313 330 1034 150
303 320 1007 146
294 310 979 142
284 300 951 138
280 295 938 136
275 290 917 133
270 285 903 131
265 280 889 129
261 275 876 127
256 270 855 124
252 265 841 122
247 260 827 120
243 255 807 117
238 250 793 115
233 245 779 113
228 240 765 111
219 230 731 106
209 220 696 101
200 210 669 97
190 200 634 92
ST T90 07 83
171 180 579 84
162 170 545 79
152 160 517 75
143 150 490 71
133 140 455 66
124 130 427 62
114 120 393 57

2E-11
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Table 2E.2 — MPC Minimum Specified Yield Strength as a Function of Temperature

ateral Tem?f;;‘t“re 0, =0l -exp[Cy+CT +C,T?+CT +C,T* +C.T° | (°F ksi)
(PYS) Min | Max Co C, Co Cs Cs Cs
1 70 1100 |7.32895590E-02|-1.17762521E-03 | 2.38047105E-06 |-3.41856446E-09 | 2.30957367E-12 |-6.50662295E-16
2 70 1100 |6.74115307E-02|-1.14022133E-03 | 2.93774604E-06 |-4.04287814E-09 | 3.37044043E-12 |-1.42534965E-15
3 70 1100 |8.64892939E-02|-1.46822432E-03 | 4.43698029E-06 |-7.48574857E-09 | 6.52970740E-12 |-2.49641702E-15
4 70 1500 [1.15119384E-01-1.64008687E-03 | 1.40737810E-06 |-6.87419020E-10 | 4.10067600E-13 |-2.28537801E-16
5 70 1500 |6.54193489E-02|-9.16571466E-04 | 1.97469205E-07 | 9.82045387E-11 | 3.83196021E-13 |-3/00033395E-16
6 70 1500 |1.29553432E-01|-1.83405205E-03 | 1.90867347E-06 |-7.72504653E-10 | -2.35102806E-13'{.1.49090484E-16
7 70 1500 |7.22867367E-02|-1.18789668E-03 | 2.93345768E-06 |-4.65145193E-09 | 3.62287974Ex12 |-1.09404474E-15
8 70 1500 |5.02134175E-02|-7.23768917E-04 | 4.55342493E-07 |-9.74792542E-10 | 1.21882955E-12 |-5.03459802E-16
9 70 1500 [1.71228796E-01|-2.75036658E-03 | 5.44467782E-06 |-6.11640012E-09 | 3,62507062E-12 |-8.78106064E-16
Table 2E.2M — MPC Minimum Specified Yield Strength as a Function of Temperature
naena Tem'(fi)f:r;"““re o, =0l -exp[C,+CT +C,T? + G+C,T*+CT* | (°C,MPg)
(PYS) Min Max Co C, Co Cs Cs Cs
1 21 593 |3.79335351E-02|-1.86385965E-03| 6.69470079E-06 |-1.82518378E-08 | 2.31521177E-11 |-1.22P47065E-14
2 21 593 |3.38037095E-02|-1.73554380E-03| 8.32638097E-06 |-2.11471664E-08 | 3.29874954E-11 |-2.69B29508E-14
3 21 593 |4.38110535E-02(-2.17153985E-03|.121747825E-05 |-3.89315704E-08 | 6.43532344E-11 |-4.71f14972E-14
4 21 816 |6.40556561E-02|-2.79373298E-03|4.35401064E-06 |-3.71656211E-09 | 3.92086989E-12 |-4.31B37715E-15
5 21 816 |3.62948800E-02|-1.62644958E-03| 6.77655338E-07 | 8.40865268E-10 | 3.51869766E-12 |-5.66p33503E-15
6 21 816 |7.27926926E-02|-3.08574021E-03| 5.93930041E-06 |-4.67184681E-09 |-2.21760045E-12 | 2.81716608E-15
7 21 816 |3.71292469E-02|-1.82515595E-03| 8.12857283E-06 |-2.44881384E-08 | 3.61939674E-11 |-2.06f27194E-14
8 21 816 |2.74884019E-021:1.25543600E-03| 1.19583839E-06 |-4.80520518E-09 | 1.19491660E-11 |-9.51B21531E-15
9 21 816 |8.85957654E-02 |-4.35640722E-03| 1.58095415E-05 |-3.30171850E-08 | 3.65796603E-11 |-1.65p24112E-14
Table 2E,.3.='Material Description for the MPC Minimum Specified Yield Strength
RYS Applicable Materials
1 Carbon Steel (YS<275.9 MPa) (YS< 40 ksi)
2 C-1/2Mo, 1-1/4Cr-1/2Mo Annealed, 2-1/4Cr-1Mo Annealed, 3Cr-1Mo, 5Cr-1/2Mo, 9Cr-1Mo
3 t=HACT-HMONET—2=HHACT=HtoNE&TF 2= HACHio O&T2-HACrHvio=v9Cr=Hvo=V
4 Type 304, Type 316
5 Type 310, Type 321, Type 347
6 Type 316L
7 Alloy 800
8 Alloy 800H, Alloy 800HT
9 HK-40
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Table 2E.4 — MPC Minimum Specified Ultimate Tensile Strength as a Function of Temperature

“Iﬂi}ﬁ:'jl Temi’oeFr;‘t”re Oys = O -€Xp[ Cy+CT +C,T?+CT*+C,T*+CT® | (°F ksi)

(PUS) Min | Max Co C Co Cs C, Cs
1 70 1100 | 4.96592236E-02 |-3.77753186E-04 |-2.22995759E-06 | 9.37412910E-09 |-1.08177336E-11 | 3.38063139E-15
2 70 | 1100 |1.03059502E-01 |-1.50239969E-03 | 1.23729610E-06 | 2.88144828E-09 | -3.79884518E-12 | 7.81749069E-16
3 70 1100 | 6.32622065E-02 |-9.67153551E-04 | 1.22766678E-06 | 8.18123287E-10 |-2.12906253E-12 | 5.21468764E-16
4 70 1500 | 1.32974273E-01 |-2.10253189E-03 | 4.12208906E-06 | -4.23720525E-09 | 2.51092690E-12 | -7.88154028E-16
5 70 | 1500 |1.34525275E-01 |-2.14511512E-03 | 4.94560236E-06 | -5.06503095E-09 | 2.39919595E-12 [562207065E-16
6 70 1500 | 1.05691876E-01 |-1.63492458E-03 | 2.65859303E-06 |-1.24506534E-09 |-3.85312660E-13 | 1.68156273E-16
7 70 | 1500 | 1.31877934E-01 |-2.43123502E-03 | 9.41969068E-06 |-1.70606702E-08 | 1.47018626E-11 | -492753399E-15
8 70 1500 | 1.41247151E-01 |-2.64436746E-03 | 1.08241364E-05 |-2.09316450E-08 | 1.90667084E-11 |-6./69569764E-15
9 70 | 1500 | 1.63465185E-01 |-2.70857567E-03 | 5.77561099E-06 |-5.13107773E-09,| 1:83255377E-12 | -2[70855733E-16

Fable 2E.4M — MPC Minimum Specified Ultimate Tensile Strengthas a Function of Tempefature
ot Teml(f{)f:r;’ﬂ“re Ous =0 €XP[ Co +CT +C,T? +CF°+C,T*+C.T° | (°C,MRa)
(PUS ) Min | Max Co C, C, Cs Cs Cs
1 21 593 | 3.55835868E-02 |-8.87531986E-04 |-4.52108819E-06 | 4.67964163E-08 |-1.07882077E-10 | 6.B8793289E-14
2 21 593 | 5.63401650E-02 |-2.54673855E-03 | 4.83029306E-06 | 1.40154694E-08 |-3.85657189E-11 | 1.47716803E-14
3 21 593 | 3.35950169E-02 |-1.59542267E-03 |4,19028077E-06 | 3.21310030E-09 |-2.14741795E-11 | 9.85350689E-15
4 21 816 | 6.97780335E-02 |-3.33253782E-03' 1.20867754E-05 | -2.28840524E-08 | 2.50349101E-11 |-1{48927063E-14
5 21 816 | 7.07824139E-02 |-3.31892068E-03 | 1.44954873E-05 | -2.77818452E-08 | 2.42415074E-11 |-1[06232848E-14
6 21 816 | 5.60554916E-02 |-2.64356837E-03 | 8.21908457E-06 | -7.53881321E-09 |-3.76242022E-12 | 3.17742712E-15
7 21 816 | 6.31803836E-02 |-8.38199124E-03 | 2.55006790E-05 | -8.88172175E-08 | 1.46057908E-10 |-931091055E-14
8 21 816 | 6.70451917E-02-}-3.62422838E-03 | 2.89321732E-05 | -1.08234025E-07 | 1.89076439E-10 | -1P4630192E-13
9 21 816 | 8.25387660E-02 |-4.23802883E-03 | 1.71532015E-05 | -2.85726267E-08 | 1.87824828E-11 | -5{11800326E-15

Table 2E.5.='‘Material Descriptions for the MPC Minimum Ultimate Tensile Strength

PUS Applicable Materials
1 Carbon Steel (YS<275.9 MPa) (YS< 40 ksi)
2 C-1/2Mo, 1-1/4Cr-1/2Mo Annealed, 2-1/4Cr-1Mo Annealed, 3Cr-1Mo, 5Cr-1/2Mo, 9Cr-1Mo
S FHACr-HMoNET2=HHACr=Hvo N& T 2=tHACT-tMo Q& T 2=tH4Cr-tMo=v-9Cr-tito=v
4 Type 304, Type 347
5 Type 310, Type 316, Type 321
6 Type 316L
7 Alloy 800
8 Alloy 800H, Alloy 800HT
9 HK-40
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API 579-1/ASME FFS-1 2016 Fitness-For-Service

Table 2E.6 — Minimum Yield and Tensile Strength Values from API Std 530, 6th Edition, September

2008, (1), (2)

Temperature Limits and T oS h
: Strength Parameters at . ) ensile Strength: o
Material Minimum Temperature (3), Yield Strength: Oy 3) (4) uts
4
Ao 1.6251089E+00 | By | 1.1720989E+00
T =149°C (300°F) A, | -3.3124966E-03 | B; | -2.0580032E-03
Low Carbon Steel
(Figlire 4A) =6 C (1150 F) A, 5.0904910E-06 B, 7.6239020F-06
AL61 I =157 MPa (22.8 ksi) | Az | -3.3374441E-09 | B3 | -9.945969(E-09
A192
o =298 MPa (43.2 ksi) | A4 4.9690402E-13 B4 317189699F-12
As 0.0 Bs 0.0
Ao 1.6434698E+00 | By *| 1.1872106F+00
'V'ediuc"? Clafbon T.in =149°C (300°F) A; | -3.5201715E-03 ~[NB; | -2.2083065E-03
Jlee
(Figlire 4B) T = 621°C (1150°F) A, | 5.8080277E-06¢ | B, | 8.0934859F-06
AS3 Grade B o =210 MPa (305 ksi) | As | -4.2398160E-09 | B; | -1.0510434E-08
Al106|Grade B —
A210 Grade A-1 ugm =379 MPa (55 0 kSI) A4 8.7536764E-13 B4 3.9529036E-12
As 0.0 Bs 0.0
Ao 1.0875314E+00 | By | -8.3107781E-02
c-0.5Mo T, =149°C (300°F) Agl\| -2.1270293E-04 | By | 6.7591546F-03
(FAigﬂgi ;Kll) =621°C (1150°F) A, -4.4780776E-07 B, -1.3556423E-05
A 209 T1 T =186 MPa (27.0 ksi)~] As 8.4688943E-10 B3 1.1122871F-08
A335P1 ol =395 MPa (57.3'ksi) | As | -5.6614120E-13 | B, | -35429684F-12
As 0.0 Bs 0.0
Ao 1.1345901E+00 | By | 1.7526113F+00
125dr-05Mo | Tmin =149°C/(300°F) A, | -4.8648764E-04 | B; | -7.0066393E-03
(Fig Jge 4D) T =621°C (1150°F) A, | 3.9401132E-08 | B, | 2.3037863FE-05
A 213 T11
A 385 P11 m'" =183 MPa (26.5 ksi) As 4.2209296E-10 Bs -3.2685799E-08
A 200 T11 51w =379 MPa (55.0 ksi) | A4 | -3.8709072E-13 | By 2.0963053F-11
As 0.0 Bs | -5.2442438E-15
Ao 1.2398072E+00 | By | 2.0398036F+00
2 25Cr-1Mo T =1492C-(300°F) AT -1 5494280E-03 BI =7.5239262E-03
(/L:ig;;eTllez) =732°C (1350°F) A, | 3.2430371E-06 | B, | 1.7967199E-05
A 335 P22 Tmin _186 MPa (27.0 ksi) Az -2.3756026E-09 Bs -1.6168512E-08
A 200T22 ol =364 MPa (52.8 ksi) | A4 3.1331338E-13 B4 4.6189330E-12
As 0.0 Bs 0.0
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API 579-1/ASME FFS-1 2016 Fitness-For-Service

Table 2E.6 — Minimum Yield and Tensile Strength Values from API Std 530, 6th Edition, September

2008, (1), (2)

Temperature Limits and T oS h
. Strength Parameters at : . ensile Strength: o
Material Minimum Temperature (3), Yield Strength: Oy 3) (4) uts
4
Ao 1.3109507E+00 | By | 1.2922744E+00
3Cr-1Mo Tyin =149°C (300°F) A. | -1.8522910E-03 | B; | -1.7583742E-03
('; Zulfg ;*g) = 732°C(I350°F) A, 3.3285320E-06 B, | 3.5081428E-06
Al335 P5 —179 MPa (26.0 ksi) | As | -2.1885193E-09 | B3 | -2.9914715E-09
A200 TS ol =393 MPa (57.0 ksi) | A4 2.7268140E-13 B4 6.7845610E-13
As 0.0 Bs 0.0
Ao 1.1392352E+00 |/ By | 1.256369BE+00
5¢r-0.5Mo T.in =149°C (300°F) A; | -1.3518395E-03-S''B; | -1.9619215E-03
(Figzurg 4G) T = 732°C (1350°F) A, | 4.3886534E-06 | B, | 5.1583250E-06
A213T5
Al335 P5 s =175 MPa (25.4 ksi) | As -5.1308445E-09 Bs | -5.4836935E-09
A200 TS ol =362 MPa (52.5 ksi) | A4 1.6914766E-12 B4 1.7207470E-12
As 0.0 Bs 0.0
Ag 1.2324252E+00 | By | 1.277306fE+00
cedo s Toin =149°C (300°F) Ay | -1.6940271E-03 | B; | -2.31964Q5E-03
0. 0-Sl
(Figure aH) =732°C (1350°F) A, 4.3681713E-06 B 6.5893951E-06
AR13T5b —186 MPa (27.0.ksi)’ | As | -4.8983328E-09 | B3 | -7.2379937E-09
A B35 P5b
o =356 MPa (BL7 ksi) | A 1.6079702E-12 B4 2.3466718E-12
As 0.0 Bs 0.0
Ao 6.9288533E-01 Bo 9.9596073E-01
7dr-0.5Mo T, =149°C (300°F) A | 3.4867283E-03 | B; | 2.4796284E-05
(F g“;e 41) Toa=132°C (1350°F) A, | -1.3498048E-05 | B, 3.3129703E-07
A213T7
Al33s p7 n =172MPa (25.0 ksi) | As 2.2065464E-08 Bs -1.4772664E-09
A200T7 ol =400MPa (58.0 ksi) | As | -1.6085361E-11 | By 6.51658Q4E-13
As 4.1090437E-15 Bs 0.0
Ao 1.3645782E+00 | By | 1.600225pE+00
9Cr-iMo T =$49-C{(306F; AT -2 4184891E-03 BT -3'8196855E-03
(;igzulrg ;1;) =732°C (1350°F) A, 5.3798831E-06 B, 8.1545162E-06
A 335 P9 T —179 MPa (26.0 ksi) Az -5.0826095E-09 Bs -7.4536524E-09
A200T9 ol =370 MPa (53.6 ksi) | A4 1.4540216E-12 B4 2.1749553E-12
As 0.0 Bs 0.0
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API 579-1/ASME FFS-1 2016 Fitness-For-Service

Table 2E.6 — Minimum Yield and Tensile Strength Values from API Std 530, 6th Edition, September

2008, (1), (2)

Temperature Limits and
Material Strength Parameters at Yield Strength: &.. (3) Tensile Strength: o
Minimum Temperature (3), Ty (4)
4
Ao 1.1559737E+00 Bo 1.3561147E+00
9Cr-1Mo-V Tyin =149°C (300°F) Ar | -1.3027523E-03 | B; | -2.5814516E-03
(/Eig i;eTL;\l) =660°C (I220°F) A, | 3.6718335E-06 | B, | 6.4611130F-06
A 385 P91 Tmn — 379 MPa (55.0 ksi) | As -3.9082343E-09 Bs -6.6563640E-09
A 200 T91 ol =538 MPa (78.0 ksi) | A4 1.1136278E-12 B4 2:0875274F-12
As 0.0 Bs 0.0
Type 304 & 304H Ag 1.6894159E+00 Bo 1.2907427E+00
(Figpre 4L)
A 213 Type T =204°C (400°F) Ay -3.3500871E-03 B -1.8958334E-03
304r304H —843°C (1550°F) Ay 6.0887433E-06 B> 4.2634694E-06
A 271 Type -
304&3032?4 T —143MPa (20.8 ksi) A; -6.3277196E-09 Bs -3.7649126E-09
A 312 Type Ay 3.4413453E-12 B, 9.8390933F-13
304[304H oy =414 MPa (60.0 ksi)
A 3176 Type As | -78762940E-16 Bs 0.0
304R304H
Type 316 & 316H Aq 1.3224680E+00 Bo 1.2454373F+00
(Figlire 4M)
A 213 Type Tmin =204°C (4000 F) Al -8.7683155E-04 B -1.6314830E-03
316R316H . . -
s P T =843°C (1550°F) A, 1.3646107E-07 B» 3.7350778E-06
316k316H " =148 MPa (21.4ksi) As 8.9906963E-10 Bs -3.3393727E-09
A 312 Type Ay -4.2098578E-13 B4 8.7044694F-13
316K316H oy =452 MPay(65.5 ksi)
A376 As 0.0 Bs 0.0
Type3[L6&316H
Ao 1.6764367E+00 Bo 1.4209808E+00
vob 3161 T.in&204°C (400°F) A, | -2.7911113E-03 | B; | -2.3830395E-03
YPE
(Figlre 4N) T =688°C (1270°F) A, 3.5200992E-06 B 4.6717029F-06
A 21523 ype glg'— T —=119MPa (17.3 ksi) | Az | -2.0849191E-09 | Bs | -3.7247428E-09
A 312 Type 316L
P ol =391MPa (56.7 ksi) | A4 3.9274747E-13 B, 9.0385624F-13
As 0.0 Bs 0.0
Ao 1.6512149E+00 Bo 1.1069812E+00
(FT_ype 32(1)) Toin =204°C (400°F) A, | -25517760E-03 | B; | 2.4195844E-04
igure
A 213 Type 321 | Tmax =843°C (1550°F) A, | 2.7303828E-06 | B, | -3.4616380E-06
A 271 Type 321 Tnn =142 MPa (20.6 ksn) As -1.0524840E-09 B3 7.9148731E-09
A 312 Type 321
As 0.0 Bs 1.7648940E-15
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API 579-1/ASME FFS-1 2016 Fitness-For-Service

Table 2E.6 — Minimum Yield and Tensile Strength Values from API Std 530, 6th Edition, September

2008, (1), (2)

Temperature Limits and
Strength Parameters at

Tensile Strength: o

Material Minimum Temperature (3), Yield Strength: Oy 3) @
4
Ao 1.5939147E+00 Bo 1.1972163E+00
(Tpre 32:; Toin = 204°C (400°F) Ay | -2.2764479E-03 | B; | -3.3091580E-04
gure
A 213 Type 321H =040 L (1o0U™F) Ao 2.3000206E-06 B, -2.1198718E-06
A 271 Type 321H —142 MPa (20.6 ksn) Az | -7.7700412E-10 | B3 | 6.4820833E-09
A 312 Type 321H ]
As 0.0 Bs 1.6286232E-15

Type B47 & 347H Ag 1.3337499E+00 Bo 1.543730pPE+00

(Fipure 4Q) ]

A 213 Type T . =204°C (400°F) A -7.4852863E-04 B -2.4368121E-03

347&347H - - -

A 371 Type =843°C (1550°F) Ao 8.1021768E-07 B, 3.3229020E-06

34!7&347H T —165MPa (24.0 ksi) As 1.8974804E-09 B3 -1.5387323E-09

A 312 Type Ay -8.3958005E-13 B4 3.9373670E-14

3478&347H oy =387 MPa (56.2 ksi)

A 376 Type As 0.0 Bs 0.0

347&347H

Alloy 800H

(Figure 4R) (See Note 5) (See Note 5) (See Ndte 5)
B407|Alloy 800H

HK-40

(Figure 4S)

A608| Grade HK- (See Note 5) (See Note 5) (See Nqte 5)
40

Note:

1. Da3ta for tensile and yield strength in this table are from Figures 4A through 4S of API Std 530 Calculation
of Heater Tube Thickness in‘Pétroleum Refineries, 6" Edition, September 2008.

2. Unjits for the equations imthis table are as follows: o and o, are in ksi and the temperature, T} is in
degrees Fahrenheity(See Notes 3 and 4).

3. ol is the value©tthe yield stress at temperature where O';Sm‘" is the value of the yield stress (minimum,
average, or maximum as applicable) at the minimum temperature limit defined in this table.

O 5o (A + AT+ AT + AT L AT+ AT®)

4. T is:the value of the ultimate tensile stress at temperature where Gut”;'” is the value of the uItimafe
tensile stress (minimum, average, or maximum as applicable) at the minimum temperature limit defined in
this table.

2 3 4 5
O =0y +(By+BT +B,T*+B,T*+B,T*+B,T*)
5. Data for Figures 4R and 4S are not provided in API Std 530.
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API 579-1/ASME FFS-1 2016 Fitness-For-Service

Table 2E.7 — Minimum Yield and Tensile Strength (ksi) as a Function of Temperature (°F) from WRC

Bulletin 541
Material Parameter Yield Strength (ksi) Tensile Strength (ksi)
o" 26 47
Co 1.4088389E-02 1.0807518E-01
C: -1.9932341E-04 -2.3290664E-03
Low Carbon Steel C, -2.0694516E-08 1.2941407E-05
Cs -1.0013720E-10 -2.6166794E-08
C4 0 2.2225699E+11
Cs 0 -7.0569264E-15
o" 35 60
Co 1.4088389E-02 1.0807518E-01
C: -1.9932341E-04 -2.3290664E-03
Mediufn Carbon Steel C, -2.0694516E-08 1.2941407E-05
Cs -1.0013720E-10 -2.6166794E-08
C4 0 2.2225699E-11
Cs 0 -7.0569264E-15
o" 30 52
Co 1.3089229E-02 1.1433749E-01
C: -1.9903245E-04 -2.4719083E-03
C-0.5Mo C, 1.8433603E-07 1.3823832E-05
Cs -1.7552202E-10 -2.7995759E-08
Cx 0 2.3927060E-11
Cs 0 -7.5170846E-15
o" 30 60
Co 2.1540371E-02 1.4704266E-02
C: -3.2503600E-04 -1.9874800E-04
1.25Cr-0.5Mo C, 2.2155200E-07 -2.9115300E-07
Cs 4.1358400E-10 2.0040500E-09
E; 6-4839960E-13 22343400812
Cs 1.5027000E-16 5.9263200E-16
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API 579-1/ASME FFS-1 2016 Fitness-For-Service

Table 2E.7 — Minimum Yield and Tensile Strength (ksi) as a Function of Temperature (°F) from WRC

Bulletin 541
Material Parameter Yield Strength (ksi) Tensile Strength (ksi)
o" 30 60
Co 2.1540371E-02 1.4704266E-02
C: -3.2503600E-04 -1.9874800E-04
2.25Cr-1Mo C, 2.2155200E-07 -2.9115300E-07
Cs 4.1358400E-10 2.0040500E-09
C4 -6.4839900E-13 -2.2341400E-1P
Cs 1.5027000E-16 5.9263200E-16
o" 30 60
Co 4.4186141E-02 4.3741544E-0p
C: -7.1542041E-04 -7.3028160E-0¢
3Cr-1Mo C, 1.2664132E-06 1.6372698E-0p
Cs -9.3458131E-10 -1.9656642E-00
C4 3.6214203E-13 1.2727055E-1p
Cs -1.6088326E-16 -4.6917217E-16
o" 30 60
Co 1.2855425E-02 -1.5076613E-0B
C: -1.9373113E-04 1.6602155E-04
5Cr-0.5Mo C 1.2449247E-07 -2.4425324E-06
Cs 3.0404621E-10 5.7486446E-09
€4 -3.5555955E-13 -4.9777060E-1P
Cs -5.7953915E-18 1.3635365E-15
o" 30 60
Co 1.2855425E-02 -1.5076613E-0B
C: -1.9373113E-04 1.6602155E-04
$Cr-0.5Mo-Si C, 1.2449247E-07 -2.4425324E-06
Cs 3.0404621E-10 5.7486446E-09
E; 3 5555955813 AO4HO60E-22
Cs -5.7953915E-18 1.3635365E-15
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API 579-1/ASME FFS-1 2016 Fitness-For-Service

Table 2E.7 — Minimum Yield and Tensile Strength (ksi) as a Function of Temperature (°F) from WRC

Bulletin 541
Material Parameter Yield Strength (ksi) Tensile Strength (ksi)
o" 30 60
Co 1.3532100E-01 9.9054977E-03
C: -2.5870657E-03 -1.7559652E-04
7Cr-0.5Mo C, 1.0664886E-05 5.5881927E-07
Cs -2.0092622E-08 -1.0648485E-09
C4 1.7366385E-11 5.6685649E-13
Cs -5.6740415E-15 -1.9197713E-16
o" 30 60
Co 1.3571242E-02 2.1597188E-02
C: -1.7082315E-04 -3.1031668E-04
OCr-1Mo C, -4.3400952E-07 -6.1394577E-08
Cs 1.6036654E-09 1.3545273E-09
C4 -1.5678560E-12 -1.6448546E-12
Cs 3.6386453E-16 4.1818392E-16
o" 60 85
Co 3.3650472E-02 1.8096292E-02
C: -5.5446746E-04 -2.5065398E-04
gcr-1Mo-V C 1.0944031E-06 -1.9394875E-07
Cs -5.7019722E-10 1.2610086E-09
Cx -1.9770030E-13 -1.3855450E-12
Cs 0 3.4264520E-16
o" 25 70
Co 4.5888791E-02 7.7361661E-02
C: -6.9508400E-04 -1.2718700E-03
Type 304L/5S C, 5.7950900E-07 2.4999900E-06
Cs -2.1178000E-10 -1.7023100E-09
E; 6-5466400E-15 12439600613
Cs -1.2730800E-17 7.2563700E-17
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Table 2E.7 — Minimum Yield and Tensile Strength (ksi) as a Function of Temperature (°F) from WRC

API 579-1/ASME FFS-1 2016 Fitness-For-Service

Bulletin 541
Material Parameter Yield Strength (ksi) Tensile Strength (ksi)
o" 30 75
Co 9.8188514E-03 6.7196226E-02
C: -5.0551619E-05 -1.1080527E-03
Type 304/304H SS C, -1.4866719E-06 2.2413756E-06
Cs 3.0912775E-09 -1.8350694E-00
C4 -2.3688742E-12 5.9804933E-1B
Cs 6.0840262E-16 -1.2196459E-16
o" 25 70
Co 4.947300E-02 2.825000E-02
C: -7.820685E-04 -3.814120E-04
Tlype 316L SS C, 9.205307E-07 -1.664940E-07
Cs -9.753774E<10 1.406040E-09
C4 7.836576E-13 -1.341640E-12
Cs -2'709835E-16 3.241850E-1§
o" 30 75
Co 1.2001323E-02 3.2859229E-0p
C: -8.8000344E-05 -5.1714106E-0¢
Tyde 316/316H SS Co -1.5040192E-06 4.6118780E-0f
Cs 3.1425000E-09 6.1438157E-1p
€4 -2.4201238E-12 -9.2054227E-1B3
Cs 6.4067530E-16 2.2901104E-16
o" 25 70
Co 4.947300E-02 2.825000E-02
C: -7.820685E-04 -3.814120E-04
Tlype 317L°SS C, 9.205307E-07 -1.664940E-07
Cs -9.753774E-10 1.406040E-09
E; 836576513 1-343640E-12
Cs -2.709835E-16 3.241850E-16
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API 579-1/ASME FFS-1 2016 Fitness-For-Service

Table 2E.7 — Minimum Yield and Tensile Strength (ksi) as a Function of Temperature (°F) from WRC

Bulletin 541
Material Parameter Yield Strength (ksi) Tensile Strength (ksi)
o" 30 75
Co 6.863218E-02 6.278852E-02
C, -1.184702E-03 -1.080116E-03
Type 32T SS C2 3T244156E-06 2-863153E-06
3 -4.905795E-09 -3.697114E509
4 3.536365E-12 2.478506E-12
5 -9.654898E-16 Z1.256524E-16
o" 25 70
Co 1.0112716E-02 5.1423451E-02
Ci -1.4446737E;04 -8.3118863E-04
Type 321H SS C, 0 1.4451218E-06
Cs (0] -9.5441766E-10
Cs 0 2.5659891E-13
Cs 0 -8.2941763E-17
o" 30 75
Co 4.9734437E-02 6.9844688E-02
Ci -8.6863733E-04 -1.2173646E-03
Type 347 SS C; 2.5602354E-06 3.4825694E-06
Cs -4.5554196E-09 -5.2044883E-09
Cs 3.7224192E-12 3.8869832E-12
Cs -1.0967259E-15 -1.1567466E-15
o" 30 75
Co 4.9734437E-02 6.9844688E-02
Cy -8.6863733E-04 -1.2173646E-03
Type347H SS C, 2.5602354E-06 3.4825694E-06
Cs -4.5554196E-09 -5.2044883E-09
Cs 3.7224192E-12 3.8869832E-12
Cs -1.0967259E-15 -1.1567466E-15
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API 579-1/ASME FFS-1 2016 Fitness-For-Service

Table 2E.7 — Minimum Yield and Tensile Strength (ksi) as a Function of Temperature (°F) from WRC

Bulletin 541
Material Parameter Yield Strength (ksi) Tensile Strength (ksi)
o" 30 75
Co 3.104110E-02 4.701130E-02
C: -4.327040E-04 -7.548550E-04
Type 347LN SS C, -2.174960E-07 1.141080E-06
Cs 7.572260E-10 -9.874450E51(
C4 -3.583780E-13 5.85464QE-13
Cs 0.0 -2.099690E-1¢
o" 30 75
Co 3.4030711E-02 3.4512216E-0p
C: -5.9044935E-04 -6.1931709E-0¢
Alloy 800 C, 1.6819983E-06 2.0239806E-06
Cs -2.9084079E-09 -3.3262726E-09
C4 2.4078033E-12 2.7021246E-1p
Cs -7.5887806E-16 -8.8727065E-16
o" 25 65
Co 9.1352894E-03 8.4274949E-04
C: -6.7153045E-05 8.2765885E-05
Alloy 800H C, -1.0330418E-06 -1.5893549E-06
C4 1.9114308E-09 3.5471048E-09
€4 -1.1936454E-12 -2.7606359E-1P
Cs 2.1862178E-16 6.5642052E-16
o" 25 65
Co 3.4727533E-02 9.1734120E-08
C: -5.3949644E-04 -4.3023314E-05
Alloy 8Q0FT C, 6.3686186E-07 -1.5560083E-06
Cs -2.3816323E-10 4.5571519E-09
7 74432721F 14 42665496512
Cs -4.2576695E-18 1.1882810E-15
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Table 2E.7 — Minimum Yield and Tensile Strength (ksi) as a Function of Temperature (°F) from WRC

Bulletin 541
Material Parameter Yield Strength (ksi) Tensile Strength (ksi)

o" 35 62
Co 4.3689351E-03 4.7208139E-03
Cy 4.5144996E-05 -1.3979452E-07

HK-40 C, -1.7279747E-06 -1.1239086E-06
Cs 2.8459599E-09 2.4482148E-09
Cs -1.6093404E-12 -1.8461449E-12
Cs 2.7808712E-16 4.2367166E-16

Notes:

1. IntHe parameter column, the term o™ is used to represent the room temperature value of the yield
strepgth, O'; , and the room temperature value of the ultimate tensile stren§th, o). .
2. Thelyield strength as a function of temperature is computed using the following equation.

Co+CT+C,T24+C,T34C, T4 +C, TS .
o = sl e e e e (i)

3. The|tensile strength as a function of temperature is computed.using the following equation.

Co+CT+C,T24+CT34C,T44C, T .
O uts :O-JIS (10[ C ’ ) ? ]) (kSl, OF)
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Table 2E.7M — Minimum Yield and Tensile Strength (MPa) as a Function of Temperature (°C) from
Bulletin WRC 541

Material Parameter Yield Strength (MPa) Tensile Strength (MPa)
o" 179 324
Co 7.6855674E-03 4.5962691E-02
Cy -3.6171986E-04 -2.8409842E-03
Low Carbon Steel C, -9.8196907E-08 3.4226184E-05
Cs -5.8400015E-10 -1.3643478E-Q17
Cs 0 2.2146357E-1pD
Cs 0 -1.3334542E-13
o" 241 414
Co 7.6855674E-03 4.5962691E-0p
Cy -3.6171986E-04 -2.8409842E-03
Medium Carbon Steel C, -9.8196907E-08 3.4226184E-0p
Cs -5.8400015E-10 -1.3643478E-O7
Cs 0 2.2146357E-1p
Cs 0 -1.3334542E-13
o" 207 358
Co 6.9031992E-03 4.8499500E-0p
Ci -3.3799347E-04 -3.0061607E-03
C-0.5Mo C, 5.4265437E-07 3.6549739E-05
Cs -1.0236444E-09 -1.4585873E-0]7
C4 0 2.3855089E-10
Cs 0 -1.4204043E-13
o" 207 414
Co 1.1378966E-02 8.1095353E-08
Ci -5.5740661E-04 -3.8072714E-04
1.25Cr-0/5Mo Co 8.3372179E-07 -3.6384086E-07
Cs 1.9369687E-09 1.0055235E-08
C 6-55423412 2 2ASFHAET
Cs 2.8394538E-15 1.1198185E-14
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Table 2E.7M — Minimum Yield and Tensile Strength (MPa) as a Function of Temperature (°C) from
Bulletin WRC 541

Material Parameter Yield Strength (MPa) Tensile Strength (MPa)
o" 207 414
Co 1.1378966E-02 8.1095353E-03
Cy -5.5740661E-04 -3.8072714E-04
2.25Cr-1Mo C, 8.3372179E-07 -3.6384086E-07
Cs 1.9369687E-09 1.0055235E-08
Cs -6.5542374E-12 -2.2457714E-11
Cs 2.8394538E-15 1.1198185E-14
o" 207 414
Co 2.2559245E-02 2.1986005E-02
Cy -1.1469499E-03 -1.1364669E-03
3Cr-1Mo Co 3.8195248E-06 4.7181910E-06
Cs -5.1897478E<:09 -1.0541703E-08
Cs 3.5314095E-12 1.2572324E-11
Cs -3.0399986E-15 -8.8653272E-15
o 207 414
Co 6.7930991E-03 1.4870730E-03
C -3.3277719E-04 4.8085242E-05
H4Cr-0.5Mo Co 4.9084202E-07 -6.2233879E-06
Cs 1.5074276E-09 2.9891688E-08
C4 -3.7422560E-12 -4.9963749E-11
Cs -1.0950786E-16 2.5764949E-14
o" 207 414
Co 6.7930991E-03 1.4870730E-03
Ci -3.3277719E-04 4.8085242E-05
5¢r-0.5M0<Si C, 4.9084202E-07 -6.2233879E-06
Cs 1.5074276E-09 2.9891688E-08
Cq -3.7422560E-12 -4.9963749E-11
Cs -1.0950786E-16 2.5764949E-14
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Table 2E.7M — Minimum Yield and Tensile Strength (MPa) as a Function of Temperature (°C) from
Bulletin WRC 541

Material Parameter Yield Strength (MPa) Tensile Strength (MPa)
o" 207 414
Co 6.2815365E-02 4.8243350E-03
C: -3.5351839E-03 -2.5745402E-04
7Cr-0.5Mo C, 2.8644302E-05 1.4904443E-06
Cs -1.0455509E-07 -5.7985052E-09
C4 1.7277515E-10 5.6281848E-1p
Cs -1.0721487E-13 -3.6275384E-15
o" 207 414
Co 7.7113926E-03 1.1646861E-0P
C: -3.4897841E-04 -5.5853681E-014
9Cr-1Mo C, -9.3821107E-07 1.9009432E-0f
Cs 8.2039083E-09 6.6966996E-0D
C4 -1.5847572E-11 -1.6564637E-1)1
Cs 6.8754677E-15 7.9018695E-15
o" 414 586
Co 1.7009291E-02 9.9166405E-0B
C: -8.7516580E-04 -4.6687084E-0¢4
9Cr-1Mo-V C 3.3645764E-06 -2.6338749E-07
Cs -3.4729727E-09 6.3403610E-09
€4 -2.0753787E-12 -1.3969385E-1)1
Cs 0 6.4745141E-15
o" 172 483
Co 2.4232587E-02 3.9166165E-0p
C: -1.1855614E-03 -2.0107495E-0B
Tlype 304L 65 C, 1.8118539E-06 7.5730942E-0p
Cs -1.2309742E-09 -9.8284378E-09
E; 44341353614 145923 T4E-2D
Cs -2.4055712E-16 1.3711405E-15
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Table 2E.7M — Minimum Yield and Tensile Strength (MPa) as a Function of Temperature (°C) from
Bulletin WRC 541

Material Parameter Yield Strength (MPa) Tensile Strength (MPa)
o 207 517
Co 6.7776790E-03 3.3974200E-02
Cy -2.4571713E-04 -1.7462956E-03
Type 304/304H SS Co -3.9018162E-06 6.7030526E-06
Cs 1.6296309E-08 -1.0262967E-08
Cs -2.3845611E-11 6.0732290E+12
Cs 1.1496181E-14 -2.3046039E-15
o" 172 483
Co 2.5358283E-02 1.5919003E-02
Cy -1.3068893E-03 -6.9826034E-04
Type 316L SS C, 2.6944503E-06 -1.2846913E-07
Cs -5.1195868E:09 7.2178566E-09
Cs 7.7713758E-12 -1.3539494E-11
Cs -5.1204175E-15 6.1256960E-15
o 207 517
Co 7.7456536E-03 1.6802146E-02
Cy -3.1485180E-04 -8.7454281E-04
Type|316/316H SS C, -3.9430752E-06 1.6672640E-06
Cs 1.6558708E-08 2.9095687E-09
Cy -2.4329403E-11 -9.2788339E-12
Cs 1.2105995E-14 4.3273193E-15
o 172 483
Co 2.5358283E-02 1.5919003E-02
Ci -1.3068893E-03 -6.9826034E-04
Type 317L/SS C, 2.6944503E-06 -1.2846913E-07
Cs -5.1195868E-09 7.2178566E-09
C 35842 13539409414
Cs -5.1204175E-15 6.1256960E-15
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Table 2E.7M — Minimum Yield and Tensile Strength (MPa) as a Function of Temperature (°C) from
Bulletin WRC 541

Material Parameter Yield Strength (MPa) Tensile Strength (MPa)
o" 207 517
Co 3.3886654E-02 3.1038104E-02
C: -1.7850387E-03 -1.6342392E-03
Type 321 SS C, 9.0545388E-06 8.1752335E-06
Cs -2.6028373E-08 -1.9754710E-08
C4 3.5501693E-11 2.4799547E-1]
Cs -1.8243586E-14 -1.3711696E-144
o" 172 483
Co 5.4897602E-03 2.6274211E-0p
C: -2.6004127E-04 -1.3348793E-0B
Type 321H SS C, 0 4.3903525E-06
Cs 0 -5.3795670E-09
C4 0 2.5543624E-1p
Cs 0 -1.5672410E-15
o" 207 517
Co 2.4414318E-02 3.4288668E-0p
C: -1.2929298E-03 -1.8179369E-03
Type 347 SS Co 6.9511812E-06 9.7408692E-06
Cs -2.3853932E-08 -2.7520039E-08
€4 3.7234389E-11 3.8861105E-1[L
Cs -2.0723382E-14 -2.1857514E-144
o" 207 517
Co 2.4414318E-02 3.4288668E-0p
C: -1.2929298E-03 -1.8179369E-03
Type 347H'SS C, 6.9511812E-06 9.7408692E-06
Cs -2.3853932E-08 -2.7520039E-08
E; 34234380621 3836130561
Cs -2.0723382E-14 -2.1857514E-14
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Bulletin WRC 541

Table 2E.7M — Minimum Yield and Tensile Strength (MPa) as a Function of Temperature (°C) from

Material Parameter Yield Strength (MPa) Tensile Strength (MPa)
o" 205 515
Co 1.699630E-02 2.399260E-02
C: -7.998200E-04 -1.232610E-03
Type 347LN SS C, -4.762950E-07 3.401400E-06
Cs 4.148610E-09 -5.334270E-0Q9
C4 -3.762110E-12 5.793300E12
Cs 0 -3.967510E-15
o" 207 517
Co 1.6765895E-02 1.6660434E-02
C: -8.8456405E-04 -8.9937202E-04
Alloy 800 C, 4.5921687E-06 5.5759413E-06
Cs -1.5209739E-08 -1.7434684E-08
C4 2.4001532E-11 2.6875549E-11
Cs -1.4339517E-14 -1.6765582E-14
o" 172 448
Co 5.9899466E-03 1.9771172E-03
C: -2.2959200E-04 -1.5146142E-05
Alloy 800H C, -2.7760533E-06 -4.1004763E-06
Cs 1.0269469E-08 1.8665113E-08
O -1.2163211E-11 -2.7877517E-11
Cs 4.1310072E-15 1.2403512E-14
o" 172 448
Co 1.8107915E-02 6.3482083E-03
C: -8.9906088E-04 -2.3249029E-04
Alloy 800HT C, 1.9879336E-06 -3.7076811E-06
Cs -1.4423225E-09 2.3463311E-08
7 7538741013 42792675 11
Cs -8.0451560E-17 2.2453378E-14
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Bulletin WRC 541

Table 2E.7M — Minimum Yield and Tensile Strength (MPa) as a Function of Temperature (°C) from

Material Parameter Yield Strength (MPa) Tensile Strength (MPa)
o" 241 427
Co 4.1357071E-03 3.6437596E-03
Cy -1.0244174E-04 -1.1661981E-04
HK-40 C, -4.7451719E-06 -2.9162717E-06
Cs 1.5412879E-08 1.2925150E-08
Cs -1.6427132E-11 -1.8668485E-1{1
Cs 5.2546452E-15 8.0055641E-1p

Notes:

o

1. Infhe parameter column, the term o™ is used to represent the room temperature value of the yiel

strength, o

ys'
2. The yield strength as a function of temperature is computed using the following equation.

Co+CiT+C,T24+C,T34C,TH4CT®
ays=a;;.(1o[°1 e 5]) (MPa, °C)

and the room temperature value of the ultimate tensile strefigth, o). .

3. THe tensile strength as a function of temperature is computedyusing the following equation.
Co+CiT+C,T24C,T34C,T44C,T®
O_uts :Grt (10[ (Rt 2 3 4 5 J) (MPa, OC)

uts
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Table 2E.8 — Stress-Strain Curve Parameters

Material Temperature Limit m, (2) g,
Ferritic Steel 480°C (900°F) 0.60(1.00-R) 2.0E-5
Stainless Steel and o o
Nickel Base Alloys 480°C (900°F) 0.75(1.00-R) 2.0E-5
Duplex Stainless Steel 480°C (900°F) 0(0 95— R) 2.0E-5
Suer Alloys (1) 540°C (1000°F) 1.90(0.93—-R) 2.0E-5
Aluminum 120°C (250°F) 0.52(0.98-R) 5.0E6
Copper 65°C (150°F) 0.50(1.00-R) 5.0E-6
Titaniugn and Zirconium 260°C (500°F) 0.50(0.98-R) 2.0E-5
Notes:
1. Precipitation hardening austenitic alloys.
2. R is the ratio of the engineering yield stress to engineering(tensile stress evaluated af the

assessment temperature (see Equation (2E.21)).
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Table 2E.9 — Cyclic Stress-Strain Curve Data

Material Description Temperature (°F) Ness K (ksi)
70 0.128 109.8
_ 390 0.134 105.6
Carbon Steel (0.75 in. — base metal)
570 0.093 107.5
750 0.109 96.6
70 0.110 100.8
. 390 0.118 9916
Carbon Steel (0.75 in. — weld metal)
570 0.066 10d.8
750 0.067 7916
70 0.126 104.5
, 390 0.113 92])2
Carbon Steel (2 in. — base metal) =

570 0.082 101.5
750 0.101 9313
70 0.137 113.0
_ 390 0.156 114.7

Carbon Steel (4 in. — base metal)
570 0.100 104.5
750 0.112 96/9
70 0.116 957
. 390 0.126 95]1

1Cr-1/2Mo (0.75 in. — base metal)
570 0.094 90J4
750 0.087 90J8
70 0.088 9619
, 390 0.114 1034.7

1Cr-1/2Mo (0.75 in. — weld metal)
570 0.085 929]1
750 0.076 8619
70 0.105 9215
) 390 0.133 992

1Cr-1/2Mo (2in-+ base metal)

570 0.086 88J0
750 0.079 837
70 0.128 154.9
750 0.128 133.3
1Cr—1Mo-1/4V 930 0.143 114.2
1020 0133 100.5
1110 0.153 80.6
70 0.100 115.5
570 0.109 107.5
2-1/4Cr-1/2Mo 750 0.096 105.9
930 0.105 94.6
1110 0.082 62.1
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Table 2E.9 — Cyclic Stress-Strain Curve Data

Material Description Temperature (°F) Nes K (ksi)
70 0.177 141.4
930 0.132 100.5
9Cr—1Mo 1020 0.142 88.3
1110 0.121 64.3
1200 0.125 49.7
70 0.171 178.(
750 0.095 85.6
Type 304 930 0.085 79.8
1110 0.090 65.3
1290 0.094 44.4
Type 304 (Annealed) 70 0.834 330.(
70 0.070 91.5
930 0.085 110.5
800H 1110 0.088 105.7
1290 0.092 80.2
1470 0.080 45.7
Aluminum (Al-4.5Zn-0.6Mn) 70 0.058 65.7
Aluminum (Al-4.5Zn—1.5Mg) 70 0.047 74.1
Aluminum (1100-T6) 70 0.144 22.3
Aluminum (2014-T6) 70 0.132 139.7
Aluminum (5086) 70 0.139 96.0
Aluminum (6009-T4) 70 0.124 83.7
Aluminum (6009-T6) 70 0.128 91.8
Copper 70 0.263 99.1
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Table 2E.9M — Cyclic Stress-Strain Curve Data

Material Description Temperature (°C) Ness C. (MPa)
20 0.128 757
200 0.134 728
Carbon Steel (20 mm — base metal)
300 0.093 741
400 0.109 666
20 0.110 695
200 0.118 68[7
Carbon Steel (20 mm — weld metal)
300 0.066 69b
400 0.067 54p
20 0.126 693
200 0.133 63p
Carbon Steel (50 mm — base metal)
300 0.082 741
400 0.101 643
20 0.137 76b
200 0.156 798
Carbon Steel (100 mm — base metal)
300 0.100 748
400 0.112 668
20 0.116 66pD
200 0.126 65p
1Cr-1/2Mo (20 mm — base metal)
300 0.094 6283
400 0.087 62p
20 0.088 668
200 0.114 70B
1Cr-1/2Mo (20 mm — weld metal)
300 0.085 6813
400 0.076 59p
20 0.105 63B
200 0.133 681
1Cr-1/2Mo (50,mm’'— base metal)
300 0.086 60[7
400 0.079 577
20 0.128 1082
400 0.128 91p
1Cr-1Mo-1/4V 500 0.143 81p
550 0133 69
600 0.153 556
20 0.100 796
300 0.109 741
2-1/4Cr-1/2Mo 400 0.096 730
500 0.105 652
600 0.082 428
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Table 2E.9M — Cyclic Stress-Strain Curve Data

Material Description Temperature (°C) Nes C. (MPa)
20 0.177 975
500 0.132 693
9Cr—1Mo 550 0.142 609
600 0.121 443
650 0.125 343
20 0.171 1227
400 0.095 590
Type 304 500 0.085 550
600 0.090 450
700 0.094 306
Type 304 (Annealed) 20 0.834 2275
20 0.070 631
500 0.085 762
800H 600 0.088 729
700 0.092 553
800 0.080 315
Aluminum (Al-4.5Zn-0.6Mn) 20 0.058 453
Aluminum (Al-4.5Zn—1.5Mg) 20 0.047 511
Aluminum (1100-T6) 20 0.144 154
Aluminum (2014-T6) 20 0.132 963
Aluminum (5086) 20 0.139 662
Aluminum (6009-T4) 20 0.124 577
Aluminum (6009-T6) 20 0.128 633
Copper 20 0.263 683
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Table 2E.10 — Uniform Material Law for Estimating the Cyclic Stress-Strain Curve and Strain Life

Properties
Parameter Plﬂggﬁrgiqlggds:‘e%ﬁto Aluminum and Titanium Alloys

Ness 0.15 0.11
K 1.650,, 1.610,

o 150, 16/c,,

& 0.59-a 0.35

b -0.087 -0.095

c -0.58 -0.69

Cyclic [Stress-Strain Curve:

" lE 2K,

y

Strain{Life Equation:

1
: :&+z[cusm-or}nm

&y | O': b * c
7t--E—y(2Nf) +e7(2N;)
where
ak1.0 for %<o.oo3
y
a =1.375—125.0(%] for %zo.ooa

Y

y
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[Intentionally Left Blank]
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ANNEX 2F — ALTERNATIVE METHOD FOR ESTABLISHING THE

REMAINING STRENGTH FACTOR

(NORMATIVE)
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2F.1 | Overview
As described in Part 2, paragraph 2.4, structural evaluation procedures usingslinear elastic stress fanalysis
with stress classification and allowable stress acceptance criteria provide only ‘an approximation of the loads
that ajcomponent can withstand without failure. A better estimate of the safe load carrying capagity of a
compdnent can be provided by using non-linear stress analysis to:<«develop limit and plastic collapse loads,
evalugte the deformation characteristics of the component (e.g..deformation or strain limits associgted with
compdnent operability), and assess fatigue and/or creep damage'jncluding ratcheting.
In thi§ Standard, the concept of a remaining strength.factor is utilized to define the acceptability of a
compdnent for continued service. The Remaining Strength Factor ( RSF ) is defined as:
Loc
RSF =—~ (2F.1)
Loc
With this definition of the RSF , acceptanee criteria can be established using traditional code formulag, elastic
stress janalysis, limit load theory, or elastic-plastic analysis. For example, to evaluate local thin areas (see Part
5), thg Fitness-For-Service (FES.) assessment procedures provide a means to compute a RSH . The
reducgd maximum allowing working pressure, MAWP, , for the component can then be calculated from the
RSF |using Equations (2£.2) and (2F.3). The resulting value of the MAWP,, minus the static head as
approgriate, should beteompared to the existing equipment design pressure or equipment MAWP .
RSF
NMAWP. & MAWP| —— for RSF < RSF, (2F.2)
RSF,
IAWP, = MAWP for RSF > RSF, (2F.3)

2F.2

Establishing an Allowable Remaining Strength Factor — RSF,

The recommended value for the allowable Remaining Strength Factor, RSFa, is 0.90 (see Part 2, paragraph
2.4.2.2). This value was established based on evaluation of burst test results as discussed in references [1],
[2] and [3], and has been shown to be conservative. However, the value of RSFa1 , may be modified based on

the original construction code. The dependence of RSFa1 on the original construction code is a result of the

allowable stress criteria used in the code. The allowable stress criterion for service below the creep range is

2F-1
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typically set to address protection against collapse. A lower design margin in a construction code will result in
a lower burst pressure ratio defined as the burst pressure divided by the MAWP computed using the
applicable code rules and allowable stresses. If an in-service margin on the burst pressure ratio is set, then a

RSF, may be selected to produce this margin based on the allowable stress criterion in the construction code.

a

The information to select an RSFa based on a burst pressure ratio and the design margins in various

internati

onal construction codes is provided in WRC 505 reference [1].

If a value of RSF, less than 0.90 is used in an assessment, the assumptions and technical basis used for

determining this RSF. shall be included in the documentation of the Fitness-For-Service assessment.

In additi

bn, the value of the RSFa , may be modified based on the type of loading (e.g. normal operating

occasiofal loads, short-time upset conditions) and/or the consequence of failure. For examplé; a’lower

could bg

2F3 |
LDC

Luc
MAWP,
MAWP,

RSF

RSF

a

2F.4 |

1. Jan
Pro
N.Y

2. Os4q
579
ASN

3. Osa
Tec
Erog

utilized for low-pressure piping containing a flaw that conveys cooling water.

Nomenclature

limit or plastic collapse load of the damaged component (component with flaws).
limit or plastic collapse load of the undamaged component¢

maximum allowable working pressure of the undamagéd component.

reduced maximum allowable working pressure of the damaged component.

remaining strength factor computed based“on the flaw and damage mechanism
component.

allowable remaining strength factor:
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eneral

Evaluation of Resistance to Brittle Fracture

This Part provides guidelines for evaluating the resistance to brittle fracture of existing carbon and low alloy
steel pressure vessels, piping, and storage tanks. Other materials that could be susceptible to brittle fracture,
such as ferritic, martensitic and duplex stainless steels, are not addressed in this Standard. The principles of
some of the methods in Part 3 (e.g. Level 2, Methods B and C and Level 3) can be used to evaluate these
materials. However, the user is cautioned that the methodology in Part 3 may not apply to materials that have
a transition curve slope that is different from that for carbon and low alloy steels.

3.1.2

The pur
Code, S

not ensijire against service-induced cracks resulting in leakage nor does it ensure arrest of a running
Unlike other Parts in this Standard, this Part is used to screen for the propensity for brittle fracqure. If

fracture
a crack

assessnpent procedure is shown in Figure 3.1.

3.1.3

Brittle f

associated piping constructed to ASME B31.1. However, boiler components and boiler external piping

Avoidance of Catastrophic Brittle Fracture

pose of this assessment is to avoid a catastrophic brittle fracture failure consistent, with the
ection VIII design philosophy. It is intended to prevent the initiation of brittle fracture; however,

like flaw is found, Part 9 should be used for the assessment. A flow «chart for the brittle f

Boilers and Boiler External Piping

Acture is not considered in boilers constructed in accordantevwith the ASME Code, Section

d using the rules for pressure vessels and piping respeetively in this Part if brittle fracture ha
| as a failure mode and if all other applicability limitsiig\this Part are met.

Supplemental Brittle Fracture Assessmentt0*Other FFS Assessment Procedures

fracture assessment may be required as(part of the assessment procedure of another Part

hange in process operating conditions, including startup, shutdown and upset conditions, that in
possibility of low metal temperatures.

upset conditions, could_be lower than anticipated in the original design.

b equipment was\\constructed to a pressure vessel or piping code, or standard that did no
Lirements for the prevention of brittle fracture similar to those in the ASME Code, Section VI, §
| 987 or later-Editions. For example, equipment constructed to earlier Editions of the ASME
tion VI Division 1 may not meet the requirements for exemption from impact testing and m
e been‘impact tested as would be required by later Editions.

1. In addition, the following circumstances may indicate the need for a brittle fracture assessmennt:

ASME
t does
brittle

acture

| and
nay be
5 been

in this

Ccrease

rocess hazards review indicates that process temperatures, including those during start up, shdtdown

L have
ivision
Code,
ay not

evaluatg
identifie
3.1.4
A brittle
Standar
a) Ac
the
b) Ap
and
c) The
req
1,
Se
hay
d Th

EUUIPTITETTLItETIT 1S TeTated usiTg a ftower desigmmargir.

e) A minimum temperature is needed for a hydrotest.

f)  The equipment is expected to be exposed to a general primary tensile stress (including any stresses due
to net section bending) greater than 55 MPa (8 ksi) at or near ambient temperature and either of the
following is true:

1)

2)

The equipment has a wall thickness equal to or greater than 50 mm (2 inches).

The equipment has been subjected to conditions that may cause embrittlement.
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The owner/user may identify other circumstances where a brittle fracture assessment of equipment items may
be warranted based on operating conditions and/or the condition of the component.

3.15 Critical Exposure Temperature (CET)

The Critical Exposure Temperature (CET) as used in this Part is defined as the lowest (coldest) metal
temperature derived from either the operating or atmospheric conditions at the maximum credible coincident
combination of pressure and supplemental loads that result in general primary tensile stress (including any
stresses due to net section bending) greater than 55 MPa (8 ksi). Note that operating conditions include
startup,_shutdown, upset and standby conditions. The CET may be a single temperature at the maximum
credible coincident combination of pressure and primary supplemental loads if that is also the lowesty(coldest)
metal femperature for all other combinations of pressure and primary supplemental loads. If dower|(colder)
temperfatures at lower pressures and supplemental loads are credible, the CET should be 'defined by an
envelope of temperatures and pressures (see paragraph 3.3.3). The CET for atmosphéric storage tanks
constricted to API 650 is defined as the lower of either the lowest one-day mean atmospheric temperature
plus 8{C (15°F), or the hydrostatic test temperature. The CET for low-pressure stOrage tanks constijucted to
API 620 should be established using the methodology for pressure vessels (see paragraph 3.3.3).

3.1.6 Minimum Allowable Temperature (MAT)

The Mjnimum Allowable Temperature (MAT) is the lowest (coldest) penmissible metal temperature fon a given
materipl and thickness based on its resistance to brittle fracturel) ‘it may be a single temperaturg, or an
envelope of allowable operating temperatures as a function of pressure. The MAT is derived from megchanical
design information, materials specifications, and/or materials data using the guidance in this Part.

3.2 Applicability and Limitations of the Procedure
3.2.1 Equipment Covered
This Pprt should be applied only to the followingequipment:

a) Pressure vessels constructed in accordance with any edition of the ASME Code, Section VIII, Diyisions 1
nd 2. However, the same guidelines may be used for pressure vessels constructed to other reqognized
copdes and standards (see Rart-2, paragraphs 2.2.2 and 2.2.3).

Q

b)

oy}

Dilers constructed in accordance with the ASME Code, Section | if brittle fracture has been iderjtified as
failure mode and jf all other applicability limits in this Part are met.

s3]

c) Pressure vessels tonstructed in accordance with any edition of the former API or API/ASME Code for
hfired Pressure Vessels for Petroleum Liquids and Gases.

C

d) PJping‘systems constructed in accordance with the ASME B31.3 or ASME B31.1 Codes; howgver, the
sqme guidelines may be used for piping systems constructed to other recognized codes and sllandards
(see Part 2, paragraphs 2.2.2 and 2.2.3).

e) Atmospheric or low-pressure above ground storage tanks that are welded or riveted, non-refrigerated, or
operating at atmospheric or low pressure, and constructed in accordance with any edition of APl 650 or
AP 620.

3.2.2 Components Subject to Metal Loss

The Level 1 and 2 Assessment procedures in this Part may be applied to components subject to general
corrosion, local metal loss and pitting damage provided the assessment criteria in Part 4, Part 5, and Part 6,
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respectively, are satisfied. Components with known crack-like flaws shall be evaluated using the procedures
in Part 9.

3.2.3 Requirements for In-Service Inspection and Maintenance Programs

The assessment methods in this Part apply only to equipment that has been and will continue to be included in
a plant inspection and maintenance program that is consistent with API1 510, API 570, API 653, NB 23 or other
applicable in-service inspection code. If environmental cracking or a service condition that may result in a loss
in the material toughness is possible, the Level 3 procedures of this Part should be utilized in the assessment.
For example, low alloy steels such as 2%Cr—1Mo may lose toughness at ambient temperature if exposed to
high ten{peratures, above 400°C (750°F), for long periods because of thermal aging degradation mech]misms
(see AP] RP 571). Components made from these types of materials require special precautions_if'a hyflrotest
or other[low temperature pressurization is required.

3.3 Dpta Requirements

Data that may be needed for a brittle fracture analysis are described in this paragraph. The specific data
requirenmpents depend on the type of equipment and the level of the assessment.

3.3.1 Original Equipment Design Data

Mechan|cal design information, materials of construction, and specific ‘materials properties test data, shch as
Charpy M-notch and tensile data, if available, should be obtained-far all components. These data shduld be
obtained for the base metal, weld metal and heat affected zores, if available. An overview of the ¢riginal
equipmeént data that may be required for an assessment is provided in Part 2, paragraph 2.3.1. A summary of
the origiphal equipment design data typically used for an assessment is shown in Table 3.1.

3.3.2 Maintenance and Operational History

In additjon to original equipment design data,information pertaining to repair history, and past and| future
operating conditions should be gathered. These data should include a summary of repairs and altergtions,
and include the current design pressure and temperature as well as the current wall thickness. Previous or
proposed operating pressures and temperatures should be included as well as startup, shutdown, transient
and/or Upset operating conditions;~and extreme environmental conditions. These data are used to egtablish
the mos} severe operating andcexposure conditions encountered during the life of the equipment. Information
related fto environmental exposure will also be needed to determine whether there is a probabjlity of
environrpental cracking. ‘An/overview of the maintenance and operational history information that shquld be
obtained for an asseSsment if it is available is provided in Part 2, paragraph 2.3.2. A summary |of the
maintenpnce and operational history data typically used for an analysis is shown in Table 3.1.

3.3.3 Required Data/Measurements for a FFS Assessment

The CEJr loading-temperature envelope should be determined after consideration of all potential opgrating
conditions (including startup, shutdown, upset and standby conditions) using review procedures encompassing
hazard analysis or other comparable assessment methodologies. Of special concern with existing equipment
is any change in the operation that has occurred after the equipment was placed into service that could result
in a lower (colder) CET than accounted for in the original design. In determining the CET, the current process
design and safety philosophies should be employed. The CET loading-temperature envelope should consider
the following process conditions and ambient factors:

a) The lowest (coldest) one-day mean atmospheric temperature, unless a higher (warmer) temperature is
specified (e.g., specifying a minimum required startup temperature and coincident pressure). If a higher
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b)

d)

e)

3.34 Recommendations far InSpection Technique and Sizing Requirements

The cu

3.4

3.4.1 Oveérview

An overview of the assessment levels for pressure vessels and piping is shown in Figure 3.1. A s

API 579-1/ASME FFS-1 2016 Fitness-For-Service

(warmer) temperature is specified, it must be confirmed that the system has control capabilities and/or

that operating procedures are in place to maintain the higher temperature.

The lowest metal temperature under normal operating conditions.

The lowest metal temperature associated with startup, shutdown, upset conditions, standby, pressure

tightness testing, and hydrotest. The following items should be considered:

1) Failure of warning and/or shutdown systems (e.g. a pump stops, control valve shuts, etc.).

2 A bU:dCI thﬂll CI\PCthd vVl III;I Iu Dtl cartt.
3] Reboailer failure or stall (e.g., flow loss of reboiling medium, failure of a control valve, etc>),
4] The possibility of future field hydrotest.

Pptential for autorefrigeration due to depressurization, either during operations or«due to equipme
4.9., a safety relief valve sticks open). In some services where autorefrigeration can occur, eg
can be chilled to a temperature below the CET at an applied pressure less-than that defined in p4d
3]1.5. When this occurs, the possibility of any repressurization of equipment before the material
stifficient time to warm up to the CET should be considered.

~~

ptential for shock chilling. Shock chilling is a rapid decrease in‘metal temperature caused by the
ntact of liquid or a two-phase (gas/liquid) fluid with a metahksurface when the liquid or two-phas
Ider than the metal temperature at the instant of contactby more than 56°C (100°F) or the tem

lues of thickness when using Figure 3.2. If the\ heat transfer properties used in Figure 3.2

own, shock chilling should be considered to -ogcur when the liquid or two phase fluid is 56°C

Ider than the metal at the instant of contact.. Shock chilling does not typically result from rapid
inf temperature in a flowing liquid or two phase fluid, but rather from the sudden contact of a liqui
phase fluid with a hot surface. One example of this is a flare header that receives sub-cooled or
liquid from a safety valve discharge~The CET should not be higher than the temperature of t
causing the shock chilling.

P
o
o
difference determined from Figure 3.2, whichever is greater. Interpolation may be used for intefmediate
\%
k
c

AssessmentTechniques and Acceptance Criteria

Nt failure
uipment

ragraph
has had

sudden
e fluid is
perature

are not
(100°F)
Changes
d or two
flashing
ne liquid

rrent component wall thickness is required for all assessments. Methods for establishing this thickness
are provided in Part 4, paragraph 4.3.4.

eparate

assessment procedure is provided for tankage as shown in Figure 3.3. A summary of the three assessment
levels is described below.

a)

The Level 1 assessment procedures are based on the requirements in the ASME Code, Section VIII,
Divisions 1 and 2. Level 1 can be satisfied based on impact test results or impact test exemption curves.
At this Level, a single value for the MAT is determined at the maximum operating pressure. Development

of a load (e.g. pressure) vs. temperature envelope in accordance with the Code requires a
analysis.
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b) The Level 2 Assessment procedures for pressure vessels and piping are divided into three methods (see
Figure 3.1). In the first method (Method A), equipment may be exempt from further assessment if it can
be shown that the operating pressure and temperature are within a safe envelope. In the second method
(Method B), equipment may be qualified for continued service based on a hydrotest. In the third method
(Method C), equipment may be qualified for continued service based on materials of construction,

operating conditions, service environment and past operating experience.

A separate assessment

procedure is provided for tankage (see Figure 3.3) that is based on a combination of these three
methods.

c) AL
ang
me
inv
ass
con

3.4.2

34.2.1

a) The Level 1 assessment procedure is based on the toughness srules in the ASME Code, Sectig

Div
Div]
req
20(

b) Acq

c) Pre
pro
futd
dor
ins
cor

d A g

pre|
for

1)

eve SSessment may be used for equipment that does nNot meet the acceptance criteria for
2. This equipment must be evaluated on an individual basis with the help of process,"m
Chanical, inspection, safety, and other specialists as appropriate. A Level 3 Assessnient n(
blves a more detailed evaluation using a fracture mechanics methodology (see Part"9). A L
essment should include a systematic evaluation of all of the factors that control thé Susceptibility
hponent to brittle fracture: stress, flaw size and material toughness.

Level 1 Assessment

Pressure Vessels

sion 1. The Level 1 assessment procedure shall be used<or‘vessels constructed to any Ed

pirements in the ASME Code, Section VIII, Division 2-should be used for vessels constructed
7 or subsequent Editions of Division 2.

eptability can be determined from impact test results, or from the use of impact test exemption g

ssure vessels that have a CET equal to or'greater than the MAT, as demonstrated by the fo
Cedure, are exempt from further brittle(fracture assessment provided conditions do not change
re. If a change in the operating conditions is made that affects the CET, a reassessment shg
e. These vessels require no special treatment other than to continue their inclusion in a normg
pbection and maintenance pfogram encompassing generally accepted engineering practices s
tained in API 510, NB-23, or other recognized inspection codes.

eneral procedure_ for—determining the MAT for a component is described below. The MAT
ssure vessel orfora boiler evaluated as a pressure vessel is the highest (warmest) value of th
any of its components.

STEP ~ Determine the starting point for the MAT using one of the following two options:

i) C~Option A — Determine the starting point for the MAT using a governing thickness al
exemption curves shown in Figure 3.4 as described below.

vels 1
erials,
rmally
evel 3
of the

n VI,
tion of

sion 1 and vessels constructed to any Edition of ,Division 2 prior to 2007. The toughness

to the

urves.

lowing
in the
uld be
|l plant
ich as

[ for a
e MAT

nd the

) STEP 1.1 — For the component under consideration, determine the following parameters:

A. Nominal uncorroded thickness at each weld joint, t,
B. Material of construction

) STEP 1.2 — Determine the uncorroded governing thickness, tg, (see paragraph 3.4.2.1.d)

based on the nominal uncorroded thickness of the component. For formed heads, the

minimum required thickness may be used in lieu of the nominal thickness.
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components made from pipe, the thickness after subtracting the mill tolerance may be
used.

) STEP 1.3 — Determine the applicable material toughness curve of Figure 3.4. The
applicable material toughness curve can be determined from the material specification (see
Table 3.2), heat treatment, and steel making practice. If this information is not available,
Curve A should be used.

IV) STEP 1.4 — Determine the MAT from Figure 3.4 based on the applicable toughness curve
and the governing thickness, tg (see paragraph 3.4.2.1.d). The MAT for flanges meeting

ASME R16 5 or B16 47 shall he set at -29°C (-20°F) _unless the MAT determined by the

W
U

—

i)

governing thickness at the flange nozzle neck weld joint together with the curve @spociated
with the flange material gives a higher value. The MAT for carbon steel components with a
governing thickness of less than 2.5 mm (0.098 inch) shall be -48°C (-55°F)\ The [MAT for
carbon steel nuts shall be -48°C (-55°F).

V) STEP 1.5 - The MAT determined in STEP 1.4 can be reduced furthef using Equatjon (3.1
if all of the following are true:

A. The component was fabricated from ASME P1 Group4.0r P1 Group 2 matefrial,

B. The component has a wall thickness that is lessthan or equal to 38 mm (1.5
inches), and

C. The component was subject to PWHT and thé_status of the PWHT has rjot been
changed because of repairs and/or alterations,

MAT = MAT,.p, , ~17°C (30°F) (3.1)

Option B — If impact test results are available(for the component, then the MAT may be set at
the temperature at which the impact test*values required by the ASME Code, Section VIII,
Division 1 or 2, as applicable, or other international codes and standards are gatisfied.
However, the reduction in the MAT for"\PWHT that is described in STEP 1.5 above shall not be
applied to impact tested components.

STEP 2 — Repeat STEP 1 for all.cénmponents that make-up the piece of equipment being eyaluated
(e.g. pressure vessel or piping system). The MAT for the piece of equipment is the| highest
(warmest) value obtained for.any component.

hen determining the MAT, parts such as shells, heads, nozzles, manways, reinforcing pads, [flanges,
besheets, flat cover plates, skirts, and attachments that are essential to the structural integrify of the
vessel shall be treated)as separate components. Each component shall be evaluated based on its

individual material classification (see Table 3.2, Table 3.3, and Figure 3.4 and governing thicknesks shown
inf Figure 3.5).
1] Thewneorroded governing thickness, tg , of a welded component, excluding castings, is as fqllows:
i)~ For butt joints except those in flat heads and tubesheets, tg is the nominal thicknegs of the
component at the weld joint (see Figure 3.5 (a)),
i)  For corner, fillet, or lap welded joints, including attachments as defined above, tg is the nominal
thickness of the thinner of the two parts joined (see Figure 3.5 (b), (f) and (g)),
iii) For flanges, flat heads, or tubesheets, tg is the thinner of the two parts joined at a weld, or the

flat component thickness divided by 4, whichever is larger (see Figure 3.5 (c), (d) and (e)), and
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iv) For welded assemblies consisting of more than two components (e.g., nozzle-to-shell joi
a reinforcing pad), tg is the largest of the values determined at each joint (see Figure 3.5

The governing thickness of a casting is its largest nominal thickness.

nt with

(b))

1.4 in

The governing thickness of flat non-welded parts, such as bolted flanges (see STEP
paragraph 3.4.2.1.d) tubesheets, and flat heads, is the component thickness divided by four (see

Figure 3.5 (c)).

Piping Systems

Piping s
MAT for

3.4.2.3

ystems should be evaluated on a component basis using the procedures in paragraph 3.4.21.

The

a piping system is the highest (warmest) MAT obtained for any of the components in the'systen.

Atmospheric and Low Pressure Storage Tanks

a) At
in
the

b) Lo
as

c) Th
cor

3424
Assess

3.4.3
3.4.3.1

a) Pre
op{
and

ospheric storage tanks constructed to API 650 shall meet the Level 1 Assessment criteria cor
igure 3.3, as applicable, and the accompanying notes. The Level 1 Assessment criteria requ
e tanks meet the toughness requirements contained in API 650 or an equivalent construction ¢

-pressure storage tanks constructed to APl 620 shall be evaluatéd” as pressure vessels usi
essment procedures of paragraph 3.4.2.1.

Level 1 and Level 2 procedures are not applicable for atmospheric or low-pressure storage tan
tain a refrigerated product.

If the component does not meet the Level 1 Assessment requirements, then a Level 2 or L
hent can be performed.

Level 2 Assessment
Pressure Vessels — Method A

ssure vessels may be exempt from further assessment at this level if it can be demonstrated t
rating pressure and temperature is within a safe envelope with respect to component design
the MAT.

b) The MAT may be adjusted from the value determined in the Level 1 Assessment by cons

ten
tes
usq
be

ten

perature reduction allowances as described below. If the Level 1 MAT was determined from
values and these values exceed the code minimum requirement, then the MAT from Level 1 1
d as the starting point for a Level 2 assessment. A reduction in the MAT from the Level 1 valu
applied<to,pressure vessels with excess thickness due to lower actual operating stresses at t
perature pressurization condition. These temperature reductions can also be applied to V

tained
re that
de.

hg the

ks that

evel 3

nat the
stress

dering
mpact
hay be
e may
he low
essels

deg

igned for elevated temperatures that have excess thickness at low-temperature conditions becg

use of

the

1)

difference in design allowable stresses. A procedure for determining the MAT considering the
temperature reductions is shown below. This procedure can only be used for components with an
allowable stress value less than or equal to 172.5 MPa (25 ksi); otherwise, a Level 3 Assessment is
required.

STEP 1 — Determine the starting point for the MAT using one of the following two options:

i) Option A — The MAT is determined using Option A, STEP 1.4 of paragraph 3.4.2.1.d. Do not

apply the reduction for PWHT in STEP 1.5.
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Option B — The MAT is determined using Option B of STEP 1 of paragraph 3.4.2.1.d.

2) STEP 2 - For the component under consideration, determine the following parameters:

i)  All applicable loads and coincident Minimum Allowable Temperatures. A summary of the loads
that should be considered is included in Annex 2C, Table 2C.3.

i)  Previous metal loss associated with the nominal thickness, LOSS .

i)  Future corrosion allowance associated with the nominal thickness, FCA .

iv) Weld joint efficiencies, £ and E .

v) Required thickness in the corroded condition for all applicable loads, t_;, , using)the applicable

3] STEP 3 - Determine the stress ratio, R, using one of the equations showh below. Note

ratio can be computed in terms of the quantities shown below. When détermining these qu

weld joint efficiency.

that this

antities,

the minimum required thickness, applied general primary stress (ipcluding any stress dug to net
section bending), and applied pressure are based on the tensile ‘stféss state associated |with the
operating condition being evaluated. Compressive stress states, e.g. external pressure,|are not
cons